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Abstract
The coordination among different signal transduction pathways ensures the nor-
mal functioning of the organism. Among numerous signaling pathways, the
transforming growth factor (TGF) �1/Smads signal transduction pathway has
increasingly attracted scholars’attention and has become a major hotspot in
molecular and cell biology research. Previous studies have confirmed that the
TGF-�1/Smads signal transduction pathway represents an important mechanism
for regulating follicular development. This article reviews the TGF-�1/Smads
signal transduction pathway and its role in mammalian ovarian follicle devel-
opment, elaborating the regulatory functions and mechanisms of this pathway
in mammalian ovarian development from the perspectives of TGF-� receptors,
Smads proteins, bone morphogenetic protein (BMP), thrombospondin-1 (THB-
S1), S-phase kinase-associated protein 1 (SKP1), and other regulatory mecha-
nisms, aiming to draw attention to TGF-�1/Smads-mediated regulation of ovar-
ian development and to provide references for the treatment of certain diseases
occurring during ovarian development.
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Abstract: The coordinated interplay among different signal transduction path-
ways is essential for maintaining normal physiological functions. Among numer-
ous signaling pathways, the transforming growth factor (TGF)-�1/Smads signal-
ing pathway has attracted increasing attention from researchers and become a
major focus in molecular and cell biology studies. Previous research has con-
firmed that the TGF-�1/Smads signaling pathway serves as a critical regulatory
mechanism for follicular development. This review examines the regulatory roles
and mechanisms of the TGF-�1/Smads signaling pathway in mammalian ovar-
ian follicular development, discussing TGF-� receptors, Smads proteins, bone
morphogenetic protein (BMP), thrombospondin 1 (THB-S1), S-phase kinase-
associated protein 1 (SKP1), and other regulatory mechanisms. The aim is to
highlight the importance of TGF-�1/Smads in ovarian development and provide
insights for treating diseases associated with ovarian development.
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The reproductive performance of female animals is a crucial factor affecting an-
imal productivity, and is controlled by the coordinated regulation of multiple
factors. The ovary is the reproductive organ responsible for oocyte production
and ovulation. Abnormal ovarian development can lead to disorders such as
impaired follicular development, ovarian dysfunction, and infertility in female
animals. In female mice, these abnormalities manifest as delayed sexual matu-
rity, irregular ovulation, and reduced ovulation rates [1]. The proper functioning
of biological processes depends on the coordinated interaction among different
signal transduction pathways, and follicular growth and development are regu-
lated by multiple factors collectively. Recent studies have demonstrated that the
transforming growth factor-� (TGF-�) superfamily plays important roles in regu-
lating cell differentiation, proliferation and cycle, embryonic development, bone
formation, wound healing, immunity, endocrine function, and tumor formation
and progression [2-4]. As the most active, functionally diverse, and widely dis-
tributed member of the TGF-� superfamily [5], TGF-�1 plays a significant role
in regulating follicular development, signal transduction between oocytes and
granulosa cells [6], as well as in signal transduction processes controlling cell
growth, differentiation, migration, apoptosis, and extracellular matrix produc-
tion [7]. Smads proteins are important intracellular TGF-� signal transduction
and regulatory molecules that can directly transmit TGF-� signals from the cell
membrane into the nucleus [8]. Studies have found that mutations in the genes
encoding TGF-� signaling pathway receptors and Smads proteins are associated
with tumorigenesis [9]. Exploring signal transduction pathways has undoubtedly
become one of the frontier areas in life sciences research; however, the elucida-
tion of the molecular mechanisms underlying the TGF-� signaling pathway has
only just begun, with many questions remaining to be addressed. Actively in-
vestigating the regulatory mechanisms of the classical TGF-�1/Smads signaling
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pathway has become a top priority for re-understanding the TGF-� superfamily.

1. TGF-�1/Smads Signaling Pathway and Ovarian Follicu-
lar Development
The ovary is the primary gonadal organ in female mammals, producing oocytes
for reproduction and secreting estrogen to promote the development of sec-
ondary sexual characteristics. Normal ovarian function development in mam-
mals is a complex and precise process coordinated by multiple factors, begin-
ning during embryonic development. Throughout ovarian development, numer-
ous hormones and cytokines regulate the process through paracrine/autocrine
signaling between cells [6]. Extensive research has demonstrated that the TGF-
�1/Smads signaling pathway plays a pivotal regulatory role in granulosa cells
and follicular growth and development. Abnormal temporal or spatial expres-
sion or activation of any signaling molecule in this pathway can lead to abnormal
ovarian development in animals and has been linked to human tumors, cardio-
vascular diseases, and autoimmune disorders [7-8]. In recent years, the role
of TGF-� superfamily members in animal reproduction has been extensively
studied, revealing their critical importance throughout the development of the
reproductive system. Experimental evidence has confirmed the presence of a
complete TGF-�1/Smads signaling pathway in normal ovarian tissue [9].

The TGF-�1/Smads pathway is a branch of the TGF-� signaling pathway and
represents a key signaling pathway discovered in recent years that regulates
follicular growth and development in higher animals. This signaling cascade
consists of extracellular ligands, cell surface-specific receptors, and intracellular
Smads signal transduction molecules, which form a tightly linked cascade that ul-
timately transmits extracellular signals into the nucleus to regulate target gene
transcription and elicit biological effects. When TGF-�1 is present, activated
superfamily ligand signaling molecules bind to the corresponding transform-
ing growth factor-� type II receptor (TGF-�RII) on the cell membrane surface.
TGF-�RII undergoes autophosphorylation and then directly binds to or indi-
rectly associates with transforming growth factor-� type I receptor (TGF-�RI)
via �-glycan to form a dimeric complex with kinase activity. The phospho-
rylated, kinase-active TGF-�RI can activate receptor-regulated Smads proteins
(R-Smads, Smad2/3) in the cytoplasm, transmitting the signal to the phosphory-
lated receptor. These then combine with common mediator Smads (Co-Smads,
Smad4) to transport the TGF-� signal from the cytoplasm to the nucleus, where
they act on specific gene promoters. Together with various co-activators and
co-repressors, they regulate target gene transcription, induce downstream gene
expression, and trigger a series of biological effects. In the TGF-�/Smads path-
way, inhibitory Smads (I-Smads, Smad7) negatively regulate this signaling path-
way by blocking the activation of R-Smads and Co-Smads or by competitively
binding with activated receptors or receptor-activated Smads to form inactive
complexes [10] (Figure 1 [Figure 1: see original paper]).

Figure 1. TGF-�/Smads Signaling Pathway [10]
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TGF-� ligands: TGF-� superfamily ligands; BMP ligands: bone morphogenetic
protein ligands; Type II receptor: TGF-�RII; Type I receptor: TGF-�RI;
TAK1: transforming growth factor-�-activated kinase 1; p38: a member of
mitogen-activated protein kinases (MAPKs) family; JNK: c-Jun N-terminal
kinases; RhoA: a small molecule protein of Ras homologue family; Pi3K:
phosphatidylinositol-3 kinase; Non-Smad pathway: Smad-independent pathway;
ErK: extracellular signal-regulated kinase; Smad1/2/3/5/8: receptor-regulated
Smads (R-Smads); Smad7: inhibitory Smad (I-Smads); Smad4: common
mediator Smads (Co-Smads).

2.1. Regulation of TGF-� Receptors on the TGF-�1/Smads
Signaling Pathway
TGF-� receptors are transmembrane proteins located on the cell surface. Cur-
rently, three main subtypes of TGF-� superfamily receptors have been identi-
fied: TGF-�RI, TGF-�RII, and transforming growth factor-� type III receptor
(TGF-�RIII), all of which contain extracellular, transmembrane, and intracellu-
lar domains [11]. TGF-�RI possesses a highly conserved glycine (Gly) and serine
(Ser) residue domain in its intracellular region, known as the GS domain, which
plays a crucial role in TGF-�RI kinase activation. In contrast, TGF-�RII lacks a
GS domain and binds to free TGF-� through autophosphorylation of threonine
(Thr) and Ser residues in its short intracellular tail [12]. TGF-�RIII is a proteo-
glycan that does not directly participate in signal transduction and is therefore
referred to as a co-receptor [13]. Phosphorylation of Ser/Thr residues in the
GS region of TGF-�RI is required for mediating TGF-� signal transduction and
determines the specificity of downstream intracellular signals. Current research
has shown that both TGF-�1 and TGF-�RI are expressed at different stages of
ovarian development and participate in granulosa cell proliferation, oocyte mat-
uration, and steroidogenesis through autocrine/paracrine mechanisms, playing
a vital role in maintaining ovarian homeostasis [14]. Genetic knockout of TGF-
�RII leads to embryonic or neonatal lethality in mice [15], demonstrating that
TGF-� receptors are involved in various physiological activities in mammals.

2.2. Regulation of Smads Proteins on the TGF-�1/Smads
Signaling Pathway
Smads proteins are important intracellular TGF-� signal transduction and reg-
ulatory molecules that can transmit TGF-� signals directly from the cell mem-
brane into the nucleus [16]. Their inactivation or mutation can lead to tu-
morigenesis. Studies have identified Smad2 and Smad4 as tumor suppressor
genes. Without Smad2, cells can escape TGF-�-regulated growth inhibition and
undergo malignant transformation; deficiency in Smad4 protein reduces DNA
binding capacity, altering the expression of downstream target genes in ovarian
cancer [8]. Smads proteins are key downstream signal transduction molecules
in the TGF-� signaling pathway that transmit signals from the cytoplasm to
the nucleus. Upon activation, the receptor-regulated/common mediator Smads
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(R-Smad/Co-Smad) heterodimer enters the nucleus and cooperates with other
transcription factors to accumulate at the promoter regions of target genes, ex-
erting positive or negative regulation of transcription [16]. Smad2/Smad3 are
the first signaling molecules downstream of TGF-�1 [17] and can be recruited
to TGF-�RI for phosphorylation by the Smad anchor for receptor activation
(SARA) to exert positive regulation [18]. In contrast, Smad7 can be presented
by serine-threonine kinase receptor (STRAP) to bind with TGF-�RI and form
a complex that exerts negative regulation. Tomic et al. [19] demonstrated that
female mice lacking the Smad3 gene exhibit disordered follicular development,
increased granulosa cell apoptosis, and consequently increased follicular atresia.
Additionally, Smad3 deficiency leads to abnormal estrous cycles in mice [20].
Stephanie et al. [21] found that ovarian-specific knockout of the Smad4 gene
in mice causes premature ovarian failure, premature luteinization of granulosa
cells, and reduced fertility. These findings suggest that Smads proteins play
important roles in mammalian follicular development and granulosa cell prolif-
eration and differentiation, which will undoubtedly become a future research
hotspot.

2.3. Regulation of Bone Morphogenetic Protein (BMP) on
the TGF-�1/Smads Signaling Pathway
BMP is a highly conserved glutamic acid-rich glycoprotein extracted from adult
bone tissue. Except for BMP-1, all BMPs belong to the TGF-� family [22] and
play important roles in skeletal development and organ formation in vertebrates
and invertebrates, while also regulating the growth and differentiation of var-
ious cell types [23]. Mature BMP proteins are homodimeric or heterodimeric
complexes linked by disulfide bonds, released extracellularly to bind with corre-
sponding receptors on target cell surfaces and exert their functions [22]. BMP
receptors consist of a short extracellular region, a transmembrane region, and
an intracellular region [22]. BMPs serve as upstream transforming factors in the
TGF-� signaling pathway. Studies have shown that BMPs play important roles
in follicular growth and development, oocyte maturation, ovulation, and gran-
ulosa cell proliferation [24], and are also crucial in controlling and regulating
ovarian physiological functions and folliculogenesis [25].

2.4. Regulation of Thrombospondin 1 (THB-S1) on the
TGF-�1/Smads Signaling Pathway
THB-S1 is a matrix adhesive glycoprotein secreted by platelet �-granules that
is widely expressed in human tissues [26]. It regulates wound healing [27], cell
adhesion, migration, proliferation, and differentiation, and induces platelet ag-
gregation while inhibiting angiogenesis [26]. THB-S1 is a homotrimeric extracel-
lular matrix glycoprotein composed of three identical peptide chains linked by
disulfide bonds [28], with each peptide chain divided into six domains that bind
to various extracellular matrix components and cell surface receptors to exert di-
verse biological functions [29]. THB-S1 is an important activator of TGF-� that
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can alter TGF-� conformation, exposing its binding sites for cell receptors and
thereby activating the TGF-� signaling pathway [30]. Studies have found that
THB-S1 gene deficiency reduces litter size and causes reproductive dysfunction
in mice [31]. THB-S1 is regulated by various reproductive hormones and partic-
ipates in the biological processes of granulosa cell proliferation, differentiation,
and follicular development [32-33].

2.5. Regulation of S-Phase Kinase-Associated Protein 1
(SKP1) on the TGF-�1/Smads Signaling Pathway
SKP1 is a multifunctional protein first discovered in yeast that participates in
cell cycle regulation by encoding centromere-binding proteins and is also in-
volved in the ubiquitin degradation of related substances [34]. As a downstream
regulatory factor of the TGF-�/Smads signaling pathway, SKP1 regulates mam-
malian folliculogenesis and ovulation [34]. SKP1 is a key scaffold protein in the
SCF ubiquitin ligase complex (Skp1-Cullin-F-box protein), binding to different
F-box proteins to mediate the ubiquitination and degradation of various cell
cycle proteins [35], thereby promoting proper cell cycle progression [36]. Years
of research have demonstrated that SKP1 is a multifunctional protein that plays
key roles in many pathways. Studies have shown that SKP1 is an important
factor in early mouse embryonic development, and its overexpression can hin-
der embryonic development [37]. Therefore, it is speculated that the SKP1 gene
may be associated with porcine follicular development and atresia, thereby af-
fecting ovulation rate and reproductive capacity in pigs, though this hypothesis
requires further investigation.

2.6. Other Regulatory Mechanisms of the TGF-�1/Smads
Pathway
Homeostasis in organisms is maintained through the interaction of numerous reg-
ulatory factors and multiple pathways. The TGF-�1/Smads signaling pathway
communicates extensively with other signaling pathways. Epidermal growth fac-
tor (EGF), lipopolysaccharide, tumor necrosis factor (TNF), and interleukin-1�
(IL-1�) can all induce Smad7 production and cross-talk with the TGF-� signaling
pathway. The TGF-�1/Smads signaling pathway also interacts with downstream
pathways mediated by enzyme receptors. The mitogen-activated protein kinase
(MAPK) system exerts dual regulatory effects on R-Smads, both releasing the bi-
ological effects of TGF-�1/Smads signals and preventing nuclear accumulation
of R-Smads. Additionally, TGF-� signaling can interact with Wnt signaling,
p38, and other pathways. This intricate “cross-talk”between pathways forms
a complex regulatory network that not only effectively modulates the normal
operation of the TGF-� signaling pathway but also confers diverse biological
effects upon TGF-� [8].

Despite significant progress in TGF-� signaling pathway research, many impor-
tant questions remain unresolved. While TGF-�1 is recognized as the most
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potent fibrotic factor, the precise mechanisms by which it induces increased
extracellular matrix synthesis require further investigation beyond current find-
ings. The Smads protein family was discovered a decade ago, but relatively
few studies have examined its role in ovarian and reproductive functions. How
Smads proteins target and regulate various components and key links in the
signaling pathway for clinical therapeutic purposes, and whether these Smads
molecules can be applied to treat infertility, represent important future research
directions.
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