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Inhibitors of the Wnt pathway in osteoporosis: A review
of mechanisms of action and potential as therapeutic
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The Wnt signaling pathway is one of the most important and critical signaling pathways for maintaining cellular functions, such as cell
proliferation and differentiation. Increasing evidence substantiates that the Wnt signaling pathway also plays a significant role in the
regulation of bone formation in osteoporosis. Accordingly, inhibitors of this pathway, such as sclerostin, Dickkopf-1 (DKK1), WNT
inhibitory factor 1 (WIF1), and secreted frizzled-related proteins (SFRPs), have a negative regulatory role in bone formation and may
serve as effective therapeutic targets for osteoporosis. This review examines the mechanisms of action of Wnt signaling pathway
inhibitors in osteoporosis, the relationship between the Wnt pathway and its inhibitors, and new molecular targets for osteoporosis

treatment. Overall, the regulatory mechanisms of Wnt pathway inhibitors are summarized to provide scientific and theoretical

guidance for the treatment and prevention of osteoporosis.
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Introduction

Osteoporosis is the most common chronic metabolic bone dis-
ease, characterized by low bone mass, decreased bone density,
and deterioration of bone microstructure [1]. These detriments
increase the risk of bone fragility and fractures [2]. Under nor-
mal physiological conditions, bones maintain a dynamic and
balanced state, with the continuous generation of new bone and
resorption by osteoclasts. With aging, this dynamic balance is
disrupted, and bone resorption gradually exceeds formation,
leading to osteoporosis [3]. Potential factors contributing to the
development of osteoporosis include aging, reduced oestrogen
levels, and chronic inflammation, which collectively increase
the risk of fractures in affected patients [4-6]. Globally, more
than 75 million people have osteoporosis [7]. As the popula-
tion ages, medical expenditures for osteoporotic fractures are
projected to increase by more than 50%, from $17 billion in
2005-2025, placing a heavy economic burden on society and
families [8, 9].

Current treatments for osteoporosis include bone forma-
tion promoters, such as teriparatide and romosozumab, and
bone resorption inhibitors, such as oestrogen and bisphospho-
nates. However, the long-term use of these drugs is associated
with a series of side effects, including myocardial infarc-
tion, liver and kidney injury, and endometrial cancer [10-12].
Therefore, identifying new targeted therapies is pivotal for
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the clinical treatment of osteoporosis. The role of the Wnt
signaling pathway in osteoporosis has garnered considerable
attention due to in-depth studies on signaling pathways. The
Wnt pathway is critical [13, 14] for regulating bone homeosta-
sis by promoting osteoblast formation and inhibiting osteo-
clast resorption [15]. This pathway also induces the osteogenic
differentiation of mesenchymal stem cells (MSCs) and their
progression to mature osteoblasts [16]. The Wnt pathway has
been confirmed to play a significant role in the regulation of
osteoporosis.

Recent evidence [17] indicates that inhibitors of the Wnt
signaling pathway can negatively regulate osteogenesis.
These inhibitors include sclerostin, Dickkopf-1 (DKK1), WNT
inhibitory factor 1 (WIF1), and secreted frizzled-related pro-
teins (SFRPs). These inhibitors primarily bind to Wnt—the
ligand of the Wnt signaling pathway—Frizzled (FZD), and
low-density lipoprotein receptor-related protein 5/6 (LRP5/6),
thereby inhibiting the expression of Wnt, B-catenin, and other
key proteins in the pathway. This inhibition leads to the
downregulation of T-cell-specific transcription factor 1 (TCF-1),
Runt-related transcription factor 2 (Runx2), alkaline phos-
phatase (ALP), and osteopontin (OPN), which are downstream
osteogenic markers, thereby promoting osteoporosis [18].

Additionally, other studies [19,20] have found that these
inhibitors can suppress the expression of key proteins in the
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Wnt signaling pathway, such as Wnt and B-catenin, by bind-
ing to the cell membrane receptors FZD and LRP5/6. This sig-
nificantly increases the ratio of receptor activator of nuclear
factor kappa beta ligand (RANKL) to osteoprotegerin (OPG), as
well as the number of osteoclasts. Tartrate-resistant acid phos-
phatase (TRAP)-positive osteoclasts are significantly increased
in rat models. Therefore, blocking the expression of Wnt sig-
naling pathway inhibitors, such as sclerostin, DKK1, WIF1, and
SFRPs, can effectively promote bone formation and inhibit bone
resorption. These inhibitors are expected to represent promis-
ing targets for the treatment of osteoporosis.

In this review, the Wnt signaling pathway, including the role
and regulatory mechanisms of its inhibitors in osteoporosis, is
discussed. In particular, the effects of small molecules targeting
non-coding RNA, natural medicines, monomer components of
traditional Chinese medicine, and Western medicine on the
expression of Wnt signaling pathway inhibitors were analyzed,
and the potential mechanisms of their curative effects on osteo-
porosis were examined. Overall, this review seeks to highlight
the regulatory effects of Wnt signaling pathway inhibitors on
osteoblasts and osteoclasts in osteoporosis.

Whnt signaling pathway and its role in

osteoporosis

The term “Wnt” is a fusion of the Intl proto-oncogene, located
at the integration site of a mouse breast tumor virus, and the
homologous wingless gene of Drosophila [21]. The Wnt signal-
ing pathway is highly conserved and plays an important role in
multicellular organisms [22], maintaining bone homeostasis by
promoting bone formation and inhibiting bone resorption [14].
This pathway, which comprises both classical and non-classical
pathways, induces osteogenic differentiation and maturation of
mesenchymal stem cells (MSCs) [23] and regulates bone home-
ostasis in osteoporosis. The non-classical Wnt signaling path-
way includes the Wnt/Planar cell polarity (PCP) and Wnt/Ca2-+
pathways [24, 25]. The Wnt signaling pathway is closely related
to the occurrence and development of osteoporosis [26-28].

Classical Wnt/B-catenin signaling pathway

The classical Wnt signaling pathway consists of the extracellu-
lar Wnt ligand, FZD, LRP5/6, cytoplasmic f-catenin, disheveled
(DVL), adenomatous polyposis coli protein (APC), glycogen
synthase kinase 3p (GSK-3B), axin inhibitor protein (Axin),
and nuclear T cell factor/lymphoid enhancer-binding factor
(TCF/LEF) transcription factor [29-31]. Wnt protein binds to
FZD and LRP5/6 receptors on the cell membrane [32]. The
cytoplasmic portion of FZD is activated upon interaction with
DVL, which then inhibits the Axin-GSK-33-APC complex, pre-
venting B-catenin phosphorylation. As p-catenin accumulates
in the cytoplasm, it translocates to the nucleus [33] and
binds to TCF/LEF, activating the downstream Wnt signaling
pathway [34, 35] (Figure 1).

The classical Wnt/B-catenin signaling pathway is closely
related to the occurrence and development of osteoporosis.
Wang et al. [36] determined the expression levels of dif-
ferentiation antagonizing non-protein coding RNA (DANCR),
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microRNA (miR)-320a, and catenin beta 1 (CTNNBI, which
codes for B-catenin), in patients with osteoporosis [36]. The
expression levels of DANCR and miR-320a were found to be
relatively high, while that of CTNNBI was low. Moreover,
during osteoblastic differentiation induced by bone marrow
MSCs (BMSCs), the expression levels of DANCR and miR-
320a were significantly decreased, whereas CTNNBI expres-
sion increased [36]. The mRNA and protein levels of osteogenic
markers, Runx2, OPN, osteocalcin (OCN), and p-catenin, in ALP
and BMSCs of the miR-320a inhibitor group were also signifi-
cantly higher than those in the control group; the overexpres-
sion of miR-320a resulted in the opposite outcome [36]. These
findings indicate that the expression levels of DANCR and miR-
320a are higher in patients with osteoporosis, and the inhibi-
tion of miR-320a expression can significantly upregulate the
expression of bone-related markers, including Runx2, OPN, and
OCN, alongside key target molecules, B-catenin and TCF-1, in
the Wnt/B-catenin signaling pathway, thereby promoting bone
formation.

Additionally, the expression of forkhead box protein
f1 (Foxfl) is significantly increased in the vertebrae of ovariec-
tomized mice [37]. Compared with the control group, knocking
down Foxfl significantly increased ALP activity and the number
of mineralized nodules, while elevating the expression levels of
Runx2, ALP, Osx, OCN, and Collal mRNA. Furthermore, the
expression levels of B-catenin mRNA and protein in BMSCs
were also significantly increased [37]. Shen et al. [37] explored
the effect of Foxfl overexpression on the osteogenic potential of
human bone marrow stromal stem cells. Foxfl overexpression
significantly reduced the levels of bone formation markers,
such as Runx2 and Collal. Increased expression of Foxfl is
associated with decreased levels of bone mineral density (BMD)
and bone formation markers [37].

The collective evidence indicates that non-coding RNA and
Foxfl can inhibit the expression of the key target molecule,
pB-catenin, by suppressing the Wnt/f-catenin signaling path-
way. This suppression inhibits downstream ALP activity and
the expression of osteogenesis-related markers, such as Runx2,
OPN, OCN, and Collal. The classical Wnt/-catenin signaling
pathway is involved in the occurrence, development, and prog-
nosis of osteoporosis. However, its complex and widespread
mechanisms require further investigation to elucidate the reg-
ulatory network and aid in the prevention and treatment of
osteoporosis.

Non-classical Wnt signal pathway

As mentioned previously, the non-classical Wnt signaling path-
ways mainly include the Wnt/PCP and Wnt/Ca2+ signaling
pathways. Notably, the Wnt/PCP signaling pathway coordi-
nates cell polarization, with downstream activation of c-Jun
N-terminal kinase by Dsh, Rac, and small GTPases [38, 39].
However, in the Wnt/Ca2+ signaling pathway, the Wnt lig-
ands bind to FZD and Ror2, activating Ca2-+-sensitive signal-
ing molecules through calmodulin-dependent protein kinase II
(CaMKII) or calcineurin phosphatase [40]. These activations
increase the intracellular Ca2+ concentration, regulating cell
motility and adhesion [40] (Figure 1).
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Figure 1.

Regulatory mechanisms of the Wnt signaling pathway. Wnt signaling occurs through the activation of the Frizzled (FZD) receptor and the

co-receptor LRP5/6 or ROR2 by the binding of Wnt proteins. The Wnt signaling pathway is divided into the classical Wnt/B-catenin signaling pathway and
the non-classical Wnt/PCP and Wnt/Ca2+ signaling pathways. LRP5/6: Lipoprotein receptor-related protein 5/6.

Lin et al. [41] described significant increases in the
mRNA levels of osteogenic markers ALP, Runx2, and OCN
upon treatment of BMSCs with JTEOI3, an antagonist of
sphingosine-1-phosphate receptor 2. In addition, compared
to the control, treatment with 2-8 pM JTEO13 significantly
increased the expression of phospho-phospholipase Cyl
(p-PLCy1) and phospho-protein kinase C (p-PKC) in BMSCs,
while treatment with 1-4 pM significantly increased the
expression of p-CaMKII [41]. Moreover, treatment with 1-8 pM
JTEO13 significantly increased calcium release in BMSCs [41].
These findings indicate the important role of the Wnt/Ca2+
signaling pathway in osteogenesis and suggest that JTEO13
promotes osteogenesis through this pathway.

Li et al. [42] reported that miR-154-5p significantly inhibits
ALP activity in adipose-derived MSCs (ADSCs), while miR-
154-5p antisense oligonucleotide (ASO-154-5p) significantly
increases ALP activity. These results were confirmed by
Alizarin Red staining [42]. Data from qRT-PCR and western
blot analyses demonstrated that overexpression of miR-154-5p
significantly downregulates the expression of OCN, type I col-
lagen (Coll), OPN, ALP, and Runx2, whereas its inhibition
upregulates the expression of these osteogenic markers in
ADSCs [42]. These results indicate that miR-154-5p expression
inhibits osteogenic differentiation in ADSCs, while ASO-154-5p
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promotes osteogenic differentiation by inhibiting miR-154-
5p [42].

In this study, the expression of Wntll decreased in ADSCs
treated with miR-154-5p, and the overexpression of miR-154-5p
significantly inhibited the activation of Ras homolog gene fam-
ily member A (RhoA) and Rho-associated coiled helix kinase II
(ROCKTII). However, treatment with ASO-154-5p reversed these
results [42]. These findings indicate that Wntll is a regulator
of the non-classical Wnt/PCP signaling pathway and that ASO-
154-5p promotes osteogenic differentiation by negatively regu-
lating Wntl1 via miR-154-5p inhibition.

A previous study [43] found that overexpression of miR-
26a-5p decreases the expression of osteogenic markers OCN,
Coll, Runx2, ALP, and Osx in ADSCs, while an miR-26a-5p
antagonist reverses these effects. ALP and Alizarin Red S (ARS)
staining revealed that differentiation of ADSCs in the miR-26a-
5p group significantly decreased, whereas differentiation in the
miR-26a-5p antagonist group significantly increased, suggest-
ing that overexpression of miR-26a-5p inhibits osteogenic dif-
ferentiation of ADSCs [43].

These results confirmed that miR-26a-5p overexpression
downregulates the protein expression of Wnt5a in ADSCs
and significantly reduces the expression of CaMKII and
osteogenesis-related marker protein Coll, which are key
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factors in the Wnt/Ca2+ signaling pathway [43]. The collective
evidence demonstrates that miR-26a-5p inhibits osteogenic
differentiation of ADSCs by directly downregulating Wnt5a
expression [43]. The expression level of PKC, another key factor
in the Wnt/Ca2+ signaling pathway, decreased by 58% in the
miR-26a-5p group and significantly increased in the miR-26a-
5p antagonist group [43]. Additionally, the level of intracellular
Ca2+ significantly decreased in the miR-26a-5p group and
significantly increased in the anti-miR-26a-5p antagonist
group [43]. These results further suggest that miR-26a-5p
inhibits osteogenic differentiation of ADSCs by regulating
PKC expression, another key factor related to calcium in the
Wnt/Ca2+ signaling pathway.

The available evidence highlights that the osteogenic dif-
ferentiation mechanism of BMSCs via the Wnt signaling path-
way is a complex regulatory system. A better understanding
of this pathway may aid in the development of new tools
for more effective diagnosis and treatment of osteoporosis.
Furthermore, the collective data indicate that overexpression
of certain miRNAs can inhibit the expression of downstream
osteogenesis-related markers OCN, Coll, Runx2, ALP, and Osx
by inhibiting key proteins, such as RhoA, ROCKII, CaMKII, and
PKC in the non-classical Wnt/Ca2+ signaling pathway, thereby
promoting the progression of osteoporosis. A better under-
standing of the regulatory mechanism of the non-classical Wnt
pathway in osteoporosis progression at the molecular level will
enable more effective diagnosis and treatment of this disease.

Inhibitors of Wnt signaling pathway

The primary inhibitors of the Wnt signaling pathway include
sclerostin, DKK1, WIF1, and SFRP [44]. Sclerostin and DKK1 can
competitively bind to LRP5/6, a co-receptor in the Wnt signal-
ing pathway, and inactivate it by regulating the transcription
of downstream target genes, eventually inducing osteoporosis.
SFRP and WIF1 can directly interact with Wnt ligands, block-
ing the binding of the ligands to the receptor and inactivating
the Wnt signaling pathway by regulating the transcription of
downstream target genes, ultimately leading to the occurrence
and progression of osteoporosis [45-47].

Sclerostin

The sclerostin protein encodes a secreted glycoprotein com-
posed of 190 amino acids that is primarily produced by
osteocytes [48-51]. Sclerostin is a key molecule in the Wnt sig-
naling pathway and plays a pivotal role in the regulation of
osteoblast and osteoclast activity. It mainly participates in the
negative regulation of bone formation [46, 48-51]. Sclerostin
acts as an antagonist of the Wnt signaling pathway [52] and
prevents binding to the Wnt ligand by competitively binding
to LRP5/6 [53]. This antagonistic action inhibits Wnt signal-
ing activation [54], which suppresses the differentiation of
osteoblasts (Figure 2). In vitro experiments revealed that scle-
rostin significantly reduced the ability of human MSCs (hMSCs)
to differentiate into osteoblasts in a dose-dependent manner,
markedly reduced ALP activity, and increased caspase activity
in hMSC osteoblasts [55]. Staining of apoptotic nuclei revealed

Song et al.
Whnt pathway inhibitors in osteoporosis

514

Biomolecules
& Biomedicine

a significant increase in the number of apoptotic cells following
sclerostin treatment. These findings indicate that sclerostin
selectively enhances the apoptosis of hMSC osteoblasts, possi-
bly by inhibiting osteogenic differentiation [55].

Another study [56] revealed that the RNA levels of the
osteoblast markers COL1A1 and ALP significantly decreased in
hMSCs treated with sclerostin, and that sclerostin significantly
reduced the proliferation and mineral deposition of hMSCs in
a dose-dependent manner [56]. The authors further reported
that, compared with wild-type mice, sclerostin overexpression
disrupted the bone structure of sclerostin transgenic mice,
induced thinning of the bone cortex, decreased the number of
trabeculae, and weakened fracture resistance in the vertebrae
and femur of sclerostin transgenic mice [56]. Histomorphomet-
ric analysis demonstrated that sclerostin overexpression signif-
icantly reduced the bone formation rate in sclerostin transgenic
mice compared to that in wild-type mice [56]. These results
indicate that sclerostin significantly reduced hMSC osteoblast
markers, hMSC proliferation, and mineral deposition, and its
overexpression reduced the bone formation rate and aggra-
vated bone microstructure damage in sclerostin transgenic
mice [56].

Li et al. [57] found that the BMD, trabecular bone, bone
volume, and bone volume fraction in various bone regions
(skull, axial bone, ribs, pelvis, and long bone) as well as serum
OCN levels were significantly increased in sclerostin knockout
mice compared to those in wild-type mice [57]. In addition,
micro-computed tomography revealed that the thickness, area,
and periosteal circumference of sclerostin knockout mice sig-
nificantly increased. Based on the findings of this study [57],
the mineralization area, expressed as the ratio of the min-
eralizing surface and bone surface (MS/BS), mineral attach-
ment rate (MAR), and bone formation rate, were significantly
increased in sclerostin knockout mice compared to those in
wild-type mice [57]. Gao et al. [58] isolated rat BMSCs and
overexpressed or knocked down sclerostin via transfection. The
overexpression of sclerostin inhibited the proliferation of rat
BMSCs, the activity of ALP, the expression of key molecules
(B-catenin and p-GSK-3B) in the Wnt/B-catenin signaling path-
way, and the expression of osteogenic genes Runx2 and c-myc.
Knockdown of sclerostin resulted in opposite findings [58].
These results suggest that the upregulation of sclerostin can
inhibit the Wnt/B-catenin signaling pathway in BMSCs, thereby
inhibiting the expression of osteogenic markers.

In summary, sclerostin downregulates the expression of
osteoblast markers, including COL1A1 and ALP, and upregulates
the expression of the caspase pro-apoptotic protein in the Wnt
signaling pathway by inhibiting Wnt-LRP5/6 receptor binding.
This inhibition suppresses osteogenesis, promotes osteoblast
apoptosis, and exacerbates the destruction of bone microstruc-
ture in osteoporosis. Thus, sclerostin may be an effective thera-
peutic target for osteoporosis.

DKK1

The DKK family comprises four glycoproteins (DKK1-4), each
containing 255-350 amino acids [59]. DKKI has the most exten-
sive function and is mainly expressed in osteocytes, osteoblasts,
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Figure 2. Inhibition of Wnt/B-catenin signaling pathway by Wnt signaling pathway inhibitors. Inhibitors of the Wnt signaling pathway mainly include
sclerostin, DKK1, WIF1, and SFRPs. Among them, sclerostin and DKK1 can competitively bind to the co-receptor LRP5/6 in the Wnt signaling pathway and
inactivate it by regulating the transcription of downstream target genes. SFRPs and WIF1 can directly interact with Wnt ligands, thereby blocking their binding
and subsequently inactivating the Wnt signaling pathway through regulation of the transcription of downstream target genes, ultimately leading to the
occurrence and development of osteoporosis. SFRP: Secreted frizzled-related proteins; DKK1: Dickkopf-1; LRP5/6: Lipoprotein receptor-related protein 5/6;

WIF1: WNT inhibitory factor 1.

skin, placenta, and prostate endothelial cells. It consists of five
domains: signal sequence, linker 1, amino-terminal cysteine-
rich domain, linker 2, and carboxyl-terminal cysteine-rich
domain. DKKI inhibits the Wnt/B-catenin signaling pathway
and prevents binding to the Wnt protein by competitively bind-
ing to LRP5/6, thereby blocking the conduction of the Wnt sig-
naling pathway [53, 60] (Figure 2).

Li et al. [61] found that overexpression of DKKI in mice
resulted in a 20% reduction in the BMD of the proximal tib-
ial metaphysis, a significant decrease in the trabeculae of the
vertebrae and long bones, and marked thinning of the bone
cortex compared to control mice [61]. Histomorphometric anal-
ysis revealed that the bone volume/tissue volume (BV/TV)
decreased by 44%, and the percentage of osteoblast surface to
bone surface significantly decreased by 49% in mice overex-
pressing DKK1 [61]. Bone mineralization surface (MS), bone for-
mation rate (BFR)/TV, trabecular bone volume fraction (BVF),
trabecular number, and trabecular thickness were also sig-
nificantly decreased in these mice [61]. These results indicate
that DKKI1 overexpression aggravates the degradation of bone
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microstructure in mice by reducing the BMD of the proximal
tibial metaphysis and the number of trabeculae in the vertebrae
and long bones [61].

Another study [62] found that when DKKI was trans-
fected into osteoblasts, the expression levels of the Axin2
and ALP bone formation markers were significantly inhib-
ited; this result was confirmed by Oil Red O staining. Alizarin
Red fluorescence results also revealed that recombinant DKK1
(rmDkk1) significantly reduced the fluorescence intensity of
matrix mineralization and ALP levels in mouse embryonic
osteoblasts (MC3T3-E1) [62]. Compared with control mice, the
number of osteoblasts and bone formation markers, such as
ALP, Runx2, OC, and Osx, significantly increased in DKKI-
deficient mice [62]. The MS and MAR of DKKI1-deficient mice
also increased by twofold, and the trabecular BFR increased by
fourfold [62]. These results confirm that the downregulation of
DKKI can activate the expression of osteoblast markers in the
Wnt signaling pathway to promote bone formation and inhibit
bone resorption in osteoporosis. DKK1 may be another effective
target for the treatment of osteoporosis.
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WIF1

WIF1 is a protein composed of 379 amino acid residues, with
an N-terminal signal sequence of 28 amino acid residues, a
WIF domain of approximately 150 amino acids, five epidermal
growth factor (EGF)-like repeat sequences, and a C-terminal
hydrophilic domain of 45 amino acids [63]. As an inhibitor
of the Wnt signaling pathway [64], WIF1 can directly bind to
Wnat, blocking its interaction with the cell surface receptor FZD
and ultimately inhibiting the transmission of this signaling
pathway [65-68] (Figure 2). According to Bennett et al. [69],
WIF1 is a negative regulator of osteoblast differentiation, and
its overexpression can stimulate adipogenesis by inhibiting the
Wnt signaling pathway, thereby inhibiting bone formation.
Cho et al. [70] and other researchers found that the overex-
pression of WIFI1 can significantly inhibit ALP activity and ALP
staining intensity in C3H10T1/2 cells. In addition, WIF1 overex-
pression significantly inhibited Runx2 expression and mRNA
levels of type I collagen, ALP, and osteocalcin in C3H10T1/2
cells [70].

The role of WIF1 in the adipogenic differentiation of
C3H10T1/2 cells was also evaluated. When C3H10T1/2 cells
were induced with lipogenic medium, the mRNA and protein
expression of WIF1 significantly increased. Oil Red O staining
revealed that treatment with WIF1 significantly enhanced adi-
pogenic production in C3H10T1/2 cells [70]. Thus, WIF1 over-
expression can significantly inhibit the activity of ALP, staining
intensity of ALP, and expression of bone formation markers
in C3H10T1/2 cells, while promoting adipogenic differentiation
in these cells [70]. Wei et al. [71] also found that the mRNA
and protein expression of OPN, OCN, and Runx2 significantly
decreased in the bone marrow stromal cells of patients with
osteoporosis compared to those in control individuals. ALP in
the BMSCs of patients with osteoporosis decreased significantly
compared with control individuals [71]. When WIF1 was overex-
pressed, the expression levels of Wnt and p-catenin decreased
significantly compared with those in the control group [71].

According to another study [72], the protein expression of
B-catenin in chondrocytes treated with Wnt3a increased sig-
nificantly; however, WIF1 could effectively block this accumu-
lation. Wnt3a also significantly increased the transcriptional
activity of TCF/LEF in chondrocytes, which was significantly
inhibited by WIF1 [72]. Therefore, WIF1 can inhibit the expres-
sion of B-catenin, a key molecule in the Wnt signaling pathway,
and the transcriptional activity of TCF/LEF by binding to the
Wnt ligand, thereby inhibiting Runx2. This results in the sup-
pression of osteogenic markers, such astype I collagen, ALP, and
osteocalcin while promoting adipogenic differentiation. WIF1
could therefore serve as a key target in the research and devel-
opment of therapies for osteoporosis.

SFRPs

SFRPs are soluble proteins composed of approximately
300 amino acids, including a highly homologous N-terminal
cysteine-rich domain (CRD) and a smaller hydrophilic
C-terminal domain (NRT) [73-76]. Both CRD and NRT domains
can bind to Wnt signaling molecules, with different SFRP pro-
teins binding to different subgroups of Wnt molecules [76]. In
addition, SFRPs consist of five protein families (SFRP1-SFRP5),
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which are divided into two subfamilies based on sequence
homology. One subfamily consists of SFRP], 2, and 5, while the
other subfamily consists of SFRP3 and 4 [76, 77]. SFRPs regulate
bone metabolism [78]. Some studies [53,79] have reported
that SFRPs, as antagonists of the Wnt signaling pathway,
can bind to Wnt and inhibit its interaction with receptors,
thereby inactivating the Wnt signaling pathway by regulating
the transcription of downstream target genes, leading to the
occurrence and development of osteoporosis (Figure 2).

Bodine et al. [80] found that the body fat rate of SFRP1-
deficient mice decreased by 22%, the MAR of the distal femur
trabecular bone increased by 32%, connection density increased
by 29%-47%, the number of trabecular bones increased by
18%-25%, and the thickness of the trabecular bone increased by
4%-19%, compared with the values of control mice [80]. The lack
of SFRP1 resulted in a 4%-56% decrease in the number of apop-
totic osteoblasts and osteocytes, whereas a decrease in apoptotic
cells led to an 18% increase in skull thickness and a 5% increase
in the number of osteocytes [80]. Another study found that the
overexpression of SFRP2 significantly decreased the expression
of the Axin and OCN osteogenic markers in BMSCs compared
to that of the control cells (81). qRT-PCR further confirmed
that SFRP2 significantly decreased the expression of OCN and
Runx2 [81]. These findings indicate that SFRP2 overexpression
could inhibit osteogenic differentiation.

In a model of dexamethasone-induced osteoporosis, He and
Gu [82] confirmed the upregulation of SFRP5. The overexpres-
sion of SFRP5 downregulated the protein expression of Wnt
and p-catenin within the Wnt signaling pathway and further
downregulated the expression of the Runx2, ALP, and OPN
osteogenesis-related markers [82]. These results were con-
firmed via Alizarin Red S staining [82]. These findings impli-
cate SFRP1, SFRP2, and SFRP5 as key targets of the Wnt sig-
naling pathway to regulate bone metabolism in osteoporosis.
However, SFRP3 and SFRP4 exhibited opposite effects on the
osteoblast differentiation of hMSCs [83]. SFRP3 promotes the
osteoblast differentiation of hMSCs, whereas SFRP4 inhibits
it [83]. The authors cultured hMSCs in osteoinductive medium;
the mRNA and protein expression of SFRP3 gradually increased,
while the expression of SFRP4 was significantly inhibited on
days 4, 7, and 14 of culture [83].

They further reported that the treatment of hMSCs with
recombinant SFRP3 did not affect the activity of ALP and the
formation of mineralized nodules, while treatment with recom-
binant SFRP4 significantly reduced the activity of ALP and
inhibited the formation of mineralized nodules [83]. Finally,
the ALP activity of hMSCs was inhibited when SFRP3 activ-
ity was specifically abrogated by treatment with small inter-
fering (si)SFRP3, but it increased following treatment with
SFRP4 [83]. The collective evidence indicates that the dele-
tion of SFRPI, 2, 4, and 5 can significantly improve the bone
microstructure damage induced by osteoporosis, which may be
achieved by markedly upregulating the expression of the Wnt
and B-catenin proteins and downstream osteogenesis-related
markers in the Wnt/B-catenin signaling pathway, thereby pro-
moting osteogenesis in osteoporosis. The overexpression of
SFRP], 2, 4, and 5 can inhibit osteogenesis, whereas SFRP3
overexpression can promote the osteogenic differentiation of
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hMSCs. Therefore, whether the specific regulatory mechanism
of SFRPs in the occurrence and development of osteoporosis
aims to promote bone differentiation or inhibit osteogenic dif-
ferentiation is a complex question. Overall, more in-depth stud-
ies are needed.

Regulation of osteoporosis via the knockout

of wnt signaling pathway inhibitors

Regulatory effect of sclerostin knockout on osteoporosis
Sclerostin is an inhibitor of the Wnt signaling pathway. In
a mouse model of bone defects, McGee-Lawrence [84] con-
firmed that the bone mass of sclerostin-/- mice significantly
increased, the BV fraction of the defect site increased by 49%,
the defect diameter significantly decreased, and trabecular
thickness (Tb.Th) significantly increased. Furthermore, the
expression of the Runx?2 osteogenesis-related gene significantly
increased in a mouse model of bone defects relative to the values
in sclerostin-/+ mice [84]. These results indicate that blocking
sclerostin could promote the expression of osteogenic genes,
thereby significantly improving the bone microstructure.

Zhang et al. [85] confirmed significant increases in the skull
BMD, BV, and BV/TV of a mouse osteolytic model upon blocking
of sclerostin. This blocking significantly increased the activ-
ity of ALP, the expression of B-catenin on the skull bone sur-
face, the number of mineralized nodules, and the Ca?* level in
a mouse osteolytic model [85]. Therefore, blocking sclerostin
may play a role in promoting bone formation and alleviating
bone microstructure damage by activating the Wnt/f-catenin
signaling cascade. Jiao et al. [86] found that the inhibition of
sclerostin significantly increased BMD and BV/TV in the skull,
increased the expression of key Wnt/B-catenin signaling path-
way proteins, such as B-catenin and OPG, and decreased the
expression of osteoclast-related markers, including nuclear fac-
tor of activated T cells 1, cathepsin K, and TRAP [86]. Fur-
thermore, the number of TRAP-positive cells was significantly
diminished in the mouse osteolytic model [86]. These results
indicate that blocking sclerostin can promote osteogenesis and
inhibit osteoclast differentiation and bone resorption by affect-
ing the expression of key proteins in the Wnt/-catenin sig-
naling pathway, thus regulating osteoclast-osteoblast marker
molecules.

Therefore, sclerostin is a key target in the regulation of
the Wnt/B-catenin pathway. Blocking sclerostin can promote
the expression of osteoblast marker molecules by activat-
ing the Wnt/B-catenin pathway and can inhibit the expres-
sion of osteoclast differentiation and bone resorption markers,
thereby maintaining the dynamic balance between osteoblasts
and osteoclasts, and ultimately counteracting osteoporosis
(Figure 3). In summary, SOST may become an effective target
for future osteoporosis drug research and development and may
be a key molecule in revealing the pathogenesis of osteoporosis.

Regulation of osteoporosis via the knockout of DKK1

Heiland et al. [87] found that, compared to wild-type mice,
tumor necrosis factor transgenic mice (hTNFtg) showed a sig-
nificant increase in OPG mRNA expression and a significant
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decrease in OCN mRNA expression. However, after knockout
of DKK1, OPG mRNA expression in hTNFtg mice decreased sig-
nificantly, and the mRNA expression of OCN increased signif-
icantly, indicating that osteoclast activity was inhibited and
osteoblast-mediated bone formation was enhanced [87]. In
addition, immunohistochemistry revealed that, compared with
wild-type mice, there was almost no expression of f-catenin in
the trabecular bone of hTNFtg mice. However, after the knock-
out of DKKI, the expression of B-catenin in hTNFtg mice signif-
icantly increased. These findings indicate that the knockout of
DKKI1 can enhance bone formation and inhibit bone resorption
in hTNFtg mice [87].

The same study also found [87] that, compared with
wild-type mice, the number of bone trabeculae, trabecular
thickness, matrix deposition rate (MAR), and bone surface cov-
ered by osteoblasts in hTNFtg mice were significantly reduced.
However, after DKK1 knockout, the number of bone trabec-
ulae, trabecular thickness, MAR, and bone surface covered
by osteoblasts in hTNFtg mice showed a significant increas-
ing trend, which correlated with the dose of the anti-DKK1
antibody [87]. In addition, Colditz et al. [88] found that, com-
pared with Cre female and male mice, the BV/TV, Th.N, Th.Th,
Ct.Th, and other indicators in Cre+ female and male mice
were significantly increased, while Tb.Sp, serum DKKI1 con-
tent, and femoral DKK1 mRNA expression were significantly
decreased. There was no significant difference in serum CTX
content [88]. Both female and male Cre+ mice showed sig-
nificant increases in Procollagen type 1 N-propeptide (PINP)
and OPG content, an increase in the bone formation rate/bone
surface (BF/BS) ratio, a significant decrease in the number of
osteoclasts/bone perimeter (N.Oc/B.Pm) ratio, and a signifi-
cant decrease in RANKL content [88]. The study also reported
that, compared with Cre female mice, the MS/BS ratio in
Cre+ female mice was significantly increased, and the MAR
was significantly elevated. Compared with the Cre female
mice of Dkk1-Osx and Dkkl-Dmpl, Cre+ female mice of Dkk1-
Osx and Dkk1-Dmpl showed similar trends in BV/TV, Tb.N,
Tb.Th, Ct.Th, and Th.Sp. Serum DKKI content, femoral tis-
sue DKK1 mRNA expression, serum carboxy-terminal collagen
crosslinks content, BF/BS ratio, N.Oc/B.Pm ratio, RANKL con-
tent, and MS/BS ratio exhibited similar changes to those in
Cre+ female mice [88].

These results confirm that the deficiency of DKK1 affects
bone resorption by reducing the number of osteoclasts but does
not affect the serum level of the carboxy-terminal collagen
crosslinks bone resorption marker. Other studies [89] have also
found that the expressions of the Runx2 and OCN osteogenic
markers in rats with glucocorticoid-induced osteoporosis were
significantly downregulated, while the expression levels of key
proteins GSK3p and B-catenin in the Wnt/B-catenin signal-
ing pathway were significantly reduced [89]. The authors also
described that the knockdown of DKK1 significantly upregu-
lated the expression of the Runx2 and OCN osteogenic markers,
while the expression levels of key proteins GSK3p and B-catenin
were significantly increased [89] (Figure 3).

These findings indicate that the knockout of DKKI1 can
prevent bone loss. Therefore, inhibiting the expression of
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Figure 3. Wnt signaling pathway inhibitors. Inhibitors of the Wnt signaling pathway mainly include sclerostin, DKK1, WIF1, and SFRPs. These proteins
are composed of varying amounts of amino acids and primarily inhibit the conduction of the Wnt signaling pathway by binding to the ligand cell membrane
Frizzled (FZD) receptor and low-density LRP5/6 of the Wnt signaling pathway. DKK1: Dickkopf-1; LRP5/6: Lipoprotein receptor-related protein 5/6; WIFL:

WNT inhibitory factor 1.

DKKI1 in bone tissue may be an effective method for treating
osteoporosis.

Regulatory effect of WIF1 knockout on osteoporosis

The mRNA and protein levels of WIF1 were reportedly
significantly reduced compared with those of the control
when osteogenic medium (OM) containing ascorbic acid and
B-glycerophosphate was used to induce osteoblast differ-
entiation of mesenchymal C3H10T1/2 cells [77]. However,
when lipogenic medium was used to induce lipogenesis, the
mRNA and protein expressions of WIF1 significantly increased
compared to those of the control, contrary to the results
obtained during osteoblast formation [77]. Furthermore, when
WIF1 production was blocked using siWIF1, RT-PCR revealed
that the mRNA level of WIF1 was reduced by 37% and 70% using
20 and 50-nM siRNA duplexes, respectively, to target WIF1. The
ALP activity of mesenchymal C3HI0T1/2 cells also increased
in a dose-dependent manner. These results indicate that the
blocking of WIF1 plays a positive role in regulating osteoblast
differentiation of mesenchymal C3H10T1/2 cells [77].
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Liang et al. [90] found that gossypol significantly inhibited
the level of WIF1 in a mouse model of osteoporosis, signifi-
cantly upregulated the expression levels of key proteins (Wnt,
B-catenin, CK1, and Axin) in the Wnt signaling pathway, and
upregulated the levels of osteogenesis-related markers (OCN
and OPG) in the mice [90]. These results confirm that inhibit-
ing WIFI1 can activate the Wnt-B-catenin signaling pathway to
promote osteoblast differentiation in mice with osteoporosis
(Figure 3). Collectively, these findings indicate that the expres-
sion of WIF1 is a key target for transcriptional activity in the
Wnt-B-catenin signaling pathway. Ongoing efforts are aimed at
developing WIF1 as a target for drug screening. It is anticipated
that more effective anti-osteoporotic drugs will become a popu-
lar research topic.

Regulatory effect of SFRP knockout on osteoporosis

Wang et al. [91] found that knockdown of the expression
of SFRP1 significantly increased the expression levels of
B-catenin protein and Runx2 in the femoral tissue of rats with
glucocorticoid-induced osteoporosis, while upregulating the
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expression of SFRPI resulted in the opposite effect. Knock-
down of SFRPI significantly inhibited chondrocyte apoptosis,
increased mineral density, biomechanical properties, and
trabecular and cortical bone mass. The overexpression of
SFRPI reversed these effects [91]. These results indicate that
knockdown of the expression of SFRP1 can promote bone
formation and prevent bone loss by activating the Wnt/p-
catenin signaling pathway in rats with glucocorticoid-induced
osteoporosis. Thus, SFRP1 could be the basis of an effective
strategy for preventing osteoporosis.

Another study demonstrated that the SFRP1 inhibitor diaryl-
sulfonylsulfonamide can stimulate the Wnt/B-catenin signal-
ing pathway by inhibiting the expression of SFRP1 in U2-0S
human osteosarcoma cells [92]. Knockout of SFRP1 reduced
apoptosis of U2-OS human osteosarcoma cells by approximately
50% and increased the mineral attachment rate of bone tra-
beculae by approximately 30%. These findings indicate that
knockout of SFRP1 can inhibit osteoblast apoptosis in U2-
0S human osteosarcoma cells [92]. Oshima et al. [93] found
that SFRP2 knockout significantly enhanced ALP activity and
promoted the formation of mineralized nodules in mice with
multiple myeloma. These findings corroborated the promot-
ing effect of SFRP2 blockade on osteogenic differentiation [93].
In another study, the XAV939 inhibitor of the Wnt/B-catenin
signaling pathway inhibited the activity of ALP in hMSCs cul-
tured in osteoinductive medium [83]. PCR microarray analysis
revealed that the expression levels of DIXDC1, FZD5, WISP1, and
SFRP3 genes in the Wnt/B-catenin signaling pathway were sig-
nificantly upregulated, while those of CCND2 and SFRP4 were
significantly downregulated [83]. These results suggest that
SFRP3 and SFRP4 are involved in the regulation of the Wnt/p-
catenin signaling pathway [83].

These results further indicate that the Wnt signaling path-
way is involved in the osteogenic differentiation of hMSCs.
SFRPs control the formation of osteoblasts by affecting the
classical and non-classical Wnt pathways, and SFRPs may
play a role in the prevention and treatment of osteoporosis.
After the knockout of SFRP5, the protein expression levels of
Wnt and B-catenin were significantly upregulated in rats with
dexamethasone-induced osteoporosis [82]. RT-qPCR revealed
that after the downregulation of SFRP5, the mRNA and pro-
tein levels of Runx2, ALP, and OPN in the femur and tibia of
rats with dexamethasone-induced osteoporosis were signifi-
cantly increased [82]. Alizarin Red S staining further confirmed
that SFRP5 knockout significantly promoted the osteogenic dif-
ferentiation of BMSCs in dexamethasone-induced osteoporotic
rats [82].

In vitro experiments further confirmed that SFRP5 knockout
significantly promoted the osteogenic differentiation of BMSCs
by regulating the Wnt/B-catenin signaling pathway [82]. Over-
all, in most cases, blocking the expression of SFRPs can pro-
mote the expression of osteogenic differentiation markers in
the Wnt/B-catenin signaling pathway in osteoporosis, thereby
promoting osteogenic differentiation. However, blocking the
upregulation of SFRP3 can inhibit the expression of osteogenic
differentiation markers within the Wnt/B-catenin signaling
pathway, ultimately inhibiting osteogenic differentiation. The
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regulatory mechanism of SFRP blockers in osteogenic differ-
entiation during osteoporosis must be further verified and
explored through in vivo and in vitro studies (Figure 3).

Targeted therapy

miR-203

miRNA is a non-coding, small RNA containing approximately
19-24 nucleotides [94]. Various miRNAs play crucial regula-
tory roles in the differentiation and development of cells and
tissues [95]. In recent years, miRNA research on osteoporo-
sis has become a focal point. Qiao et al. [96] constructed a
rat model of osteoporosis and transfected miR-203 into MSCs
to overexpress miR-203. The luciferase gene assay results
showed that the expression level of DKKI (luciferase activity)
in rats co-transfected with the miR-203 mimic and wild-type
DKK1 was significantly lower than that in the normal control
group [96].

Compared with the control group, the BMD and BV/TV
of the miR-203 inhibitor group and OVX group rats were
significantly decreased, while the femoral bone resorption
parameters (Ob.S/BS) and the number of osteoclasts per bone
surface (N.Oc/B.Pm) in the ovariectomized rats injected with
the miR-203 inhibitor were higher than those in the nor-
mal control group [96]. In addition, clinical trials revealed
that the overexpression of miR-203 enhanced the expres-
sion levels of the ALP, Bglap, and Runx2 bone-related genes
in postmenopausal patients with osteoporosis and reduced
the expression levels of peroxisome proliferator-activated
receptor-gamma (PPARy) and lipoprotein lipase (LPL) genes
associated with fat production [96]. These results indicate that
DKKI1 is the target gene of miR-203. miR-203 can promote
the expression of osteogenic marker molecules and inhibit
the expression of adipogenic marker molecules by targeting
and downregulating DKKI, thereby regulating the dynamic
balance between osteogenesis and adipogenesis in osteoporo-
sis. Additionally, in another study, serum miR-203 levels in
patients with osteoporosis were found to be lower than nor-
mal levels [97]. The authors also examined the effect of miR-
203 on ALP activity in MSCs from patients with osteoporosis.
The results showed that decreased miR-203 expression signifi-
cantly reduced ALP activity in these patients, while the overex-
pression of miR-203 significantly enhanced ALP activity [97].
In the same study, DKK1 was selected as the target gene of
miR-203 for experimentation [97]. The overexpression of miR-
203 significantly downregulated the expression of DKK1 in
patients with osteoporosis, while the downregulation of miR-
203 produced the opposite trend. The effect of miR-203 on
the osteogenic differentiation of MSCs in patients with osteo-
porosis, by inhibiting DKK1, was also studied [97]. The results
showed that the overexpression of miR-203 significantly upreg-
ulated the expression of osteoblast-related genes ALP and
Runx2, as well as the expression of osteoblast-related proteins
Runx2, OCN, and OPN in patients. Conversely, overexpression
of DKKI reversed the expression of these markers [97].

These findings indicate that miR-203 can upregulate the
expression of osteogenic markers by inhibiting DKKI, thereby
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Figure 4. Targeted therapy for osteoporosis. miR-203 activates the Wnt/B-catenin signaling pathway by inhibiting the expression of DKKI.
Romosozumab promotes the conduction of the Wnt/B-catenin signaling pathway by preventing sclerostin from binding to LRP5/6. Icariin and gossypol
can inhibit the interaction between WIF1 and Wnt protein, thereby regulating the transcription of downstream target genes. This activation of the Wnt/B-
catenin signaling pathway ultimately alleviates the occurrence and development of osteoporosis. DKK1: Dickkopf-1; LRP5/6: Lipoprotein receptor-related

protein 5/6; WIF1: WNT inhibitory factor 1.

promoting the osteogenic differentiation of BMSCs. Therefore,
targeting miR-203 and studying the mechanisms of DKK1 reg-
ulation could provide valuable insights into the mechanisms of
osteoporosis (Figure 4).

Romosozumab

Romosozumab is a humanized monoclonal antibody targeting
sclerostin. The antibody binds to sclerostin, inhibits its activ-
ity, and promotes the binding of Wnt ligand to its co-receptor,
thereby increasing bone formation and BMD [98]. Subcuta-
neous or intravenous administration significantly increases
serum levels of bone formation markers, such as PINP,
ALP, and osteocalcin, and significantly decreases the level of
serum C-terminal peptide (CTX), a bone resorption marker, in
patients with osteoporosis [98]. By day 85 of administration,
romosozumab increased lumbar BMD by 5.3% and total hip
BMD by 2.8% in patients with osteoporosis compared to healthy
controls [98]. Additionally, when the dosage of romosozumab
was increased to 210 mg/kg, serum PINP levels increased
by 66%-147%, serum CTX decreased by 15%-50%, and lum-
bar BMD increased by 4%-7% [98]. Therefore, the key mecha-
nism of romosozumab in treating osteoporosis is closely related
to its promotion of bone formation and inhibition of bone
resorption [98].
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In a phase II clinical trial, McClung et al. [99] found that
the BMD of the lumbar vertebrae, total hip, and femoral
neck in patients with osteoporosis significantly increased
after 12 months of romosozumab administration compared to
healthy controls. When the romosozumab dose was increased
to 210 mg/kg, lumbar vertebrae BMD increased by 11.3%, hip
joint BMD increased by 4.1%, and femoral neck BMD increased
by 3.7% [99]. After six months of romosozumab treatment,
the expression of PINP, a bone turnover marker, significantly
increased in patients with osteoporosis. By 12 months, PINP and
TRAP levels returned to normal [99].

In a phase III clinical trial, the risk of vertebral fractures
in postmenopausal women with osteoporosis decreased by 73%
after 12 months and by 75% after 24 months of romosozumab
treatment at a 210 mg/kg dose [99]. These results indi-
cate that romosozumab, a humanized monoclonal antibody
targeting sclerostin, increases BMD in patients with osteo-
porosis by enhancing bone formation and turnover mark-
ers while inhibiting bone resorption markers. Furthermore,
romosozumab markedly reduces fracture risk as the admin-
istration period increases. However, whether the regulatory
effects of romosozumab on bone formation and resorption
occur via the Wnt/B-catenin signaling pathway remains unclear
(Figure 4).
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Icariin (ICA)

ICA is the most abundant flavonoid in Epimedium. It pro-
motes bone formation by stimulating the proliferation and
differentiation of BMSCs, playing an important role in bone
regeneration and remodeling [100, 101]. Gao et al. [58] found
that ICA significantly increased BMSC proliferation, osteogenic
differentiation, ALP expression, and mineralized nodule for-
mation compared to the control. Using sclerostin overexpres-
sion and short hairpin RNA (shRNA) constructs to transfect
BMSCs, they observed that sclerostin overexpression signifi-
cantly inhibited BMSC proliferation and ALP activity, whereas
knockdown of sclerostin reversed these effects [58]. Treatment
with ICA restored the osteogenic ability of BMSCs by inhibit-
ing sclerostin overexpression in cells transfected with shRNA
constructs [58].

At 4, 7, and 14 days after ICA treatment, sclerostin overex-
pression, as well as the expression of osteogenic genes such
as Runx2, c-myc, p-catenin, and p-GSK-3B, were significantly
increased [58]. These results indicate that ICA promotes bone
differentiation of BMSCs by activating the Wnt/B-catenin sig-
naling pathway. According to Wei et al. [102], ICA induces the
formation of calcified nodules in hBMSCs. Alizarin Red staining
revealed similar results.

In addition, compared to the control group, the ICA treat-
ment group showed significantly upregulated activity of hBM-
SCs and increased expression levels of osteogenesis-related
markers, including OCN, Runx2, and ALP [102]. The expression
levels of OCN, Runx2, ALP, and B-catenin in hBMSCs were also
significantly upregulated on days 3, 7, and 14 of ICA treatment,
while sclerostin expression was significantly downregulated on
days 7 and 14 [102]. Overall, ICA activates the expression of ALP
and Runx2 osteogenesis-related markers via the Wnt/B-catenin
signaling pathway by inhibiting sclerostin expression. This fur-
ther promotes the osteogenesis of BMSCs, which may be the key
mechanism underlying its therapeutic effects in osteoporosis
(Figure 4).

Gossypol

Gossypol is a natural polyphenolic compound [103] extracted
from cotton seeds, roots, and stems. It exhibits various bio-
logical properties, including antiviral, antioxidant, antipara-
sitic, and antibacterial activities [104]. Liang et al. [105] found
that administering gossypol significantly increased trabecular
bone thickness, metaphyseal cortical bone thickness, and serum
osteocalcin and OPG levels [105]. Gossypol also significantly
enhanced medullary and cortical BMD, the expression of Wnt
protein, B-catenin, and GSK-38, as well as the mRNA levels of
osteogenesis-related genes, including osteocalcin, Runx2, OPG,
and COL1Al, in mice with osteoporosis compared to control
mice [105]. Thus, gossypol upregulates osteogenesis-related
markers in the serum of osteoporotic mice by activating
the Wnt/B-catenin signaling pathway, thereby reducing bone
loss.

In another study [90], gossypol administration inhibited
the transcription of WIFI in osteoporotic mice, significantly
upregulated serum levels of osteocalcin, Wnt, B-catenin, OPG,
and Axin, and reduced the apoptosis of MC3T3-E1 cells by 6%
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and TUNEL-positive cells to 56%. However, administering WIF1
inhibited the expression of Axin and myc [90]. Overexpression
of WIF1 increased the apoptosis rate of MC3T3-E1 cells by 9%
and doubled TUNEL-positive cells [90]. Overall, WIF1 inhibited
Axin and myc expression in a dose-dependent manner, while
gossypol upregulated serum osteocalcin, Wnt, f-catenin, OPG,
and Axin levels by suppressing WIF1 transcription. By reducing
apoptosis, gossypol promotes osteogenesis, offering a protective
effect against osteoporosis. WIF1 may be the key target molecule
mediating gossypol’s action (Figure 4).

Conclusion

Osteoporosis is the most common chronic metabolic bone dis-
ease, characterized by low bone mass, decreased bone density,
and deterioration of bone microstructure, which increases the
risk of fragility and fractures. These factors impose a heavy eco-
nomic burden on society and families. While pharmacological
interventions remain the primary treatment for osteoporosis,
their long-term use is associated with adverse effects. There-
fore, novel therapeutic targets and drugs are needed for effec-
tive management. The Wnt signaling pathway plays a critical
role in biological processes, such as cell proliferation, differenti-
ation, apoptosis, and oxidative stress [106]. This pathway is also
involved in the pathogenesis of osteoporosis [107]. Specifically,
inhibitors of the Wnt signaling pathway, including sclerostin,
DKK1, WIF], and SFRP, negatively regulate bone formation dur-
ing osteoporosis. These inhibitors may suppress the expression
of key molecules in the Wnt/B-catenin signaling pathway, such
as Wnt, B-catenin, and GSK-3f. Consequently, they inhibit
osteogenic genes, including Runx2, ALP, and OCN, as well
as the osteoclast-suppressing gene OPG, thereby contributing
to the progression of osteoporosis. However, silencing scle-
rostin, DKK1, WIF1, SFRP, and other Wnt pathway inhibitors can
reverse these effects, resulting in therapeutic benefits. Agents
such as miR-203, romosozumab, ICA, and gossypol effectively
block the expression of Wnt pathway inhibitors like sclerostin,
DKK1, WIF1, and SFRP. This leads to the upregulation of key
molecules in the Wnt/B-catenin signaling pathway, including
Wnat, B-catenin, and GSK-3f. These agents further enhance the
expression of osteogenic markers, such as Runx2, OCN, and
OPN, thereby promoting bone formation. Clinical studies have
demonstrated significant increases in femoral and lumbar bone
density, elevated serum levels of osteogenic marker molecules
(e.g., PINP), and reduced vertebral fracture risk in female
osteoporosis patients. Thus, targeting Wnt signaling pathway
inhibitors, such as sclerostin, DKK1, WIF1, and SFRP, to regulate
the expression of key molecules in the Wnt pathway represents
a promising and safe therapeutic strategy for osteoporosis. A
deeper understanding of the mechanisms underlying the regu-
lation of the Wnt signaling pathway by these inhibitors could
provide valuable insights for developing new treatments for
osteoporosis.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: This review gets grants from the National Natural
Science Foundation of China (82060872), the Project of Gansu

www.biomolbiomed.com


https://www.biomolbiomed.com
https://www.biomolbiomed.com

Chinese Medicine Bureau (GZKP-2023-39, GZKP-2023-63),

the

Natural Science Program in Gansu Province(No.

24JRRA1018), Science and Technology Plan Projects of dingxi
(No. 2024BY016).

Submitted: 28 August 2024
Accepted: 17 October 2024
Published online: 25 November 2024

References

(1]

(2]

[3]

[4]

le]

[7]

(8]

[9]

[10]

(11]

12]

[13]

[14]

(15]

[16]

(17]

Xu H, Liu T, Hu L, Li ], Gan C, Xu ], etal. Effect of caffeine on
ovariectomy-induced osteoporosis in rats. Biomed Pharmacother
2019;112:108650. https://doi.org/10.1016/j.biopha.2019.108650.
Zhang L, Zheng YL, Wang R, Wang XQ, Zhang H. Exercise for
osteoporosis: a literature review of pathology and mechanism. Front
Immunol 2022;13:1005665. https://doi.org/10.3389/fimmu.2022.
1005665.

Chen W, Wu P, Yu F, Luo G, Qing L, Tang J. HIF-1a regulates bone
homeostasis and angiogenesis, participating in the occurrence of bone
metabolic diseases. Cells 2022;11(22):3552. https://doi.org/10.3390/
cells11223552.

Féger-Samwald U, Kerschan-Schindl K, Butylina M, Pietschmann P.
Age related osteoporosis: targeting cellular senescence. Int ] Mol Sci
2022;23(5):2701. https://doi.org/10.3390/ijms23052701.

Badila AE, Riadulescu DM, Ilie A, Niculescu AG, Grumezescu AM,
Ridulescu AR. Bone regeneration and oxidative stress: an updated
overview. Antioxidants (Basel) 2022;11(2):318. https://doi.org/10.
3390/antiox11020318.

Ding P, Tan Q, Wei Z, Chen Q, Wang C, Qi L, etal. Toll-like
receptor 9 deficiency induces osteoclastic bone loss via gut
microbiota-associated systemic chronic inflaimmation. Bone Res
2022;10(1):42. https://doi.org/10.1038/541413- 022-00210-3.

Yang Y, Yujiao W, Fang W, Linhui Y, Ziqi G, Zhichen W, etal.
The roles of miRNA, IncRNA and circRNA in the development of
osteoporosis. Biol Res 2020;53(1):40. https://doi.org/10.1186/540659-
020-00309-z.

Anthamatten A, Parish A. Clinical update on osteoporosis. ] Mid-
wifery Womens Health 2019;64(3):265-75. https://doi.org/10.1111/
jmwh.12954.

Yu B, Wang CY. Osteoporosis and periodontal diseases—an update
on their association and mechanistic links. Periodontol 2000
2022;89(1):99-113. https://doi.org/10.1111/prd.12422.

Sharma A, Einstein AJ, Vallakati A, Arbab-Zadeh A, Walker MD,
Mukherjee D, et al. Risk of atrial fibrillation with use of oral and intra-
venous bisphosphonates. Am J Cardiol 2014;113(11):1815-21. https://
doi.org/10.1016/j.amjcard.2014.03.008.

Kawasaki T, Chaudry IH. The effects of estrogen on various organs:
therapeutic approach for sepsis, trauma, and reperfusion injury.
Part 2: liver, intestine, spleen, and kidney. ] Anesth 2012;26(6):892-
9. https://doi.org/10.1007/s00540- 012-1426-2.

Guha P, Sen K, Chowdhury P, Mukherjee D. Estrogen receptors as
potential therapeutic target in endometrial cancer. ] Recept Signal
Transduct Res 2023;43(1):19-26. https://doi.org/10.1080/10799893.
2023.2187643.

Taciak B, Pruszynska I, Kiraga L, Bialasek M, Krol M. Wnt sig-
naling pathway in development and cancer. ] Physiol Pharmacol
2018;69(2):185-96. https://doi.org/10.26402/jpp.2018.2.07.

Wan Y, Lu C, Cao J, Zhou R, Yao Y, Yu J, etal. Osteoblastic Wnts
differentially regulate bone remodeling and the maintenance of bone
marrow mesenchymal stem cells. Bone 2013;55(1):258-67. https://doi.
org/10.1016/j.bone.2012.12.052.

Marini F, Giusti F, Palmini G, Brandi ML. Role of Wnt signaling and
sclerostin in bone and as therapeutic targets in skeletal disorders.
Osteoporos Int 2023;34(2):213-38. https://doi.org/10.1007/s00198-
022-06523-7.

Compton JT, Lee FY. A review of osteocyte function and the emerging
importance of sclerostin. ] Bone Joint Surg Am 2014;96(19):1659-68.
https://doi.org/10.2106/JBJS.M.01096.

Martinez-Gil N, Ugartondo N, Grinberg D, Balcells S. Wnt path-
way extracellular components and their essential roles in bone
homeostasis. Genes (Basel) 2022;13(1):138. https://doi.org/10.3390/
genes13010138.

Song et al.

Whnt pathway inhibitors in osteoporosis

522

18]

[19]

[20]

[21]

[22]

[23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

33]

[34]

[35]

(36]

(37]

[38]

Biomolecules
& Biomedicine

Holdsworth G, Roberts SJ, Ke HZ. Novel actions of sclerostin on bone. ]
Mol Endocrinol 2019;62(2):R167-85. https://doi.org/10.1530/JME-18-
0176.

Glass DA, II,Bialek P, Ahn ]JD, Starbuck M, Patel MS, etal. Canon-
ical Wnt signaling in differentiated osteoblasts controls osteoclast
differentiation. Dev Cell 2005;8(5):751-64. https://doi.org/10.1016/j.
devcel.2005.02.017.

Haraguchi R, Kitazawa R, Mori K, Tachibana R, Kiyonari H, Imai Y,
etal. sFRP4-dependent Wnt signal modulation is critical for bone
remodeling during postnatal development and age-related bone loss.
Sci Rep 2016;6:25198. https://doi.org/10.1038/srep25198.
Huybrechts Y, Mortier G, Boudin E, Van Hul W. WNT signaling
and bone: lessons from skeletal Dysplasias and disorders. Front
Endocrinol (Lausanne) 2020;11:165. https://doi.org/10.3389/fendo.
2020.00165.

An F, Meng X, Yuan L, Niu Y, Deng J, Li Z, etal. Network reg-
ulatory mechanism of ncRNA on the Wnt signaling pathway in
osteoporosis. Cell Div 2023;18(1):3. https://doi.org/10.1186/s13008-
023-00086-7.

Oliva CA, Montecinos-Oliva C, Inestrosa NC. Wnt signaling in the cen-
tral nervous system: new insights in health and disease. Prog Mol Biol
Transl Sci 2018;153:81-130. https://doi.org/10.1016/bs.pmbts.2017.11.
018.

Miller KM, Marfull-Oromi P, Zou Y. Characterization of axon
guidance phenotypes in Wnt/PCP mutant mice. Methods
Mol Biol 2022;2438:277-86. https://doi.org/10.1007/978-1-0716-
2035-9_17.

De A. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim
Biophys Sin (Shanghai) 2011;43(10):745-56. https://doi.org/10.1093/
abbs/gmr079.

Elseweidy MM, El-Swefy SE, Shaheen MA, Baraka NM, Hammad SK.
Effect of resveratrol and mesenchymal stem cell monotherapy and
combined treatment in management of osteoporosis in ovariec-
tomized rats: role of SIRT1/FOXO3a and Wnt/B-catenin pathways.
Arch Biochem Biophys 2021;703:108856. https://doi.org/10.1016/j.
abb.2021.108856.

Wang Y, Li YP, Paulson C, Shao JZ, Zhang X, Wu M, et al. Wnt and the
Wnt signaling pathway in bone development and disease. Front Biosci
(Landmark Ed) 2014;19(3):379-407. https://doi.org/10.2741/4214.
Wu S, Yu Q, Lai A, Tian ]. Pulsed electromagnetic field induces
Ca(2+)-dependent osteoblastogenesis in C3H10T1/2 mesenchymal
cells through the Wnt-Ca(2+)/Wnt-B-catenin signaling pathway.
Biochem Biophys Res Commun 2018;503(2):715-21. https://doi.org/
10.1016/j.bbrc.2018.06.066.

Hayat R, Manzoor M, Hussain A. Wnt signaling pathway: a compre-
hensive review. Cell Biol Int 2022;46(6):863-77. https://doi.org/10.
1002/cbin.11797.

YuF, YuC, LiF, Zuo Y, Wang Y, Yao L, etal. Wnt/B-catenin signal-
ing in cancers and targeted therapies. Signal Transduct Target Ther
2021;6(1):307. https://doi.org/10.1038/541392-021-00701-5.

Rim EY, Clevers H, Nusse R. The Wnt pathway: from signaling mech-
anisms to synthetic modulators. Annu Rev Biochem 2022;91:571-98.
https://doi.org/10.1146/annurev-biochem-040320-103615.

Chen N, Wang ]. Wnt/B-Catenin signaling and obesity. Front Physiol
2018;9:792. https://doi.org/10.3389/fphys.2018.00792.

Choi RB, Robling AG. The Wnt pathway: an important control mecha-
nism in bone’s response to mechanical loading. Bone 2021;153:116087.
https://doi.org/10.1016/j.bone.2021.116087.

Maeda K, Takahashi N, Kobayashi Y. Roles of Wnt signals in bone
resorption during physiological and pathological states. ] Mol Med
(Berl) 2013;91(1):15-23. https://doi.org/10.1007/s00109-012-0974-0.
Lorzadeh S, Kohan L, Ghavami S, Azarpira N. Autophagy and the
Wnt signaling pathway: a focus on Wnt/B-catenin signaling. Biochim
Biophys Acta Mol Cell Res 2021;1868(3):118926. https://doi.org/10.
1016/j.bbamcr.2020.118926.

Wang CG, Hu YH, Su SL, Zhong D. LncRNA DANCR and miR-320a
suppressed osteogenic differentiation in osteoporosis by directly
inhibiting the Wnt/p-catenin signaling pathway. Exp Mol Med
2020;52(8):1310-25. https://doi.org/10.1038/512276- 020- 0475-0.
Shen G, Ren H, Shang Q, Zhao W, Zhang Z, Yu X, et al. Foxfl knock-
down promotes BMSC osteogenesis in part by activating the Wnt/g-
catenin signalling pathway and prevents ovariectomy-induced bone
loss. EBioMedicine 2020;52:102626. https://doi.org/10.1016/j.ebiom.
2020.102626.

Dawson K, Aflaki M, Nattel S. Role of the Wnt-Frizzled system in car-
diac pathophysiology: a rapidly developing, poorly understood area

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1016/j.biopha.2019.108650
https://doi.org/10.3389/fimmu.2022.1005665
https://doi.org/10.3389/fimmu.2022.1005665
https://doi.org/10.3390/cells11223552
https://doi.org/10.3390/cells11223552
https://doi.org/10.3390/ijms23052701
https://doi.org/10.3390/antiox11020318
https://doi.org/10.3390/antiox11020318
https://doi.org/10.1038/s41413-022-00210-3
https://doi.org/10.1186/s40659-020-00309-z
https://doi.org/10.1186/s40659-020-00309-z
https://doi.org/10.1111/jmwh.12954
https://doi.org/10.1111/jmwh.12954
https://doi.org/10.1111/prd.12422
https://doi.org/10.1016/j.amjcard.2014.03.008
https://doi.org/10.1016/j.amjcard.2014.03.008
https://doi.org/10.1007/s00540-012-1426-2
https://doi.org/10.1080/10799893.2023.2187643
https://doi.org/10.1080/10799893.2023.2187643
https://doi.org/10.26402/jpp.2018.2.07
https://doi.org/10.1016/j.bone.2012.12.052
https://doi.org/10.1016/j.bone.2012.12.052
https://doi.org/10.1007/s00198-022-06523-7
https://doi.org/10.1007/s00198-022-06523-7
https://doi.org/10.2106/JBJS.M.01096
https://doi.org/10.3390/genes13010138
https://doi.org/10.3390/genes13010138
https://doi.org/10.1530/JME-18-0176
https://doi.org/10.1530/JME-18-0176
https://doi.org/10.1016/j.devcel.2005.02.017
https://doi.org/10.1016/j.devcel.2005.02.017
https://doi.org/10.1038/srep25198
https://doi.org/10.3389/fendo.2020.00165
https://doi.org/10.3389/fendo.2020.00165
https://doi.org/10.1186/s13008-023-00086-7
https://doi.org/10.1186/s13008-023-00086-7
https://doi.org/10.1016/bs.pmbts.2017.11.018
https://doi.org/10.1016/bs.pmbts.2017.11.018
https://doi.org/10.1007/978-1-0716-2035-9_17
https://doi.org/10.1007/978-1-0716-2035-9_17
https://doi.org/10.1093/abbs/gmr079
https://doi.org/10.1093/abbs/gmr079
https://doi.org/10.1016/j.abb.2021.108856
https://doi.org/10.1016/j.abb.2021.108856
https://doi.org/10.2741/4214
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.1002/cbin.11797
https://doi.org/10.1002/cbin.11797
https://doi.org/10.1038/s41392-021-00701-5
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.3389/fphys.2018.00792
https://doi.org/10.1016/j.bone.2021.116087
https://doi.org/10.1007/s00109-012-0974-0
https://doi.org/10.1016/j.bbamcr.2020.118926
https://doi.org/10.1016/j.bbamcr.2020.118926
https://doi.org/10.1038/s12276-020-0475-0
https://doi.org/10.1016/j.ebiom.2020.102626
https://doi.org/10.1016/j.ebiom.2020.102626
https://www.biomolbiomed.com

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

with enormous potential. ] Physiol 2013;591(6):1409-32. https://doi.
org/10.1113/jphysiol.2012.235382.

Yao P, Yu Q, Zhu L, Li ], Zhou X, Wu L, et al. Wnt/PCP pathway reg-
ulates the migration and neural differentiation of mesenchymal stem
cells in vitro. Folia Histochem Cytobiol 2022;60(1):44-54. https://doi.
org/10.5603/FHC.a2022.0006.

WangH, Zhang R, WuX, ChenY, JiW, Wang], et al. The Wnt signaling
pathway in diabetic nephropathy. Front Cell Dev Biol 2021;9:701547.
https://doi.org/10.3389/fcell.2021.701547.

Lin S, Pandruvada S, Yu H. Inhibition of Sphingosine-1-phosphate
receptor 2 by JTEO13 promoted osteogenesis by increasing vesicle
trafficking, Wnt/Ca(2+), and BMP/Smad signaling. Int J Mol Sci
2021;22(21):12060. https://doi.org/10.3390/ijms222112060.

LiJ, Hu C, Han L, Liu L, Jing W, Tang W, et al. MiR-154-5p regulates
osteogenic differentiation of adipose-derived mesenchymal stem cells
under tensile stress through the Wnt/PCP pathway by targeting
Wntll. Bone 2015;78:130-41. https://doi.org/10.1016/j.bone.2015.05.
003.

Li S, Hu C, Li J, Liu L, Jing W, Tang W, etal. Effect of miR-
26a-5p on the Wnt/Ca(2+) pathway and osteogenic differenti-
ation of mouse adipose-derived mesenchymal stem cells. Calcif
Tissue Int 2016;99(2):174-86. https://doi.org/10.1007/s00223-016-
0137-3.

Gao Y, Chen N, Fu ZZ, Qing. Progress of Wnt signaling pathway in
osteoporosis. Biomolecules 2023;13(3):483. https://doi.org/10.3390/
biom13030483.

Canalis E. Wnt signalling in osteoporosis: mechanisms and novel ther-
apeutic approaches. Nat Rev Endocrinol 2013;9(10):575-83. https://
doi.org/10.1038/nrendo.2013.154.

Baron R, Kneissel M. WNT signaling in bone homeostasis and disease:
from human mutations to treatments. Nat Med 2013;19(2):179-92.
https://doi.org/10.1038/nm.3074.

Monroe DG, McGee-Lawrence ME, Oursler MJ, Westendorf]]. Update
on Wnt signaling in bone cell biology and bone disease. Gene
2012;492(1):1-18. https://doi.org/10.1016/j.gene.2011.10.044.

van Bezooijen RL, Roelen BA, Visser A, van der Wee-Pals L, de WiltE,
Karperien M, et al. Sclerostin is an osteocyte-expressed negative reg-
ulator of bone formation, but nota classical BMP antagonist. ] Exp Med
2004;199(6):805-14. https://doi.org/10.1084/jem.20031454.
Balemans W, Ebeling M, Patel N, Van Hul E, Olson P, Dioszegi M,
et al. Increased bone density in sclerosteosis is due to the deficiency of
a novel secreted protein (SOST). Hum Mol Genet 2001;10(5):537-43.
https://doi.org/10.1093/hmg/10.5.537.

Brunkow ME, Gardner JC, Van Ness ], Paeper BW, Kovacevich BR,
Proll S, et al. Bone dysplasia sclerosteosis results from loss of the SOST
gene product, a novel cystine knot-containing protein. Am J Hum
Genet 2001;68(3):577-89. https://doi.org/10.1086/318811.

van Lierop AH, Appelman-Dijkstra NM, Papapoulos SE. Sclerostin
deficiency in humans. Bone 2017;96:51-62. https://doi.org/10.1016/j.
bone.2016.10.010.

Li X, Zhang Y, Kang H, Liu W, Liu P, Zhang ], etal. Sclerostin
binds to LRP5/6 and antagonizes canonical Wnt signaling. ] Biol
Chem 2005;280(20):19883-7. https://doi.org/10.1074/jbc.
M413274200.

Maeda K, Kobayashi Y, Koide M, Uehara S, Okamoto M, Ishihara A,
etal. The regulation of bone metabolism and disorders by Wnt
signaling. Int ] Mol Sci 2019;20(22):5525. https://doi.org/10.3390/
ijms20225525.

Seménov M, Tamai K, He X. SOST is a ligand for LRP5/LRP6 and a
Wnt signaling inhibitor. ] Biol Chem 2005;280(29):26770-5. https://
doi.org/10.1074/jbc.M504308200.

Sutherland MK, Geoghegan JC, Yu C, Turcott E, Skonier JE,
Winkler DG, etal. Sclerostin promotes the apoptosis of human
osteoblastic cells: a novel regulation of bone formation. Bone
2004;35(4):828-35. https://doi.org/10.1016/j.bone.2004.05.023.
Winkler DG, Sutherland MK, Geoghegan JC, Yu C, Hayes T, SkonierJE,
etal. Osteocyte control of bone formation via sclerostin, a novel
BMP antagonist. Embo ] 2003;22(23):6267-76. https://doi.org/10.
1093/emboj/cdg599.

Li X, Ominsky MS, Niu QT, Sun N, Daugherty B, D’Agostin D, et al.
Targeted deletion of the sclerostin gene in mice results in increased
bone formation and bone strength. ] Bone Miner Res 2008;23(6):860-
9. https://doi.org/10.1359/jbmr.080216.

Gao J, Xiang S, Wei X, Yadav RI, Han M, Zheng W, etal. Icariin
Promotes the osteogenesis of bone marrow mesenchymal stem cells

Song et al.

Whnt pathway inhibitors in osteoporosis

523

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(72]

[73]

(74]

[75]

[76]

(7]

Biomolecules
& Biomedicine

through regulating sclerostin and activating the Wnt/B-Catenin sig-
naling pathway. Biomed Res Int 2021;2021:6666836. https://doi.org/
10.1155/2021/6666836.

Jiang H, Zhang Z, Yu Y, Chu HY, Yu S, Yao S, et al. Drug discovery of
DKK1 inhibitors. Front Pharmacol 2022;13:847387. https://doi.org/10.
3389/fphar.2022.847387.

Tao SS, Cao F, Sam NB, Li HM, Feng YT, Ni ], etal. Dickkopf-1 as a
promising therapeutic target for autoimmune diseases. Clin Immunol
2022;245:109156. https://doi.org/10.1016/j.clim.2022.109156.

Li J, Sarosi I, Cattley RC, Pretorius J, Asuncion F, Grisanti M,
etal. Dkkl-mediated inhibition of Wnt signaling in bone results in
osteopenia. Bone 2006;39(4):754-66. https://doi.org/10.1016/j.bone.
2006.03.017.

Morvan F, Boulukos K, Clément-Lacroix P, Roman Roman S, Suc-
Royer I, Vayssiére B, et al. Deletion of a single allele of the Dkk1 gene
leads to an increase in bone formation and bone mass. ] Bone Miner
Res 2006;21(6):934-45. https://doi.org/10.1359/jbmr.060311.

Hsieh JC, Kodjabachian L, Rebbert ML, Rattner A, Smallwood PM,
Samos CH, etal. A new secreted protein that binds to Wnt proteins
and inhibits their activities. Nature 1999;398(6726):431-6. https://doi.
org/10.1038/18899.

Liu SG, Luo GP, Qu YB, Chen YF. Indirubin inhibits Wnt/B-catenin
signal pathway via promoter demethylation of WIF-1. BMC Comple-
ment Med Ther 2020;20(1):250. https://doi.org/10.1186/512906- 020-
03045-9.

Boudin E, Fijalkowski I, Piters E, Van Hul W. The role of extracellular
modulators of canonical Wnt signaling in bone metabolism and dis-
eases. Semin Arthritis Rheum 2013;43(2):220-40. https://doi.org/10.
1016/j.semarthrit.2013.01.004.

Yang Y, Xing D, Wang Y, Jia H, Li B, Li JJ. A long non-coding RNA,
HOTAIR, promotes cartilage degradation in osteoarthritis by inhibit-
ing WIF-1 expression and activating Wnt pathway. BMC Mol Cell Biol
2020;21(1):53. https://doi.org/10.1186/s12860-020-00299-6.
Kawano Y, Kypta R. Secreted antagonists of the Wnt signalling path-
way. J Cell Sci 2003;116(Pt 13):2627-34. https://doi.org/10.1242/jcs.
00623.

Cruciat CM, Niehrs C. Secreted and transmembrane Wnt inhibitors
and activators. Cold Spring Harb Perspect Biol 2013;5(3):a015081.
https://doi.org/10.1101/cshperspect.a015081.

Bennett CN, Ross SE, Longo KA, Bajnok L, Hemati N, Johnson
KW, etal. Regulation of Wnt signaling during adipogenesis.
J Biol Chem 2002;277(34):30998-1004. https://doi.org/10.1074/
jbc.M204527200.

Cho SW, Yang]Y, SunHJ, JungJY, Her SJ, Cho HY, et al. Wnt inhibitory
factor (WIF)-1 inhibits osteoblastic differentiation in mouse embry-
onic mesenchymal cells. Bone 2009;44(6):1069-77. https://doi.org/
10.1016/j.bone.2009.02.012.

WeiY, MaH, ZhouH, Yin H, Yang], Song Y, et al. miR-424-5p shuttled
by bone marrow stem cells-derived exosomes attenuates osteogenesis
via regulating WIF1-mediated Wnt/-catenin axis. Aging (Albany NY)
2021;13(13):17190-201. https://doi.org/10.18632/aging.203169.
Surmann-Schmitt C, Widmann N, Dietz U, Saeger B, Eitzinger N,
Nakamura Y, et al. Wif-11is expressed at cartilage-mesenchyme inter-
faces and impedes Wnt3a-mediated inhibition of chondrogenesis. J
Cell Sci 2009;122 (Pt 20):3627-37. https://doi.org/10.1242/jcs.048926.
Koutaki D, Michos A, Bacopoulou F, Charmandari E. The emerging
role of Sfrp5 and Wnt5a in the pathogenesis of obesity: implications
for a healthy diet and lifestyle. Nutrients 2021;13(7):2459. https://doi.
org/10.3390/nul3072459.

Stuckenholz C, Lu L, Thakur PC, Choi TY, Shin D, Bahary N.
Sfrp5 modulates both Wnt and BMP signaling and regulates
gastrointestinal organogenesis [corrected] in the zebrafish, Danio
rerio. PLoS One 2013;8(4):e62470. https://doi.org/10.1371/journal.
pone.0062470.

Marinou K, Christodoulides C, Antoniades C, Koutsilieris M. Wnt
signaling in cardiovascular physiology. Trends Endocrinol Metab
2012;23(12):628-36. https://doi.org/10.1016/j.tem.2012.06.001.
Huang A, Huang Y. Role of Sfrps in cardiovascular disease. Ther
Adv Chronic Dis 2020;11:2040622320901990. https://doi.org/10.1177/
2040622320901990.

Cho SW, Her SJ, Sun HJ, Choi OK, Yang JY, Kim SW, et al. Differen-
tial effects of secreted frizzled-related proteins (sFRPs) on osteoblas-
tic differentiation of mouse mesenchymal cells and apoptosis of
osteoblasts. Biochem Biophys Res Commun 2008;367(2):399-405.
https://doi.org/10.1016/j.bbrc.2007.12.128.

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1113/jphysiol.2012.235382
https://doi.org/10.1113/jphysiol.2012.235382
https://doi.org/10.5603/FHC.a2022.0006
https://doi.org/10.5603/FHC.a2022.0006
https://doi.org/10.3389/fcell.2021.701547
https://doi.org/10.3390/ijms222112060
https://doi.org/10.1016/j.bone.2015.05.003
https://doi.org/10.1016/j.bone.2015.05.003
https://doi.org/10.1007/s00223-016-0137-3
https://doi.org/10.1007/s00223-016-0137-3
https://doi.org/10.3390/biom13030483
https://doi.org/10.3390/biom13030483
https://doi.org/10.1038/nrendo.2013.154
https://doi.org/10.1038/nrendo.2013.154
https://doi.org/10.1038/nm.3074
https://doi.org/10.1016/j.gene.2011.10.044
https://doi.org/10.1084/jem.20031454
https://doi.org/10.1093/hmg/10.5.537
https://doi.org/10.1086/318811
https://doi.org/10.1016/j.bone.2016.10.010
https://doi.org/10.1016/j.bone.2016.10.010
https://doi.org/10.1074/jbc.M413274200
https://doi.org/10.1074/jbc.M413274200
https://doi.org/10.3390/ijms20225525
https://doi.org/10.3390/ijms20225525
https://doi.org/10.1074/jbc.M504308200
https://doi.org/10.1074/jbc.M504308200
https://doi.org/10.1016/j.bone.2004.05.023
https://doi.org/10.1093/emboj/cdg599
https://doi.org/10.1093/emboj/cdg599
https://doi.org/10.1359/jbmr.080216
https://doi.org/10.1155/2021/6666836
https://doi.org/10.1155/2021/6666836
https://doi.org/10.3389/fphar.2022.847387
https://doi.org/10.3389/fphar.2022.847387
https://doi.org/10.1016/j.clim.2022.109156
https://doi.org/10.1016/j.bone.2006.03.017
https://doi.org/10.1016/j.bone.2006.03.017
https://doi.org/10.1359/jbmr.060311
https://doi.org/10.1038/18899
https://doi.org/10.1038/18899
https://doi.org/10.1186/s12906-020-03045-9
https://doi.org/10.1186/s12906-020-03045-9
https://doi.org/10.1016/j.semarthrit.2013.01.004
https://doi.org/10.1016/j.semarthrit.2013.01.004
https://doi.org/10.1186/s12860-020-00299-6
https://doi.org/10.1242/jcs.00623
https://doi.org/10.1242/jcs.00623
https://doi.org/10.1101/cshperspect.a015081
https://doi.org/10.1074/jbc.M204527200
https://doi.org/10.1074/jbc.M204527200
https://doi.org/10.1016/j.bone.2009.02.012
https://doi.org/10.1016/j.bone.2009.02.012
https://doi.org/10.18632/aging.203169
https://doi.org/10.1242/jcs.048926
https://doi.org/10.3390/nu13072459
https://doi.org/10.3390/nu13072459
https://doi.org/10.1371/journal.pone.0062470
https://doi.org/10.1371/journal.pone.0062470
https://doi.org/10.1016/j.tem.2012.06.001
https://doi.org/10.1177/2040622320901990
https://doi.org/10.1177/2040622320901990
https://doi.org/10.1016/j.bbrc.2007.12.128
https://www.biomolbiomed.com

[78]

[79]

[80]

(81]

(2]

83]

(84]

(85]

[86]

(87]

(s8]

(89]

[90]

[o1]

Bravo D, Salduz A, Shogren KL, Okuno MN, Herrick JL, Okuno SH,
etal. Decreased local and systemic levels of sFRP3 protein in
osteosarcoma patients. Gene 2018;674:1-7. https://doi.org/10.1016/j.
gene.2018.06.059.

Garcia-Garcia P, Reyes R, Garcia-Sdnchez D, Pérez-Campo FM,
Rodriguez-Rey JC, Evora C, etal. Nanoparticle-mediated selective
Sfrp-1 silencing enhances bone density in osteoporotic mice. ]
Nanobiotechnol 2022;20(1):462. https://doi.org/10.1186/s12951-022-
01674-5.

Bodine PV, Zhao W, Kharode YP, Bex FJ], Lambert AJ, Goad MB, et al.
The Wnt antagonist secreted frizzled-related protein-1 is a negative
regulator of trabecular bone formation in adult mice. Mol Endocrinol
2004;18(5):1222-37. https://doi.org/10.1210/me.2003- 0498.

Alfaro MP, Vincent A, Saraswati S, Thorne CA, Hong CC, Lee E, et al.
sFRP2 suppression of bone morphogenic protein (BMP) and Wnt
signaling mediates mesenchymal stem cell (MSC) self-renewal
promoting engraftment and myocardial repair. J Biol Chem
2010;285(46):35645-53. https://doi.org/10.1074/jbc.M110.135335.

He HP, Gu S. The PPAR-y/SFRP5/Wnt/B-catenin signal axis regulates
the dexamethasone-induced osteoporosis. Cytokine 2021;143:155488.
https://doi.org/10.1016/j.cyt0.2021.155488.

Yamada A, Iwata T, Yamato M, Okano T, Izumi Y. Diverse func-
tions of secreted frizzled-related proteins in the osteoblastogen-
esis of human multipotent mesenchymal stromal cells. Biomate-
rials 2013;34(13):3270-8. https://doi.org/10.1016/j.biomaterials.2013.
01.066.

McGee-Lawrence ME, Ryan ZC, Carpio LR, Kakar S, Westendorf JJ,
Kumar R. Sclerostin deficient mice rapidly heal bone defects by
activating p-catenin and increasing intramembranous ossification.
Biochem Biophys Res Commun 2013;441(4):886-90. https://doi.org/
10.1016/j.bbrc.2013.10.155.

Zhang ZH, Jia XY, Fang]JY, Chai H, Huang Q, She C, et al. Reduction of
SOST gene promotes bone formation through the Wnt/p-catenin sig-
nalling pathway and compensates particle-induced osteolysis. ] Cell
Mol Med 2020;24(7):4233-44. https://doi.org/10.1111/jcmm.15084.
Jiao Z, Chai H, Wang S, Sun C, Huang Q, Xu W. SOST gene suppression
stimulates osteocyte Wnt/B-catenin signaling to prevent bone resorp-
tion and attenuates particle-induced osteolysis. ] Mol Med (Berl)
2023;101(5):607-20. https://doi.org/10.1007/s00109-023- 02319-2.
Heiland GR, Zwerina K, Baum W, Kireva T, Distler JH, Grisanti M,
etal. Neutralisation of Dkk-1 protects from systemic bone loss dur-
ing inflammation and reduces sclerostin expression. Ann Rheum Dis
2010;69(12):2152-9. https://doi.org/10.1136/ard.2010.132852.

Colditz J, Thiele S, Baschant U, Niehrs C, Bonewald LF, Hofbauer LC,
et al. Postnatal skeletal deletion of Dickkopf-1 increases bone forma-
tion and bone volume in male and female mice, despite increased
sclerostin expression. ] Bone Miner Res 2018;33(9):1698-707. https://
doi.org/10.1002/jbmr.3463.

Hu H, Guo X, Mu T, Song H. Long non-coding RNA telomerase RNA
elements improve glucocorticoid-induced osteoporosis by EZH2 to
regulate DKKI. Int] Rheum Dis 2023;26(4):638-47. https://doi.org/10.
1111/1756-185X.14567.

LiangJ, Chen C, Liu H, Liu X, Zhao H, Hu J. Gossypol promotes Wnt/p-
catenin signaling through WIF1 in ovariectomy-induced osteoporo-
sis. Biomed Res Int 2019;2019:8745487. https://doi.org/10.1155/2019/
8745487.

Wang FS, Lin CL, Chen YJ, Wang CJ, Yang KD, Huang YT, etal.
Secreted frizzled-related protein 1 modulates glucocorticoid
attenuation of osteogenic activities and bone mass. Endocrinology
2005;146(5):2415-23. https://doi.org/10.1210/en.2004-1050.

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Biomolecules
& Biomedicine

Bodine PV, Stauffer B, Ponce-de-Leon H, Bhat RA, Mangine A,
Seestaller-Wehr LM, etal. A small molecule inhibitor of the Wnt
antagonist secreted frizzled-related protein-1 stimulates bone forma-
tion. Bone 2009;44(6):1063-8. https://doi.org/10.1016/j.bone.2009.
02.013.

Oshima T, Abe M, Asano ], Hara T, Kitazoe K, Sekimoto E, etal.
Myeloma cells suppress bone formation by secreting a soluble Wnt
inhibitor, sSFRP-2. Blood 2005;106(9):3160-5. https://doi.org/10.1182/
blood-2004-12-4940.

Kabzinski ], Maczynska M, Majsterek I. MicroRNA as a novel
biomarker in the diagnosis of head and neck cancer. Biomolecules
2021;11(6):844. https://doi.org/10.3390/biom11060844.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 2004;116(2):281-97. https://doi.org/10.1016/S0092-
8674(04)00045-5.

Qiao L, Liu D, Li CG, Wang YJ. MiR-203 is essential for the
shift from osteogenic differentiation to adipogenic differentiation of
mesenchymal stem cells in postmenopausal osteoporosis. Eur Rev
Med Pharmacol Sci 2018;22(18):5804-14. https://doi.org/10.26355/
eurrev_201809_15906.

Xia ZL, Wang Y, Sun QD, Du XF. MiR-203 is involved in osteoporosis
by regulating DKK1 and inhibiting osteogenic differentiation of MSCs.
Eur Rev Med Pharmacol Sci 2018;22(16):5098-105. https://doi.org/10.
26355/eurrev_201808_15703.

Bandeira L, Lewiecki EM, Bilezikian JP. Romosozumab for the
treatment of osteoporosis. Expert Opin Biol Ther 2017;17(2):255-63.
https://doi.org/10.1080/14712598.2017.1280455.

McClung MR, Grauer A, Boonen S, Bolognese MA, Brown JP, Diez-
Perez A, etal. Romosozumab in postmenopausal women with low
bone mineral density. N Engl ] Med 2014;370(5):412-20. https://doi.
org/10.1056/NEJMoal305224.

Zhang X, Liu T, Huang Y, Wismeijer D, Liu Y. Icariin: does it have an
osteoinductive potential for bone tissue engineering? Phytother Res
2014;28(4):498-509. https://doi.org/10.1002/ptr.5027.

Sheng H, Rui XF, Sheng CJ, Li W], Cheng XY, Jhummon NP, etal. A
novel semisynthetic molecule icaritin stimulates osteogenic differen-
tiation and inhibits adipogenesis of mesenchymal stem cells. Int] Med
Sci 2013;10(6):782-9. https://doi.org/10.7150/ijms.6084.

Wei Q, Wang B, Hu H, Xie C, Ling L, Gao J, etal. [Corrigendum]
Icaritin promotes the osteogenesis of bone marrow mesenchymal
stem cells via the regulation of sclerostin expression. Int ] Mol Med
2023;52(3):74. https://doi.org/10.3892/ijmm.2023.5277.

Zeng Y, Ma], XuL, WuD. Natural product gossypol and its derivatives
in precision cancer medicine. Curr Med Chem 2019;26(10):1849-73.
https://doi.org/10.2174/0929867324666170523123655.

Dodou K, Anderson R], Small DA, Groundwater PW. Investiga-
tions on gossypol: past and present developments. Expert Opin
Investig Drugs 2005;14(11):1419-34. https://doi.org/10.1517/13543784.
14.11.1419.

Liang]J, Chen C, Liu H, Liu X, Li Z, Hu J, et al. Gossypol promotes bone
formation in ovariectomy-induced osteoporosis through regulating
cell apoptosis. Biomed Res Int 2018;2018:3635485. https://doi.org/10.
1155/2018/3635485.

Zhou Y, Xu ], Luo H, Meng X, Chen M, Zhu D. Wnt signaling pathway
in cancer immunotherapy. Cancer Lett 2022;525:84-96. https://doi.
org/10.1016/j.canlet.2021.10.034.

Guaifiabens N, Gifre L, Peris P. The role of Wnt signaling and scle-
rostin in the pathogenesis of glucocorticoid-induced osteoporosis.
Curr Osteoporos Rep 2014;12(1):90-7. https://doi.org/10.1007/s11914-
014-0197-0.

Related articles

1. A comprehensive review on the molecular basis and therapeutic targets in prostate cancer

Florentina Claudia Militaru et al., Biomol Biomed, 2023

2. Puerarin alleviates osteoporosis in rats by targeting the JAK2/STAT3 signaling pathway

Xinlei Zhao et al., Biomol Biomed, 2024

Song et al.

Whnt pathway inhibitors in osteoporosis

524

www.biomolbiomed.com


https://www.biomolbiomed.com
https://doi.org/10.1016/j.gene.2018.06.059
https://doi.org/10.1016/j.gene.2018.06.059
https://doi.org/10.1186/s12951-022-01674-5
https://doi.org/10.1186/s12951-022-01674-5
https://doi.org/10.1210/me.2003-0498
https://doi.org/10.1074/jbc.M110.135335
https://doi.org/10.1016/j.cyto.2021.155488
https://doi.org/10.1016/j.biomaterials.2013.01.066
https://doi.org/10.1016/j.biomaterials.2013.01.066
https://doi.org/10.1016/j.bbrc.2013.10.155
https://doi.org/10.1016/j.bbrc.2013.10.155
https://doi.org/10.1111/jcmm.15084
https://doi.org/10.1007/s00109-023-02319-2
https://doi.org/10.1136/ard.2010.132852
https://doi.org/10.1002/jbmr.3463
https://doi.org/10.1002/jbmr.3463
https://doi.org/10.1111/1756-185X.14567
https://doi.org/10.1111/1756-185X.14567
https://doi.org/10.1155/2019/8745487
https://doi.org/10.1155/2019/8745487
https://doi.org/10.1210/en.2004-1050
https://doi.org/10.1016/j.bone.2009.02.013
https://doi.org/10.1016/j.bone.2009.02.013
https://doi.org/10.1182/blood-2004-12-4940
https://doi.org/10.1182/blood-2004-12-4940
https://doi.org/10.3390/biom11060844
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.26355/eurrev_201809_15906
https://doi.org/10.26355/eurrev_201809_15906
https://doi.org/10.26355/eurrev_201808_15703
https://doi.org/10.26355/eurrev_201808_15703
https://doi.org/10.1080/14712598.2017.1280455
https://doi.org/10.1056/NEJMoa1305224
https://doi.org/10.1056/NEJMoa1305224
https://doi.org/10.1002/ptr.5027
https://doi.org/10.7150/ijms.6084
https://doi.org/10.3892/ijmm.2023.5277
https://doi.org/10.2174/0929867324666170523123655
https://doi.org/10.1517/13543784.14.11.1419
https://doi.org/10.1517/13543784.14.11.1419
https://doi.org/10.1155/2018/3635485
https://doi.org/10.1155/2018/3635485
https://doi.org/10.1016/j.canlet.2021.10.034
https://doi.org/10.1016/j.canlet.2021.10.034
https://doi.org/10.1007/s11914-014-0197-0
https://doi.org/10.1007/s11914-014-0197-0
https://www.bjbms.org/ojs/index.php/bjbms/article/view/8782
https://www.bjbms.org/ojs/index.php/bjbms/article/view/10500
https://www.biomolbiomed.com

	Inhibitors of the Wnt pathway in osteoporosis: A review of mechanisms of action and potential as therapeutic targets
	Introduction
	Wnt signaling pathway and its role in osteoporosis
	Sclerostin
	Regulation of osteoporosis via the knockout of wnt signaling pathway inhibitors
	Targeted therapy
	Conclusion
	Related articles


