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Abstract: Bone tissue regeneration remains a critical research focus in biomedical tissue engineering. Icariin, a fla-
vonoid compound extracted from the medicinal herb Epimedium, has been traditionally used in Chinese medicine
to treat bone-related disorders such as lumbago associated with kidney Yang deficiency, impotence, and musculo-
skeletal weakness. Recent advances in biomedical research have increasingly clarified its biological mechanisms,
revealing that icariin can promote osteoblast proliferation and differentiation while simultaneously inhibiting os-
teoclast activity. However, current application of icariin in biomedical tissue engineering remains in the exploratory
phase, with its molecular mechanisms not yet fully characterized. Moreover, the in vivo and in vitro evaluation
systems for its therapeutic efficacy and safety remain to be optimized. A comprehensive investigation into icariin’s
osteogenic properties and its translational potential in biomedical tissue engineering are warranted. Such investi-
gations may provide a theoretical basis and experimental evidence for developing novel bone repair materials and

therapeutic strategies, offering substantial scientific significance and clinical application value.
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Introduction

Icariin (C33H40015), a prenylated flavonol gly-
coside, is recognized as the principal active
constituent and quality control marker com-
pound derived from plants of the Epimedium
genus (Berberidaceae family), commonly kno-
wn as Horny Goat Weed or Yin Yang Huo in
Traditional Chinese Medicine (TCM) [1-3]. Its
chemical structure features a kaempferol back-
bone substituted with methoxy groups at posi-
tions 3 and 5, a hydroxyl group at position 4,
and a rhamnosylglucoside moiety attached at
position 7 (Figure 1). Notably, it possesses a
characteristic prenyl group at position 8, which
is believed to contribute significantly to its
unique biological activities, particularly its
osteogenic properties [4-7]. Icariin exhibits rel-
atively low water solubility and limited oral bio-
availability in its native form, which are chal-
lenges addressed in modern pharmaceutical
research and delivery system design [8-10].

Osteogenic effects of icariin have been exten-
sively explored in both domestic and interna-

tional studies. In vitro experiments have dem-
onstrated that icariin promotes the proliferation
and differentiation of osteoblasts. For example,
Wang et al. [11] employed MTT and MTB colori-
metric assays to show that icariin and other
five flavonoids enhance extracellular matrix
mineralization and facilitate osteoblast prolif-
eration and differentiation, as well as the osteo-
genic differentiation of bone marrow mesen-
chymal stem cells (BMSCs). Khezri et al. [12]
reported that icariin can promote osteoblast
proliferation and differentiation by inducing
BMSC differentiation, potentially mediated th-
rough BMP-2 mRNA upregulation, when alka-
line enzymes reach a certain concentration.
Wu et al. [13] showed that icariin initially sup-
presses alkaline phosphatase (ALP) activity in
the early stage but significantly enhances ALP
activity in later stages. Chen et al. [14] found
that while low concentrations of icariin exert
limited effects on osteoblast proliferation, they
significantly improve ALP activity, promote the
timely expression of type | collagen and synthe-
sis of bone Gla protein (BGP), thus completing
the proliferation and differentiation of osteo-
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Figure 1. Icariin structure.

blasts in vitro. Animal studies have also
achieved fruitful results. Ding et al. [15] used
ovariectomized rats as a model for postmeno-
pausal osteoporosis. The results showed that
oral administration of icariin at 225 mg/d
increased bone mineral density and positively
influenced bone growth and development. Yao
et al. [8] demonstrated that icariin modulates
the age-related expression of osteoblast-relat-
ed markers and alters the RANKL/OPG ratio,
thereby reducing age-related osteoporosis.

Icariin also showed a positive effect in inhibit-
ing osteoclasts. Jia et al. [16] have shown that
icariin inhibits osteoclast induction and bone
resorption in a dose-dependent manner, ulti-
mately promoting osteoclast apoptosis and
suppressing resorptive activity. Li et al. [17]
confirmed that icariin not only hinders osteo-
clast formation but also inhibits their bone
resorption capacity. The study of Yuan et al. [4]
further supported the role of icariin in enhanc-
ing osteoblast-osteoclast coupling and effec-
tively inhibiting osteoclastic activity. Although
clinical trials remain limited, existing studies
have revealed the therapeutic potential of icar-
iin in treating bone-related diseases. In early
clinical trials involving osteoporotic patients,
treatment with icariin-containing preparations
led to modest improvements in bone mineral
density and symptoms relief. However, due to
the small sample size and short study period,
the efficacy and safety of icariin in clinical trials
still need further large-scale and long-term in-
depth studies [18].

Icariin has also made progress in the applica-
tion of tissue engineering [19]. Studies have
shown that its osteo-inductive effects can be
improved when compounded with suitable bio-
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materials. For example, icariin-loaded bioc-
eramic materials applied to bone defect model
have been shown to promote new bone for-
mation and accelerate defect repair [20].
However challenges remain, including the con-
trolled release of icariin, optimization of its
compatibility with biomaterials, and its stability
in complex in vivo environments.

The purpose of this study is to elucidate the
molecular mechanisms underlying the osteo-
genic effects of icariin within the context of bio-
medical tissue engineering. Specifically, we
seek to clarify its regulatory roles in osteoblast
proliferation, differentiation, and osteoclast
activity using cellular and molecular biology
techniques, thereby providing a theoretical
foundation for developing novel bone repair
strategies. At the same time, we aim to opti-
mize the application of icariin in tissue engi-
neering by investigating its combination with
various biomaterials, determining the optimal
concentration, and developing controlled re-
lease systems to enhance its osteoinductive
capacity, in vivo stability, and the efficacy of
bone defect repair. In addition, through inte-
grated studies involving preclinical animal mod-
els and preliminary clinical trials, the effective-
ness and safety of icariin-bases interventions
will be systematically evaluated, laying the
foundation for its future clinical transformation
[19, 20].

The osteogenic mechanism of icariin

Icariin significantly promotes the proliferation
and differentiation of osteoblasts at the cellu-
lar level [11]. Studies have shown that icariin
can directly act on osteoblasts by modulating
their cell cycle, accelerating cell transition from
G1to S phase, thereby enhancing cell prolifera-
tion [21]. For example, in vitro study has shown
a marked increase in osteoblast number and
cellular activity following treatment with appro-
priate amount of icariin. In addition to promot-
ing proliferation, icariin plays an outstanding
role in promoting osteoblast differentiation. It
upregulates the expression of key osteogenic
genes, such as runt-related transcription factor
2 (Runx2) [22]. As the core transcription factor
of osteoblast differentiation, elevated Runx2
expression subsequently activates downstre-
am osteogenic markers, including ALP and
osteocalcin (OCN), thereby promoting osteo-
blast maturation and the synthesis and miner-
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alization of the bone matrix. In vitro studies
have confirmed that icariin significantly increas-
es ALP activity and enhances calcium nodule
formation in both number and size, indicating
effective promotion of osteoblast differentia-
tion and mineralization [23].

The osteogenic effects of icariin are mediated
through activating multiple intracellular signal
pathways. Among them, the ERa-Wnt/3-catenin
signaling pathway plays a pivotal role. Icariin
binds to estrogen receptor o (ERx) to form a
complex that translocates into the nucleus and
regulates the expression of genes related to
Wnt signaling pathway [24]. Activation of Wnt
signaling pathway inhibits the activity of glyco-
gen synthase kinase 3B (GSK-3p), stabilizing
B-catenin, which then accumulates in the cyto-
plasm and translocates to the nucleus. There, it
interacts with T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF) family members to
activate osteogenic gene transcription, includ-
ing Runx2 and OCN, promoting the proliferation
and differentiation of osteoblasts [25]. It was
found that the effect of icariin on the prolifera-
tion and differentiation of osteoblasts was ob-
viously weakened when the ERa-Wnt/B-catenin
signaling pathway was blocked by specific
inhibitors, confirming the pathway’s essential
role in the osteogenic mechanism of icariin.

In addition, icariin activates the mitogen-acti-
vated protein kinase (MAPK) signaling pathway,
which includes extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38 [26]. Icariin enhances the phosphory-
lation of ERK and JNK, leading to activation
of downstream transcription factors such as
c-Fos and c-Jun. These transcription factors
bind to promoter regions of osteogenesis-relat-
ed genes and upregulate their expression, fur-
ther enhancing osteoblast proliferation and dif-
ferentiation [27]. At the same time, the activa-
tion of MAPK signaling pathway enhances the
expression of type | collagen, osteocalcin, and
osteopontin, promoting bone matrix synthesis
and deposition and providing the structural
basis for bone formation.

Besides stimulating osteogenesis, icariin inhib-
its the proliferation of osteoclast precursor
cells and reduces the number of osteoclasts
[28]. In in vitro experiments, the addition of
icariin to osteoclast precursor cultures signifi-
cantly suppressed cell proliferation, as evi-
denced by reduced cell counts and downregu-
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lation of proliferation-related markers [29].
Besides, icariin interferes with the differentia-
tion of osteoclasts. Specifically, it suppresses
the expression of key osteoclastogenic genes,
such as receptor activator of nuclear factor-kB
(RANK) and calcitonin receptor (CTR), thereby
preventing precursor cells from progressing to
mature osteoclasts. Morphological observa-
tions revealed that osteoclasts treated with
icariin showed a reduction in typical osteoclast
features, such as an inhibition of the formation
of multinucleated giant cells, and a marked
decline in functional enzyme activities, includ-
ing tartrate-resistant acid phosphatase (TRAP),
indicating that icariin significantly impairs os-
teoclast differentiation and bone-resorbing
function [30]. The anti-osteoclastogenic effect
of icariin involves the regulation of multiple
molecular signaling pathways, with the RANKL-
RANK-OPG axis playing a particularly critical
role [31]. RANKL is an important inducer
of osteoclast differentiation and activation.
Icariin can bind with RANK to block signal
transduction of osteoclast differentiation [32].
Concurrently, icariin upregulates the expres-
sion of osteoprotegerin (OPG), a bait receptor
that competitively binds RANKL and prevents it
from activating RANKL. This dual modulation
effectively inhibits the RANKL-RANK signaling
cascade and reduces osteoclast formation [5].
Both in vitro and in vivo studies have demon-
strated a significant reduction in the RANKL/
OPG ratio following icariin treatment, correlat-
ing with a decrease in osteoclast formation
[33]. In addition, icariin also regulates the
nuclear factor kKB (NF-kB) signaling pathway,
which is critically involved in osteoclast for-
mation and function [2]. Icariin inhibits NF-kB
activation, preventing its nuclear translocation
and subsequent transcription of osteoclast-
related genes. Molecular assays have con-
firmed that icariin treatment significantly sup-
presses NF-kB activity and downregulates the
expression of osteoclast proliferation and dif-
ferentiation genes [29, 30], further validating
its inhibitory effect on osteoclastogenesis
through the NF-kB pathway. Figure 2 summa-
rizes the regulatory effects of icariin on osteo-
blast and osteoclast and the involved signaling
pathways.

Application of icariin in biomedical tissue engi-
neering

Icariin can be loaded in a variety of scaffold
materials for its application in biomedical tis-
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Figure 2. Mechanism of icariin’s effect on osteoblast and osteoclast precursor.

sue engineering [34]. Among these, natural
polymers such as collagen and chitosan are
widely used due to their excellent biocompati-
bility and biodegradability. Collagen, a major
component of the extracellular matrix, has low
immunogenicity and promotes cell adhesion
[35]. When loaded onto collagen scaffold, icari-
in acts synergistically to enhance the adhesion,
proliferation, and differentiation of osteoblasts
[36]. Chitosan has antibacterial activity and an
adjustable degradation rate. Its amino groups
can interact with icariin, enabling effective drug
loading and sustained release. For example,
icariin can be immobilized on chitosan scaffold
through physical adsorption or chemical cross-
linking to prepare composite scaffold materials
with osteogenic induction [37]. Synthetic poly-
mer materials such as polylactic acid (PLA),
polyglycolic acid (PGA), and their copolymer
poly (lactic-co-glycolic acid) (PLGA) are also
often used to construct icariin-containing scaf-
folds. These materials have precisely controlla-
ble physicochemical properties, such as molec-
ular weight, degradation rate, and porosity. PLA
exhibits high mechanical strength and slow
degradation, making it suitable as a structural
material for long-term mechanical support for
bone tissue regeneration [38]. PGA, with its
fast degradation rate, enables quick release of
icariin in the early stage, promoting osteogene-
sis. By adjusting the PLA-to-PGA ratio, PLGA
copolymer scaffolds with varying degradation
rates and mechanical properties can be tai-
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lored for different bone defect scenarios [39].
Icariin can be incorporated into these synthetic
polymers by dispersing it in a polymer solution,
followed by scaffold fabrication using tech-
niques such as solvent casting, particulate
leaching, and 3D printing. These processes
enable the creation of scaffolds with specific
geometries and pore structures, offering a fa-
vorable microenvironment for cell growth and
tissue regeneration. Inorganic materials such
as hydroxyapatite (HA) and tricalcium phos-
phate (TCP) can also be used in conjunction
with icariin [40]. HA, with its chemical composi-
tion similar to natural bone, has good biological
activity and bone conductivity, serving as a
favorable matrix for new bone deposition.
Icariin-loaded HA scaffolds combine structural
support with enhanced osteoinduction. TCP, on
the other hand, has higher solubility and degra-
dation rate, allowing for rapid icariin release
and providing calcium and phosphorus ions
that contribute to new bone formation.

Various strategies are available for incorporat-
ing icariin into scaffold materials, including
physical blending, chemical grafting, and elec-
trospinning [41]. Physical blending involves
directly mixing icariin with the scaffold raw
materials in solution or molten state, followed
by molding into scaffolds. Despite the simple
operation, this method offers limited control
over drug loading and release kinetics.
Chemical grafting enables covalent bonding of
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icariin to polymer chains, resulting in more sta-
ble drug incorporation and controlled release
[42]. Electrospinning is another widely used
technique to fabricate nanofibrous scaffolds
with high surface area and porosity. Icariin is
added to the spinning solution and evenly dis-
tributed in the scaffold with the formation of
fibers. The resulting scaffolds are conducive to
cell adhesion, proliferation, and differentiation,
while also enabling sustained release of icariin
[43].

In terms of cell affinity, many cell experiments
have shown that osteoblasts can adhere,
spread, and proliferate well on the icariin-load-
ed scaffolds. For example, BMSCs cultured on
icariin-collagen composite scaffolds showed
close adhesion to the scaffold surface and
extended pseudopodia along the scaffold
fibers under scanning electron microscopy. The
cells maintained normal morphology and ex-
hibited active proliferation, which is attributed
to the combined effects of scaffold surface
properties and icariin-mediated signaling [44].

The microstructure of scaffolds provides physi-
cal anchoring sites, while icariin may promote
the interaction between cells and scaffolds by
regulating receptor expression or activating
related signal pathways. In terms of biocompat-
ibility, animal experiments showed that icariin-
containing scaffolds did not cause obvious
inflammatory reaction or immune rejection
upon implantation and integrate well with sur-
rounding tissues. For example, when icariin-
PLGA scaffolds were implanted into a rat skull
defect model, histological and hematological
analyses revealed only mild inflammatory infil-
tration at the implantation site, which subsided
over time, and no significant increase in serum
inflammatory factors was observed [45].

With the passage of time, the scaffold material
gradually degrades, and new bone tissue forms
and integrates with the surrounding bone tis-
sue, demonstrating excellent in vivo biocom-
patibility and therapeutic potential in bone tis-
sue engineering applications (Table 1).

Icariin activates osteogenic signaling pathways

Icariin exerts its osteogenic effects through the
activation of multiple intracellular signaling
pathways, reflecting a high degree of complexi-
ty and diversity [46]. Current research indicates
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that icariin regulates the proliferation and dif-
ferentiation of osteoblasts via both non-nucle-
ar and genomic pathways. On the non-nuclear
level, icariin influences several critical sig-
naling cascades, including the mitogen-activat-
ed protein kinase (MAPK), protein ubiquitina-
tion, mechanistic target of rapamycin (mTOR),
and phosphoinositide 3-kinase/protein kinase
B (PIBK/Akt) pathways. In one study, primary
osteoblasts were isolated from neonatal
Sprague-Dawley rats, cultured, and subjected
to different treatment conditions. Phospho-
proteomic analysis using liquid chromatogra-
phy-mass spectrometry (LC-MS/MS) revealed
that icariin induces phosphorylation of specific
intracellular proteins, thereby supporting its
non-nuclear mechanism of action and implicat-
ing these pathways in its osteogenic activity
[46]. Phosphorylation events within these path-
ways lead to functional modulation of target
proteins. For example, activation of the MAPK
pathway facilitates the expression of a series of
downstream target genes associated with
osteoblast proliferation and differentiation,
promoting cells towards osteogenesis. The
mTOR pathway contributes to metabolic regula-
tion by ensuring sufficient energy and sub-
strates for cell proliferation during osteogene-
sis. The PI3K/Akt pathway supports cell surviv-
al, proliferation, and cytoskeleton remodeling,
all of which are essential for osteoblast func-
tion and bone tissue formation [47].

Icariin also exerts regulatory effects on signal-
ing pathways involved in pathological bone con-
ditions, such as hormone-induced avascular
necrosis of the femoral head. Unreasonable
hormone use can cause apoptosis and dys-
function of osteoblasts [48]. In this context,
icariin modulates key signaling pathways,
including Wnt, PI3K/Akt, mTOR, and estrogen
receptor (ER) pathways, to restore cellular ho-
meostasis and enhance osteogenic activity.
The Wnt/B-catenin signaling pathway is extre-
mely important for maintaining bone homeo-
stasis and promoting osteoblast differentiation
and trabecular bone formation. Icariin may sta-
bilize B-catenin or alter its subcellular localiza-
tion, enhancing transcriptional activation of
osteogenesis-related genes and accelerating
the bone formation process. Concurrent activa-
tion of the PIBK/AKT and mTOR pathways fur-
ther improves the intracellular environment,
supporting the normal function of osteoblast
cells and promoting bone repair [49].
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Table 1. Characteristics of scaffold materials for Icariin delivery in bone tissue engineering

Material Category Specific Material Advantages

Limitations

Loading Method

Drug Release Profile

Natural Polymers Collagen - Low immunogenicity
- Promotes cell adhesion (ECM component)
Chitosan - Antibacterial activity
- Tunable degradation
- Amino group interactions
Synthetic Polymers PLA - High strength
- Slow degradation (>6 months)
PGA - Rapid degradation (<1 month)
- Early-stage drug release
PLGA - Tunable degradation (1-6 months)

- Controllable mechanics

- High bioactivity

- Bone conductivity (similar to natural bone)
- High solubility

- Fast Ca/P ion release

Inorganic Materials Hydroxyapatite (HA)

Tricalcium Phosphate (TCP)

Fabrication Techniques Physical Blending - Simple operation

- Low cost

- Stable loading
- Controlled release

Chemical Grafting

Electrospinning - High surface area (>80 m?/g)

- Porosity >90%

- Low mechanical strength

- Requires chemical modification for
stability

- Hydrophobicity may hinder drug
dispersion

- Rapid mechanical strength loss

- Acidic degradation byproducts

- Brittleness
- Processing challenges

- Overly rapid degradation (2-4 weeks)

- Poor control over loading/release
kinetics

- Complex process
- Potential drug activity alteration

- Limited mechanical strength

Physical adsorption for osteoblast

differentiation

Physical adsorption/chemical
crosslinking

Solvent casting/3D printing for
structural support

Short-term defect filling

Ratio adjustment of PLA/PGA
Surface loading for bone deposi-
tion

Short-term defect repair
Solution/melt blending

Covalent bonding

Nanofiber scaffold preparation

Synergistic sustained release

Effective loading & sustained
release

Long-term release (>3
months)

Burst release (1-2 weeks)

Phase-specific release

Sustained release + Ca/P
ion supply

Rapid release + ionic supple-
mentation

Initial burst + gradual release

Linear controlled release

Sustained release (1-3
months)

Notes: PLA, polylactic acid; PGA, polyglycolic acid; PLGA, poly lactic-co-glycolic acid; ECM: extracellular matrix.

5819

Am J Transl Res 2025;17(8):5814-5828



Icariin’s osteogenic mechanisms in bone regeneration

Moreover, icariin has been shown to promote
the osteogenic differentiation of MC3T3-E1
pre-osteoblasts via activation of the Hedgehog
signaling pathway [50]. This pathway plays an
indispensable role in embryonic development,
adult tissue homeostasis, and damage repair
[51]. In bone tissue, Hedgehog signaling regu-
lates osteoblast differentiation, proliferation,
and mineralization. Icariin may act through
Hedgehog receptors to trigger downstream sig-
naling cascades and transcription factor acti-
vation, leading to upregulation of osteogenic
genes. This promotes the transition of osteo-
genic progenitor cells into mature osteoblasts
and promotes new bone formation [52].

The potential of icariin in bone tissue engineer-
ing has attracted increasing attention, with its
regulatory role in osteogenic signaling path-
ways emerging as a key research focus [53]. In
addition to several well-characterized signaling
pathways, recent studies have revealed its
potential associations with other signaling
pathways, further highlighting the mechanistic
complexity of its osteoinductive effects. No-
tably, icariin plays a key role in activating the
bone morphogenetic protein (BMP) signaling
pathway [54-57]. BMP signaling induces the
differentiation of undifferentiated mesenchy-
mal stem cells (MSCs) into osteoblasts and pro-
motes their maturation and matrix mineraliza-
tion. Icariin may strengthen the transduction
efficacy of BMP signaling by interacting with
BMP receptors and upregulating downstream
effector molecules such as Smadl, Smadb,
and Smad8 [58, 59]. Phosphorylated Smads
further regulate the transcription of osteogene-
sis-related genes, promoting matrix synthesis
and mineralized nodule formation. In vitro stud-
ies showed that icariin significantly enhanced
the expression and activity of BMP pathway
components in cultured osteoblasts, accompa-
nied by significantly improved osteogenesis
ability, providing robust evidence of BMP-
mediated mechanisms. Moreover, the Notch
signaling pathway has also been implicated in
the osteogenic effects of icariin [60]. The Notch
signaling pathway plays an important role in
cell proliferation, differentiation, and fate deter-
mination. In bone tissue, it regulates the bal-
ance between osteoblasts and osteoclasts and
is involved in bone development and repair.
Icariin may influence osteoblast function by
modulating Notch signaling pathway activity [2,
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61]. Specifically, icariin alters the expression of
Notch receptors and their ligands, affecting the
downstream expression of transcriptional tar-
gets such as Hes 1 and Heyl [62, 63]. These
genetic changes may enhance the proliferation
and differentiation of osteoblasts, while con-
currently inhibiting osteoclastogenesis, sup-
porting bone formation and regeneration.

At a deeper molecular level, icariin regulates
these signaling pathways through several
molecular mechanisms [64]. First, it may direct-
ly act on the key proteins in the signaling path-
way, modifying their structure, function, and/or
phosphorylation status, thereby altering down-
stream signaling activity. For example, by inter-
acting with the catalytic site of a protein kina-
se, icariin could modulate its phosphorylation
efficiency and the subsequent activation of tar-
get genes. Second, icariin may indirectly affect
pathway activity by regulating intracellular envi-
ronmental factors, including oxidative stress
status and calcium ion concentrations [65].
Third, icariin may interact with membrane
receptors or surface proteins to initiate intra-
cellular signaling cascades that culminate in
osteogenic gene activation.

In terms of clinical application prospects, it is of
great significance to elucidate the mechanisms
by which icariin activates osteogenic signaling
pathway. Such knowledge provides a solid the-
oretical foundation for the development of
novel bone regeneration therapies. For exam-
ple, advanced drug delivery systems can be
designed to precisely deliver icariin to bone
defect sites, thereby enhancing local bioavail-
ability and therapeutic efficacy [33, 66].
Furthermore, a deeper mechanistic under-
standing enables the design of combination
therapies - pairing icariin with synergistic drugs
or treatment modalities to further improve the
efficiency and quality of bone repair.

Despite encouraging progress, the precise
mechanism of icariin activating osteogenic sig-
naling pathway remain incompletely under-
stood [67]. Future research should adopt multi-
disciplinary approaches, integrating cell biolo-
gy, molecular biology, biochemistry and bio-
physics, to provide more scientific basis for its
wide application in clinical practice.

In conclusion, by modulating multiple osteogen-
ic signaling pathways, icariin affects osteoblast
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Figure 3. Icariin-mediated signaling network in osteogenesis.

function and orchestrates bone formation and
repair at various molecular and cellular levels,
underscoring its significant therapeutic poten-
tial in bone tissue engineering (Figure 3).

Effects of icariin on osteoblast differentiation

Icariin exerts multidimensional regulatory eff-
ects on osteoblast differentiation throughout
the entire process of osteoblast differentiation
[68]. In the early differentiation stage, ALP
serves as a landmark enzyme. Changes in ALP
activity are widely recognized as indicators of
osteogenic differentiation. Numerous studies
have shown that icariin can significantly modu-
late ALP activity in osteoblasts. For example, in
vitro experiments using the mouse pre-osteo-
blast cell line (MC3T3-E1) demonstrated that
treatment with an appropriate concentration
(e.g., 10® mol/L) of icariin led to a significant
increase in ALP activity, indicating that icariin
promotes early osteoblast differentiation [69].
The enhancement is likely due to icariin’s
involvement in the regulation of signaling path-
ways or molecular mechanisms related to ALP
synthesis and activation, resulting in increased
enzyme production and activity. Consequently,
this lays the foundation for the subsequent
osteogenesis-related activities such as deposi-
tion and mineral matrix formation.
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As differentiation progresses, the expression
and secretion of OCN, a late-stage osteogenic
marker, become a key observation indicator
of osteoblasts maturation. Icariin has also
been shown to upregulate OCN expression and
secretion [70]. ELISA and other detection
means have confirmed that icariin treatment
increases the content of OCN in cell culture
supernatants and bone tissues. In vivo experi-
mental model have further validated that icari-
in administration leads to elevated OCN levels
in bone tissue, reflecting the enhanced secre-
tory function and terminal differentiation of
osteoblasts under icariin stimulation. These
findings suggest that icariin promotes not only
early-stage osteoblast activation but also sup-
ports terminal maturation, which is essential
for bone matrix mineralization and the estab-
lishment of structurally mature bone tissue
[71-73]. Figure 4 presents stage-specific mech-
anism of icariin action in osteogenesis.

The formation of mineralized nodules is a hall-
mark of osteoblast differentiation and matura-
tion, and icariin plays a significant role in pro-
moting this process [74]. In vitro studies using
Alizarin Red S staining have demonstrated that
treatment with appropriate concentration of
icariin (such as 10°¢ mol/L) results in a substan-
tial increase in mineral nodule formation, with
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Figure 4. Schematics of stage-specific action of Icariin during osteoblast for-

mation.
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the stage-specific biomarkers
and the expression of related
genes and proteins, icariin
effectively drives osteoblasts
toward maturation and sup-
ports the physiological pro-
cesses of bone formation and
repair (Figure 5).

The promoting effect of icari-
in on bone repair

Icariin has shown significant
efficacy in promoting bone
repair, with mechanisms that
operate at multiple biological
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levels. These effects have

Figure 5. Molecular mechanism network of icariin’s osteogenic activity.

notable increases in both nodule number and
size, as well as in their clustered distribution.
These findings indicate that icariin enhances
calcium salt deposition and accelerates the
mineralization capacity of differentiating osteo-
blasts [32, 75]. However, when the concentra-
tion of icariin is too high (e.g., 10* mol/L), min-
eral nodule formation is markedly inhibited,
and few or no nodules are observed. This phe-
nomenon reflects a bidirectional regulatory
mechanism of icariin, whereby moderate dos-
es promote osteoblast differentiation and min-
eralization, whereas excessive high concentra-
tions exert inhibitory effects.

At the molecular level, gRT-PCR has revealed
that icariin increases mRNA levels of osteogen-
ic markers such as Runx 2 and BMP-2, while
immunoblot analysis confirms corresponding
upregulation at the protein level [14, 76, 77].
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been verified in various exper-
imental models and applica-
tion scenarios [31]. At the cel-
lular level, icariin maintains osteoblast viability
and function, thereby creating a favorable cel-
lular environment for bone repair [78]. Within
an appropriate concentration range, icariin pro-
motes the proliferation of osteoblasts, result-
ing in an increase in the cell numbers. For
instance, when MC3T3-E1 pre-osteoblast cells
were treated with icariin at a concentration of
10 mol/L, the optical density (OD) values from
proliferation assays increased significantly, and
direct cell counting confirmed a rapid growth
trend [79-81]. At the same time, icariin’s role in
osteoblast differentiation is indispensable. It
enhances key differentiation indicators, includ-
ing ALP activity, osteocalcin secretion, mineral-
ization nodule formation, and the expression of
osteogenesis related genes and protein, there-
by promoting osteoblast maturation and func-
tional competence. For example, at the bone
defect site, mature osteoblasts can secrete
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extracellular matrix (ECM) components and
promote calcium salt deposition, gradually fill-
ing the defect area.

In terms of ECM regulation, icariin demon-
strates significant positive effects [1]. The ECM
provides both structural scaffolding and a bio-
chemical milieu essential for bone regenera-
tion, supporting cell survival, proliferation, and
intercellular communication. Icariin enhances
osteoblast-mediated synthesis and secretion
of essential ECM components such as type |
collagen, thereby enriching the cellular micro-
environment [1]. Furthermore, in cases of ECM
damage, icariin accelerates matrix repair pro-
cess by stimulating osteoblasts to rapidly pro-
duce matrix constituents, restoring both the
structural integrity and biological function of
the ECM [77]. This restoration ensures effec-
tive cell signaling transmission and maintains
normal nutrient exchange, which are essential
for the continuous progression of bone regen-
eration [32, 74, 75].

In the field of bone tissue engineering, icariin
exhibits promising application potential by
enhancing bone repair efficacy. When incorpo-
rated into conventional bone tissue engineer-
ing scaffolds (e.g., PLGA) to form composite
scaffolds, icariin confers dual benefits: the
scaffolds maintain excellent biocompatibility
while significantly improving osteoinductive
capacity [33]. In vitro experiments using rabbit
bone marrow-derived MSCs has demonstrated
that icariin-containing composite scaffolds sig-
nificantly increase ALP activity and OCN secre-
tion. Additionally, the expression of osteogene-
sis-related genes (e.g., RUNX2 and COL1A1)
and corresponding protein levels also reached
maximum values, indicating robust osteogenic
differentiation potential [66]. These properties
effectively guide MSC lineage commitment
toward the osteoblast phenotype, thereby
accelerating new bone tissue formation [2]. In
vivo studies further confirmed the regenerative
potential of icariin-containing scaffolds. When
implanted into bone defects, these scaffolds
promoted early-stage bone formation, progres-
sively filled the defect areas and restored both
the structural integrity and mechanical proper-
ties of bone tissue [82]. Compared to control
scaffolds without icariin, the composite materi-
als demonstrated significantly superior out-
comes in promoting bone regeneration [83].
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In addition, icariin promotes bone repair
through dual mechanisms: modulating inflam-
matory responses and inhibiting osteoclast dif-
ferentiation [84-86]. During bone injury repair,
excessive or prolonged inflammatory respons-
es can impede the healing process. Icariin has
been shown to effectively suppress the release
of pro-inflammatory cytokines and inhibit NF-
kB pathway activation, thereby reducing local
inflammation [68, 70, 78]. Concurrently, the
overactivation and persistence of osteoclasts
significantly delay bone regeneration. Icariin
activates the STAT3 signaling pathway to
enhance transcription of downstream osteo-
genic genes, including OCN, while simultane-
ously inhibiting osteoclast differentiation [53,
68]. This dual action helps maintain the dy-
namic balance between osteoblast and osteo-
clast activity, ensuring effective bone re-
generation.

Research perspective

From a research and development (R&D) per-
spective, icariin’s multifaceted bioactivity posi-
tions it as a promising candidate for innovative
applications in biomedical tissue engineering.
Current efforts primarily focus on optimizing its
delivery systems, enhancing molecular stability
within complex biological environments, and
exploring synergistic interactions with biomate-
rials to precisely modulate the regeneration
microenvironment [64].

Delivery system innovations: The hydrophobic
nature of icariin presents challenges for its
incorporation into aqueous-based formula-
tions, prompting the development of advanced
nanotechnology-based delivery systems. Lipid-
based nanoparticles (LNPs) and polymer-based
nanocarriers (e.g., PLGA) have been investigat-
ed to enhance icariin’s aqueous solubility, pro-
tect it from premature degradation, and enable
controlled release [87]. Surface modification of
these carriers with targeting ligands (e.g., pep-
tides specific to tissue repair niches) can fur-
ther enhance site-specific accumulation, mini-
mizing off-target effects. Additionally, integrat-
ing icariin into hydrogel-based scaffolds - either
through physical entrapment or chemical con-
jugation - allows for localized delivery within 3D
tissue constructs, supporting sustained release
over extended periods, which is critical for tis-
sue remodeling and regeneration [34].

Am J Transl Res 2025;17(8):5814-5828



Icariin’s osteogenic mechanisms in bone regeneration

Synergies with biomaterial scaffolds: In tissue
engineering, icariin’'s osteogenic, angiogenic,
and anti-inflammatory properties offer unique
advantages when integrated with biomaterial
scaffolds. For bone tissue engineering, incorpo-
rating icariin into calcium phosphate ceramics
or collagen-based matrices has been shown to
promote MSC differentiation into osteoblasts
while inhibiting osteoclast activity, thereby
enhancing new bone formation. In vascular tis-
sue engineering, icariin-loaded electrospun na-
nofibrous scaffolds have demonstrated en-
hanced endothelial cell proliferation and tube
formation, suggesting improved vascularization
of engineered tissues [21, 26]. Moreover, in
neural tissue applications, icariin-loaded chito-
san scaffolds have exhibited neuroprotective
effects and stimulated neurite outgrowth, sug-
gesting potential utility in repairing central ner-
vous system injuries. These interactions high-
light the need for interdisciplinary research in
designing smart biomaterials that dynamically
respond to cellular signals, with icariin serving
as both a bioactive modifier and therapeutic
agent.

Translational potential and challenges: While
preclinical studies strongly supports icariin’s
efficacy in promoting tissue regeneration, sev-
eral challenges must be addressed to enable
successful clinical translation. Standardization
of icariin purity and bioactivity remains critical,
as natural sources may yield variable composi-
tions. The integration of herbal-derived com-
pounds with synthetic biomaterials introduc-
es unique regulatory complexities, necessitat-
ing comprehensive toxicological assessments
and long-term safety data [76]. Future efforts
should prioritize large-animal models to evalu-
ate biodegradation kinetics of icariin-loaded
scaffolds, immune responses to sustained icar-
iin release, and functional integration of regen-
erated tissues into host environments. Addi-
tionally, exploring gene-delivery systems that
induce endogenous icariin-like pathways may
offer an alternative strategy to overcome cur-
rent delivery limitations, though this approach
introduces new challenges in translational reg-
ulation [24, 27].

To sum up, icariin promotes bone repair through
multiple mechanisms, including regulation of
osteoblast and osteoclast function, mainte-
nance of extracellular matrix integrity, optimiza-
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tion of scaffold bioactivity, and modulation of
inflammation. These properties make icariin a
highly promising therapeutic candidate for
addressing clinical challenges associated with
bone defects and tissue regeneration.

Conclusion

This study presents a systematic analysis of
the osteogenic potential of icariin and its trans-
lational applications in biomedical tissue engi-
neering. Experimental evidence demonstrates
that icariin significantly enhances osteoblast
proliferation and differentiation, improves ECM
synthesis and regeneration efficiency in both
in vitro and in vivo models. Its multifaceted
mechanisms of action involve activation of
osteogenic signaling pathways (e.g., Wnt/[3-
catenin), upregulation of key osteogenic gene
expression, promotion of angiogenesis, and
modulation of immune cell activity. Despite
these promising findings, further studies are
urgently needed to clarify icariin’s pharmacoki-
netic profiles, assess long-term safety profiles,
and optimize its delivery strategies for clinical
use. Looking ahead, as research progresses,
icariin holds strong potential as a novel thera-
peutic agent for bone tissue engineering, offer-
ing promising therapeutic avenues for the treat-
ment of bone defect and osteoporosis.
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