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Highlights

• Lithospermic acid (LA) promotes osteoblast proliferation without affecting cell apoptosis.
• LA enhances osteoblast differentiation, mineralization, and migration.
• LA activates the Wnt/β-catenin signaling pathway to promote osteoblast proliferation, differentiation, and

migration.

ABSTRACT: Objectives: Therapeutic strategies for enhancing bone regeneration and combating osteoporosis remain
a significant unmet medical need. This study aims to elucidate Lithospermic acid (LA)’s regulatory effects on osteoblast
proliferation and differentiation, investigating its viability as a bone-healing agent. Methods: This study employed
various cellular and molecular biology experiments to assess the effects of LA on the viability, proliferation, cell cycle,
apoptosis, differentiation, mineralization, and migration of MC3T3-E1 osteoblasts. Immunofluorescence and Western
blot analyses were conducted to detect the expression of proteins related to the Wnt/β-catenin signaling pathway, inves-
tigating the regulatory mechanisms by which LA promotes osteoblast proliferation and differentiation. Additionally,
Wnt inhibitor dickkopf-1 (DKK-1) and β-catenin-silenced cell models were used to further validate the role of LA
in modulating this signaling pathway. Results: LA significantly promoted osteoblast proliferation without apparent
cytotoxicity. Flow cytometry showed that LA regulated the cell cycle by reducing G0/G1 phase arrest and promoting
G2/M phase progression. Western blot results indicated that LA upregulated the expression of proteins associated with
cell proliferation and enhanced osteoblast differentiation and mineralization. Immunofluorescence and Western blot
analyses further confirmed that LA markedly increased the expression of Wnt and β-catenin, facilitating β-catenin
nuclear translocation. Treatment with the DKK-1 inhibitor significantly diminished the proliferative and differentiation-
promoting effects of LA, confirming the critical role of this pathway. β-catenin knockdown experiments further
substantiated its central role in LA-mediated regulation. Conclusion: This study confirms that LA promotes osteoblast
proliferation, differentiation, mineralization, and migration by activating the Wnt/β-catenin signaling pathway.
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1 Introduction
As a vital structural element of the human body, bone performs essential physiological roles includ-

ing mechanical support, organ protection, and locomotion facilitation while simultaneously contributing
significantly to systemic metabolic regulation [1–3]. Recent advances in bone biology have revealed that
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skeletal tissue represents a dynamic, metabolically active organ system rather than an inert structural
framework [4,5]. Bone tissue can achieve self-repair and regeneration through complex molecular and
cellular mechanisms [6], making it one of the few organs in the human body with regenerative potential.
Critical to skeletal physiology is the tissue’s inherent regenerative capacity, which becomes activated following
various insults, including trauma-induced fractures, oncological resections, or metabolic bone diseases,
ultimately leading to morphological and functional restoration [7,8]. However, the bone regeneration
process is influenced by various factors, including age, overall health, local blood supply, mechanical
environment, and molecular signaling pathways [9–11]. Impairment of osseous regenerative potential can
result in complications, including fracture nonunion, delayed osseous consolidation, or persistent bone
defects, significantly compromising patient outcomes and quality of life [12,13]. Consequently, elucidating the
molecular pathways and regulatory circuits governing bone regeneration holds substantial clinical relevance
for both preventive and therapeutic approaches in orthopedic medicine.

Understanding osteoblast ontogeny and differentiation mechanisms represents a central theme in bone
regeneration studies. These bone-forming cells originate from multipotent mesenchymal stem cells, with
their differentiation program being meticulously regulated by several evolutionarily conserved signaling
pathways, including bone morphogenetic protein (BMP)/Smad, Notch, and Wnt/β-catenin systems [14–16].
Among various signaling pathways, Wnt/β-catenin stands out as a master regulator of bone formation. Its
activation stimulates both the expansion of osteoblast precursors and their subsequent differentiation, while
simultaneously accelerating bone matrix calcification [17,18]. Numerous experimental studies have estab-
lished that targeted stimulation of Wnt/β-catenin signaling substantially augments bone formation processes.
For example, Wnt3a treatment enhances osteogenic differentiation [19], while mice with specific knockout of
β-catenin exhibit severe bone loss [20]. Although Wnt/β-catenin signaling is fundamental to bone formation,
uncontrolled activation may contribute to degenerative joint disease and tumorigenesis [21,22], underscoring
the critical need for targeted pathway regulation.

Lithospermic acid (LA) represents a bioactive, aqueous-soluble polyphenolic compound isolated
from Salvia miltiorrhiza, whose therapeutic applications in traditional Chinese practice stem from its
anti-inflammatory, antibacterial, and wound-healing properties [23,24]. Contemporary pharmacologi-
cal research has revealed that LA exhibits multiple therapeutic potentials beyond its traditional uses,
demonstrating significant antitumor activity, free radical scavenging capacity, and immunomodulatory
properties [25,26]. The expanding therapeutic profile of LA contrasts with the limited understanding of its
skeletal effects.

This study bridges this knowledge gap by systematically investigating LA’s osteogenic potential through
the lens of Wnt/β-catenin signaling, a central pathway in bone biology. By characterizing LA’s ability to
activate this pathway and enhance osteoblast function, we aim to provide mechanistic support for its
application in bone repair.

2 Materials and Methods

2.1 Cell Culture and Transfection
MC3T3-E1 preosteoblasts (SCSP-5218) were acquired from the National Collection of Authenticated

Cell Cultures (Shanghai, China). Cellular propagation was maintained in α-MEM (Gibco, 12571063, Grand
Island, NY, USA) enriched with 10% FBS (Gibco, A5669701) and antibiotic-antimycotic solution (1%
penicillin-streptomycin, Pricella, PB180120, Wuhan, China), incubated at 37○C with 5% CO2 saturation. The
nutrient medium was renewed every third day.
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Osteogenic differentiation was induced by culturing MC3T3-E1 cells in MEM-α containing 10% FBS, 1%
penicillin-streptomycin, along with osteogenic supplements: 10 mM β-glycerophosphate (MCE, HY-126304,
Monmouth Junction, NJ, USA), 50 μg/mL ascorbic acid (Sigma, 1043003, St Louis, MO, USA), and 100 nM
dexamethasone (265005, Sigma). Cells were incubated at 37○C/5% CO2, with medium changes every 3 days
(days 1–14) followed by every 2 days (days 15–21) throughout the 21-day differentiation protocol.

The β-catenin knockdown model was generated using RNA interference tech-
nology. Briefly, β-catenin-specific siRNA (Final concentration: 50 nM; Si-β-catenin:
CCCUCAGAUGGUGUCUGCCAUUGUA-sense, UACAAUGGCAGACACCAUCUGAGGG-antisense)
and negative control siRNA (UUCUCCGAACGUCACGUTT-sense, ACGUGACGUUCGGAGAATT-
antisense; RIBOBIO, Suzhou, China) were delivered into 70%–90% confluent MC3T3-E1 cells (cells were
seeded at 1 × 105 cells/cm2) using Lipofectamine 3000 transfection system (Invitrogen, L3000150,Carlsbad,
CA, USA). The transfection mixture containing siRNA, P3000 reagent, and Lipofectamine 3000 in Opti-
MEM medium (Gibco, 11058021) was incubated for 15 min before application. After 6 h of exposure, cells
were maintained in fresh α-MEM medium for 48 h before collection.

2.2 MTT Assay
To determine the optimal non-toxic concentrations and exposure times of LA, cell viability was

quantitatively analyzed via MTT assay. MC3T3-E1 cells were plated in 96-well culture plates at an initial
density of 5 × 103 cells/well. Following 24/48 h exposure to LA (3.125, 6.25, 12.5, 25, 50, 100, 200, 400 μM,
MCE, HY-N0823,), 10 μL of MTT reagent (5 mg/mL, Beyotime, C0009, Shanghai, China) was introduced
to each well, followed by 4 h incubation under standard culture conditions (37○C, 5% CO2). Following
this step, each well received 100 μL of formazan dissolution buffer and was subjected to an additional 4 h
incubation period. Optical density measurements were then performed at 570 nm wavelength using the
microplate reader (Benchmark™ Plus, Bio-Rad, Hercules, CA, USA). Cell viability (%)= [(ODexperimental group
− ODcontrol group)/(ODcontrol group − ODblank group)] × 100%.

2.3 Lactate Dehydrogenase (LDH) Release Assay
The cytotoxic effects of LA on cell membrane stability were quantitatively analyzed using the LDH

release assay. After seeding cells (5 × 103 cells/well) in 96-well plates, they were treated with graded LA
concentrations (25, 50, 100 μM) for a 24 h period. Processed samples were centrifuged at 400× g for
5 min post-lysis, with the obtained supernatants evaluated for LDH activity according to standardized
protocols (Solarbio, BC0680, Beijing, China). Microplate analysis (BioTek, Synergy H1, Winooski, VT, USA)
at 450 nm wavelength enabled cytotoxicity determination, resulting in the identification of three working
concentrations (25, 50, 100 μM) for extended experimentation. The LDH activity (U/mL) was calculated
by establishing a standard curve based on the kit’s standards. The LDH release rate (%) was determined
using the formula: (LDHexperimental group − LDHblank control group)/(LDHmaximum enzyme activity control group −

LDHblank control group) × 100%.

2.4 Cell Treatment
The study employed a controlled experimental design to evaluate LA’s influence on osteoblast function,

incorporating four treatment conditions: an untreated control group alongside three LA-treated groups (25,
50, and 100 μM concentrations). Following a standardized 24 h exposure period, all groups underwent a
comprehensive analysis to assess proliferative and differentiation capacity.

The study design included four treatment arms to dissect LA’s molecular actions: a vehicle control
group, a group receiving 100 μM LA monotherapy, a group treated with the Wnt antagonist DKK-1
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(100 ng/mL, MCE, HY-P72969), and a combination group receiving both 100 μM LA and DKK-1 to
evaluate their functional interplay in osteoblast regulation. To specifically investigate ββ-catenin’s essential
involvement, the study incorporated two additional intervention groups: cells receiving 100 μM LA with
non-targeting control siRNA (si-NC) and those treated with 100 μM LA plus β-catenin-specific siRNA (si-
β-catenin). Post-transfection administration of LA enabled precise evaluation of β-catenin’s contribution to
LA’s regulatory effects.

2.5 EdU Labeling Assay
The EdU incorporation assay was performed to assess proliferative activity. Plate cells at a density of

5 × 105 cells per well in 6-well plates. After 24 h LA treatment, cells were labeled with 50 μM EdU (37○C,
2 h, RiboBio, C10310-1, Guangzhou, China), fixed (4% PFA, 30 min), and permeabilized (0.5% Triton X-100,
10 min). Click chemistry staining was performed in the dark for 30 min using Apollo solution, followed
by DAPI (Beyotime, C1006) nuclear staining (5 min). Proliferating cells were quantified via fluorescence
microscopy (Olympus, CKX53, Tokyo, Japan).

2.6 Flow Cytometry
Cell cycle progression was assessed through PI-based flow cytometric analysis. MC3T3-E1 cells were

seeded in 6-well plates at a density of 5 × 105 cells per well and subsequently divided into experimental
groups according to the methodology described in Section 2.4. Following collection, cells were fixed in 70%
ethanol (−20○C, 4 h), washed with chilled PBS, and stained with PI/RNase solution (C1052, Beyotime) for
30 min at 37○C in darkness. Samples were then analyzed on the specified flow cytometer (FACSCanto™ II,
BD Biosciences, San Jose, CA, USA), with PI fluorescence emission data processed through Flow Jo software
(v 10.8.1, BD Biosciences) to determine phase distribution (G0/G1, S, G2/M).

Apoptotic cell populations were quantified using the specified Annexin V-FITC/PI staining kit (HY-
K1073, MCE). Following standard collection procedures, cells were simultaneously labeled with Annexin
V-FITC and PI as per the manufacturer’s protocol, with gentle mixing followed by 20 min dark incubation
at ambient temperature. Prior to flow cytometric analysis, the reaction was terminated by adding binding
buffer to stabilize fluorescence signals. The apoptosis rate was quantified using Flow Jo software (v 10.8.1).

2.7 Alkaline Phosphatase (ALP) Activity Assay
ALP enzymatic activity was assessed to monitor osteogenic differentiation using a commercial assay

kit (P0321M, Beyotime). MC3T3-E1 cells (5 × 105 cells/well) were cultured in 6-well plates and treated
as specified. Following PBS washing, cells were lysed on ice with 100 μL lysis buffer (P0013J, Beyotime)
using ultrasonic disruption (Qixun Instruments Co., Ltd., ST-250D, Shanghai, China). After centrifugation
(9000× g, 4○C, 15 min), supernatants were analyzed for protein content via BCA assay (P0012, Beyotime).
Equal protein aliquots were reacted with substrate (37○C, 10 min), and absorbance at 405 nm was measured
via a microplate reader (BioTek, Synergy H1) for ALP activity determination relative to a standard curve.

2.8 ALP Staining
Following medium removal and PBS washing, cells were fixed with 4% paraformaldehyde (30 min)

prior to enzymatic staining. The BCIP/NBT ALP detection kit (Beyotime, C3206) was employed according to
manufacturer specifications. After applying the working solution, samples were protected from light during
3 h incubation at ambient temperature. The reaction was stopped by distilled water washing. Stained cells
were visualized under bright-field microscopy (Olympus, CKX 53), with quantitative analysis performed
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using ImageJ software (version 1.53c, National Institutes of Health, Bethesda, MD, USA). Relative ALP
activity was normalized to the control group (set as 1) for comparative analysis.

2.9 Alizarin Red S (ARS) Staining
Following the 21-day differentiation induction, cultures were PBS-washed and fixed with 95% ethanol

(30 min). After removal of fixative, cells were completely covered with ARS solution (Beyotime, C0148S) for
30 min staining at room temperature. Excess dye was removed by distilled water rinsing prior to microscopic
imaging and quantitative analysis using ImageJ software (version 1.53c, NIH).

2.10 Osteocalcin (OCN) Detection
Post-treatment cell lysates were prepared by ultrasonic disruption followed by centrifugation

(8000× g, 4○C, 10 min). Supernatants were analyzed for osteocalcin content using a commercial ELISA
system (Solarbio, SEKM-0301) per manufacturer’s protocol. Absorbance readings at 450 nm were converted
to concentration values via standard curve interpolation.

2.11 Wound Healing Assay
Cells were seeded into 6-well plates at a density of 5 × 105 cells per well. After cell attachment, specific

treatments were applied. A scratch was created using a pipette tip with consistent pressure and force. Cells
were gently washed with PBS to remove detached cells, and the medium was replaced with serum-free culture
medium (Gibco, 31985062). Cell migration was observed and photographed under a microscope (Nikon,
Eclipse Ti-S, Tokyo, Japan) at 0 h and 24 h. Quantitative analysis and calculation of cell migration rates were
performed using ImageJ software (version 1.53c, NIH).

2.12 Immunofluorescence
Following experimental treatments, cellular samples underwent fixation with 4% PFA, membrane

permeabilization using 0.2% Triton X-100, and blocking with 5% BSA (Gibco, 30066575). Primary antibody
incubation was performed with anti-β-catenin (1:200, #8480, CST, Danvers, MA, USA) at 4○C overnight.
Subsequent detection employed Alexa Fluor 488-conjugated secondary antibody (1:500, ab150077, Abcam,
Cambridge, UK) with 1 h (room temperature, RT) incubation in darkness. Nuclear counterstaining with
DAPI preceded confocal microscopic examination (Nikon, A1R HD) for assessment of β-catenin subcellular
localization and quantitative fluorescence intensity analysis across experimental groups.

2.13 Western Blot
Total cellular proteins were isolated from MC3T3-E1 cells using RIPA buffer (R0010, Solarbio). Protein

concentrations were measured with the BCA assay (PC0040, Solarbio), and equal protein quantities were
resolved through SDS-PAGE before electrophoretic transfer to PVDF membranes. Following membrane
blocking with 5% non-fat milk (1 h, RT), primary antibody incubations were performed at 4○C overnight
targeting: PCNA (1:1000, #13110, CST), Ki67 (5 μg/mL, ab16667, Abcam), Cyclin D1 (1:1000, #2978, CST), c-
myc (1:800, #13987, CST), RUNX2 (1:1000, ab192256, Abcam), OCN (1:800, bs-4917R, Bioss, Beijing, China),
OPN (1:1000, ab218237, Abcam), OSX (1:800, bs-1110R, Bioss), BMP-2 (1:1000, ab284387, Abcam), Collagen
I (1:500, bs-10423R, Bioss), Wnt-3a (1:1000, PA5-37320, Invitrogen), β-catenin (1:1000, #9562, CST), p-GSK-
3β (1:1000, #5558, CST), GSK-3β (1:1000, #9315, CST), and β-actin (1:10,000, bsm-63325R, Bioss). After
TBST washes, HRP-conjugated secondary antibodies (1:5000, #7074, CST) were applied (1 h, RT). Signal
detection employed ECL substrate (P0018, Beyotime), with β-actin as loading control and ImageJ-based
band quantification (version 1.53c, NIH).
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2.14 Statistical Analysis
Quantitative data represent mean ± SD from three independent experiments. Statistical comparisons

were conducted using one-way ANOVA (Tukey’s post-test) in GraphPad Prism 8.0 (GraphPad Software, Inc.,
San Diego, CA, USA), where p-values < 0.05 denoted statistical significance.

3 Results

3.1 LA Promotes Osteoblast Proliferation
This study systematically evaluated the effect of LA (structural formula shown in Fig. 1A) on osteoblast

proliferation. First, the effects of LA on osteoblast viability at different concentrations and treatment dura-
tions were evaluated using the MTT assay. The data showed a positive correlation between LA concentration
(3.125, 6.25, 12.5, 25, 50, and 100 μM) and osteoblast viability, with this proliferative effect being maintained
throughout the 24 h/48 h observation period. However, at concentrations of 200 and 400 μM, LA significantly
inhibited cell viability (Fig. 1B,C). To complement viability studies, LDH release was quantified as an
indicator of membrane integrity. This stable cytosolic enzyme remains intracellular in viable cells but is
extruded following membrane compromise during apoptosis or necrosis [27,28]. The results showed that
treatment with 25, 50, and 100 μM of LA did not significantly increase LDH release (Fig. 1D), indicating
that these concentrations do not compromise cell membrane integrity and possess good biocompatibility.
Therefore, subsequent experiments selected 25, 50, and 100 μM as the concentrations of LA.

Figure 1: Lithospermic acid (LA) Promotes Osteoblast Proliferation. (A) The chemical structure of LA. Molecular
structures were drawn using KingDraw Professional for Windows (version 5.0, Qingdao KingOrigin Agrotech Co.,
Ltd., Qingdao, China). (B,C) The effect of different concentrations (0, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400 μM)
of LA on osteoblast proliferation activity after 24 and 48 h, assessed by the MTT assay. (D) Lactate dehydroge-
nase (LDH) cytotoxicity screening revealed concentration-dependent effects of LA (25, 50, 100 μM), establishing

(Continued)
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Figure 1: (continued) 25, 50, and 100 μM as the optimal non-toxic range for subsequent experiments. (E,F) EdU
incorporation assays visualized proliferating cells (red fluorescence) against nuclear staining (blue), quantitatively
demonstrating LA’s pro-proliferative effects. Scale bar 100 μm. n = 3. ns: p > 0.05; #p < 0.05, ##p < 0.01, ###p < 0.001 vs.
Control

EdU, a thymidine analog, is widely used for detecting cell proliferation [29]. EdU incorporation assays
revealed a significant, concentration-dependent elevation in proliferating cell populations across LA-treated
groups compared to controls (p100μM LA < 0.001, Fig. 1E,F), demonstrating LA’s potent mitogenic effects on
osteoblasts. In summary, this study confirmed that within an appropriate concentration range, LA not only
safely and effectively promotes osteoblast proliferation but also does not induce significant cytotoxicity,
highlighting its potential application as a therapeutic agent for bone regeneration. These findings lay a
foundation for further investigation into its molecular mechanisms.

3.2 LA Promotes Cell Cycle Progression but Does Not Affect Osteoblast Apoptosis
Flow cytometric evaluation of MC3T3-E1 cell cycle progression (Fig. 2A,B) was conducted to elucidate

the mechanistic basis of LA-mediated proliferation enhancement. Flow cytometric analysis revealed that 50
μM LA treatment significantly decreased the G0/G1 population while increasing S phase proportions com-
pared to controls. This effect was more pronounced at 100 μM LA, demonstrating concentration-dependent
cell cycle acceleration through G0/G1 arrest reduction and G2/M progression enhancement (Fig. 2A,B).
Western blot analysis confirmed LA’s proliferative mechanism through dose-dependent upregulation of key
cell cycle regulators (PCNA, Ki67, Cyclin D1, c-myc) (p100μM LA < 0.001, Fig. 2C–E). These proteins, essential
for cell cycle progression, showed significantly enhanced expression in LA-treated osteoblasts compared
to controls.

Figure 2: (Continued)
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Figure 2: LA promotes cell cycle progression but does not affect osteoblast apoptosis. (A,B) Flow cytometric analysis
of cell cycle progression in osteoblasts following treatment with LA (25, 50, 100 μM), quantifying phase distribution
(G0/G1, S, G2/M). (C–E) Western blot detection of cell cycle regulators expression patterns: Proliferating Cell
Nuclear Antigen (PCNA), Kiel-67 (Ki67), Cyclin D1, cellular myelocytomatosis oncogene (c-myc). (F,G) Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay for apoptotic cell quantification across LA
concentrations. Green arrows indicate TUNEL-positive cells. Scale bar 100 μm. (H,I) Flow cytometric assessment of
LA-induced apoptosis in osteoblasts. n = 3. ns: p > 0.05; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control

To assess potential cytotoxic effects, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining and flow cytometric analysis were performed. Results demonstrated comparable apoptosis
rates between LA-treated and control groups across all tested concentrations (Fig. 2F–I), confirming LA’s
proliferative effects are not accompanied by increased programmed cell death. LA exerts pro-proliferative
effects on osteoblasts through coordinated regulation of cell cycle dynamics, specifically by attenuating
G0/G1 phase arrest while enhancing progression through the G2/M phase checkpoint. This proliferative
activity is further supported by the compound’s ability to upregulate critical cell cycle regulatory proteins, all
while maintaining physiological apoptosis levels, thereby demonstrating its selective mitogenic properties.

3.3 LA Promotes Osteoblast Differentiation, Mineralization, and Migration
Osteogenic differentiation represents an essential biological process during skeletal tissue formation

and mineralization [30]. ALP activity serves as a marker of early osteogenic differentiation; the more
mature the osteoblast differentiation, the higher the ALP expression activity [31]. Quantitative and qualitative
assessment of ALP, a key early osteogenic marker, showed significant increases in enzymatic activity and
staining intensity across LA-treated groups (p100μM LA < 0.001, Fig. 3A–C), confirming its ability to enhance
osteoblast differentiation. OCN serves as a biochemical indicator of osteoblast maturation, reflecting both the
degree of bone matrix formation and cellular differentiation status [32]. LA treatment markedly upregulated
OCN expression in a concentration-dependent manner (p100μM LA < 0.001, Fig. 3D), indicating its efficacy
in promoting late-stage osteoblast maturation and bone formation. Following a 21-day differentiation
period, quantitative ARS staining demonstrated significantly elevated calcium deposition in LA-treated
cultures (p100μM LA < 0.001, Fig. 3E,F), verifying its capacity to stimulate extracellular matrix mineralization.
Scratch assay results demonstrated progressive enhancement of osteoblast migration rates corresponding to
increasing LA concentrations (p100μM LA < 0.001, Fig. 3G,H).
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Figure 3: LA promotes osteoblast differentiation, mineralization, and migration. (A–C) ALP activity was measured
using a kit and ALP staining was performed to evaluate the effect of LA on osteoblast differentiation. Scale bar 100 μm.
(D) Osteocalcin (OCN) concentration was determined by Enzyme linked immunosorbent assay (ELISA) to analyze
the regulatory role of LA in osteoblast differentiation. (E,F) After 21 days of culture in osteogenic induction medium,
Alizarin Red S (ARS) staining was conducted to observe mineralized nodule formation. Scale bar 100 μm. (G,H) Cell
scratch assays were used to assess the effect of LA on osteoblast migration capacity. Scale bar 200 μm. (I–K) Western
blot analysis was performed to detect the expression levels of osteogenic differentiation-related proteins, including
Bone Morphogenetic Protein-2 (BMP-2), Collagen I, Runt-related transcription factor 2 (RUNX2), OCN, Osteopontin
(OPN) and Osterix (OSX). n = 3. ns: p > 0.05; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control

RUNX2 and OSX (SP7) are key transcription factors involved in bone formation, jointly regulating
osteoblast proliferation and differentiation [33]. OPN participates in osteoblast adhesion and migration,
while OCN promotes osteoblast maturation and mineralization of the bone matrix [34]. These proteins are
markers of mid- and late-stage osteogenesis, respectively. As a pivotal growth factor in skeletal development,
BMP2 stimulates osteoblast proliferation and bone matrix synthesis through coordinated upregulation
of key extracellular components (osteopontin, collagen, proteoglycans) while simultaneously activating
ALP [35]. Collagen I, the main matrix protein secreted by osteoblasts, not only provides a scaffold in
bone regeneration but also facilitates osteoblast adhesion, migration, and proliferation, while regulating
differentiation and activating mineralization-related enzymes, thereby promoting mineralization of the bone
matrix [36,37]. Immunoblotting analysis revealed that LA treatment markedly increased expression levels
of critical osteogenic regulators (RUNX2, OSX) and functional markers (OCN, OPN, BMP-2, Collagen I)
(p100μM LA < 0.001, Fig. 3I–K). These findings collectively demonstrate that LA stimulates osteoblast differ-
entiation and function through multiple mechanisms: activation of the RUNX2/OSX transcriptional axis,
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potentiation of BMP-2 signaling, promotion of bone matrix protein synthesis, and augmentation of cellular
migratory potential.

3.4 LA Activates Wnt/β-Catenin Signaling Pathway to Promote Osteoblast Proliferation
Quantitative fluorescence imaging revealed that LA administration stimulated dose-responsive accu-

mulation of β-catenin in the nuclear compartment while simultaneously elevating its cellular expression
(p100μM LA < 0.001, Fig. 4A,B). As a critical modulator of Wnt/β-catenin signaling, GSK-3β exerts regulatory
control over β-catenin degradation through its phosphorylation state, thereby influencing fundamental
cellular processes including osteogenesis, proliferation, and oncogenesis [38,39]. Immunoblotting results
demonstrated that LA administration significantly enhanced Wnt-3a and β-catenin protein levels while
elevating GSK-3β phosphorylation (p100μM LA < 0.001, Fig. 4C,D). Collectively, these biochemical changes
demonstrate LA-mediated activation of Wnt signaling, implicating this pathway as a key mechanism
underlying its dual effects on cellular proliferation and differentiation.

Figure 4: LA activates Wnt/β-catenin signaling pathway to promote osteoblast proliferation. (A,B) Immunofluores-
cence was used to detect the nuclear translocation of β-catenin. Scale bar 100 μm. (C,D) Western blot analysis was
performed to assess the expression of key proteins in the Wnt/β-catenin signaling pathway, including Wnt-3a, β-
catenin, p-GSK-3β, and GSK-3β. n = 3. ns: p > 0.05, #p < 0.05, ###p < 0.001 vs. control. (E,F) To further investigate
the role of LA through the Wnt/β-catenin pathway, the Wnt pathway inhibitor DKK-1 was used for intervention. The
experimental groups included: control, 100 μM LA, DKK-1, and 100 μM LA + DKK-1 combined group. Changes in
the expression of proteins related to the Wnt/β-catenin pathway were analyzed to elucidate the mechanism of LA’s
action within this pathway. (G,H) EdU staining was used to detect cell proliferation activity. Red arrows indicate

(Continued)
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Figure 4: (continued) EdU-positive cells. Scale bar 100 μm. (I,J) TUNEL staining was employed to assess cell apoptosis.
Green arrows indicate TUNEL-positive cells. Scale bar 100 μm. (K,L) Cell cycle distribution was analyzed by flow
cytometry. n = 3. ns: p > 0.05; #p < 0.05, ###p < 0.001 vs. Control; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. 100 μM LA

The critical involvement of Wnt signaling was validated through DKK-1 blockade experiments. Western
blot data demonstrated that LA-induced upregulation of Wnt, β-catenin, and phosphorylated GSK-3β was
completely attenuated by concurrent DKK-1 treatment, providing definitive evidence that LA’s mechanism
of action depends on Wnt pathway stimulation. Furthermore, DKK-1 could reverse LA-induced β-catenin
accumulation and GSK-3β phosphorylation (Fig. 4E,F), further supporting that LA functions via the classical
Wnt pathway. The results of EdU staining showed that LA significantly promoted the proliferation of
osteoblasts, whereas DDK-1 inhibited cell proliferation (Fig. 4G,H). TUNEL staining indicated that LA
had no significant effect on cell apoptosis, but the addition of DDK-1 markedly increased the apoptosis
rate (Fig. 4G–J). Furthermore, compared with the LA group, the combination of LA and DDK-1 inhibited
osteoblast proliferation and promoted cell apoptosis. Cell cycle profiling via flow cytometry demonstrated
that LA treatment significantly decreased G0/G1 phase occupancy while concurrently elevating S phase
populations (Fig. 4K,L), consistent with enhanced proliferative activity. Conversely, DKK-1 inhibited cell
proliferation, and when used in combination, DKK-1 could reverse the proliferative effect of LA on
osteoblasts. LA activates the Wnt/β-catenin signaling pathway, which in turn promotes osteoblast growth.
This mechanism highlights LA’s potential role in bone regeneration therapy.

3.5 LA Activates the Wnt/β-Catenin Signaling Pathway to Promote Osteoblast Differentiation and
Migration
The molecular mechanisms underlying LA-mediated regulation of osteoblast differentiation and migra-

tion were further examined, with a focus on the Wnt/β-catenin signaling pathway. Enhanced ALP activity
was observed upon treatment with 100 μM LA (p < 0.001), whereas DKK-1 exposure led to significant
inhibition (Fig. 5A–C). Assessment of OCN levels and ARS staining revealed a pronounced increase in both
differentiation potential and mineralization capability in LA-treated cells relative to controls (p < 0.001),
while DKK-1 administration significantly attenuated these osteogenic properties (Fig. 5D–F). Scratch assays
demonstrated that LA markedly promoted osteoblast migration, whereas DKK-1 significantly inhibited
migratory capacity (Fig. 5G,H). A significant suppression of ALP activity, mineralization capacity, and
migration ability was observed in the LA+DKK-1 group when compared to LA treatment alone, further
substantiating the crucial role of Wnt/β-catenin signaling in mediating LA’s osteogenic effects.

LA was shown to markedly elevate expression of osteogenic transcription factors (RUNX2, OSX)
and differentiation markers (OCN, OPN, BMP2, Collagen I) in Western blot assays. Conversely, DKK-1
suppressed the expression of these proteins and reversed the upregulation induced by LA (Fig. 5I–N). The
experimental data demonstrate that LA facilitates osteogenic processes, including cellular differentiation,
mineral deposition, and migratory capacity through coordinated activation of Wnt/β-catenin signaling, sub-
sequent induction of RUNX2/OSX transcription factors, and concomitant stimulation of BMP2 production
along with extracellular matrix biosynthesis.
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Figure 5: LA activates Wnt/β-catenin signaling pathway to promote osteoblast differentiation and migration. (A–
C) ALP activity detection and staining were used to evaluate osteogenic differentiation capacity. Scale bar 100 μm.
(D) OCN secretion levels were measured by ELISA. (E,F) After 21 days of osteogenic induction culture, ARS staining
was performed to observe mineralized nodule formation. Scale bar 100 μm. (G,H) Cell scratch assays were employed
to assess cell migration ability. Scale bar 200 μm. (I–N) Western blot analysis was conducted to detect the expression
levels of osteogenic differentiation marker proteins, including Collagen I, OPN, RUNX2, OSX, OCN, and BMP2. n = 3.
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. Control; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. 100 μM LA

3.6 β-Catenin as a Downstream Wnt Signaling Molecule Influencing Osteoblast Proliferation,
Differentiation, and Migration
To determine β-catenin’s critical role in LA-induced bone formation, β-catenin-deficient osteoblast

models were generated. Protein analysis confirmed efficient gene knockdown, showing substantial β-catenin
reduction in siRNA-treated cells (p < 0.001, Fig. 6A,B). At the molecular level, LA treatment activated the
Wnt pathway through coordinated upregulation of Wnt-3a and β-catenin expression coupled with GSK-
3β phosphorylation. While the LA+si-NC control group exhibited no notable changes, these regulatory
effects were significantly diminished in β-catenin-deficient cells (Fig. 6C,D), providing additional evidence
for β-catenin’s crucial role as a downstream mediator in Wnt signaling transduction.
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Figure 6: β-catenin as a downstream Wnt signaling molecule influencing osteoblast proliferation, differentiation, and
migration. (A,B) Construction of β-catenin knockdown cell lines (si-β-catenin), with Western blot verification of β-
catenin knockout efficiency (si-NC serving as negative control). n = 3. ###p < 0.001 vs. si-NC. (C,D) Western blot analysis
of the expression changes of key proteins in the Wnt signaling pathway (Wnt-3a, β-catenin, p-GSK-3β, GSK-3β) across
different treatment groups (Control, 100 μM LA, 100 μM LA + si-NC, 100 μM LA + si-β-catenin). (E,F) Western blot
analysis of the expression levels of cell proliferation-related proteins (PCNA, Ki67, Cyclin D1, c-myc). (G–I) Western
blot detection of osteogenic differentiation markers (RUNX2, OCN, OPN, OSX, BMP2, Collagen I). n = 3. ###p < 0.001
vs. Control, &&&p < 0.001 vs. 100 μM LA+ si-β-catenin

Regarding proliferation, the LA-induced upregulation of proliferation-related proteins PCNA, Ki67,
Cyclin D1, and c-Myc was significantly suppressed in β-catenin knockdown cells (p < 0.001, Fig. 6E,F),
indicating that β-catenin mediates LA’s proliferative effects. Comprehensive evaluation of osteogenic markers
revealed that LA-mediated upregulation of critical transcription factors (RUNX2, OSX, BMP2) and differen-
tiation markers (OCN, OPN, Collagen I) was β-catenin-dependent (Fig. 6G–I). Collectively, these findings
establish β-catenin as a crucial Wnt pathway effector that is essential for mediating LA-induced osteoblast
proliferation, differentiation, and extracellular matrix production. This finding not only clarifies the signal
transduction mechanism underlying LA’s osteogenic effects but also provides an important theoretical basis
for targeted β-catenin-based bone regeneration therapies.

4 Discussion
Bone regeneration is a vital physiological process for repairing bone defects and injuries in the human

body, with extensive clinical application value [40]. With the increasing prevalence of orthopedic diseases
and the growing demand for bone grafts, research into the mechanisms of bone regeneration has become a
focal point in both academia and clinical medicine [41]. Osteoblast-mediated bone formation encompasses
multiple coordinated processes (proliferation, differentiation, mineralization) that are tightly regulated at
molecular level through diverse signaling mechanisms [42,43]. Comprehensive understanding of bone
regeneration pathways facilitates the discovery of pivotal osteoblast modulators, offering both theoretical
support for precision medicine in bone repair and technological innovations for regenerative applications.
These advancements promise to elevate therapeutic efficacy while reducing morbidity and treatment
burdens, highlighting the dualsignificance of basic research exploration and clinical implementation.
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The proliferation of osteoblasts is a critical step in bone formation, directly affecting the capacity for
bone tissue repair and reconstruction. This study found that LA treatment significantly promoted osteoblast
proliferation activity. These findings align with previous work by Guan et al. [44], which reported that
aqueous extracts from Eucommia ulmoides leaves enhance proliferation in MC3T3-E1 preosteoblastic cells.
Cell proliferation is precisely regulated through the cell cycle, comprising distinct phases (G0/G1, S, G2, and
M), each governed by stringent molecular controls [45,46]. The progression of the cell cycle is primarily
controlled by cyclins and their associated cyclin-dependent kinases, which function through the formation
of active complexes that catalyze the phosphorylation of specific substrate proteins, consequently facilitating
transition between cell cycle phases. For example, Cyclin D1 binds to CDK4/6 to promote the transition
from G1 to S phase [47]. As established proliferation markers, PCNA and Ki67 are commonly employed in
cell cycle studies. PCNA functions as an essential cofactor for DNA polymerase during replication, and its
expression levels directly reflect cellular proliferative capacity [48]. Ki67 is a nuclear protein expressed in
G1, S, G2, and M phases but absent in G0, making it a reliable indicator of cell proliferation [49,50]. The
multifunctional transcription factor encoded by the c-myc proto-oncogene plays central roles in governing
cell proliferation, differentiation, and apoptosis. High levels of c-myc expression are characteristically
associated with heightened proliferative states [51,52]. In this study, flow cytometry was used to analyze the
effect of LA on the cell cycle distribution of MC3T3-E1 osteoblasts. The results showed that LA treatment
significantly reduced the proportion of cells in the G0/G1 phase while increasing the proportion of cells
in the S phase. These findings indicate that LA can effectively promote the transition of cells from the
quiescent phase (G0) or G1 phase to the active DNA synthesis phase (S phase), thereby accelerating cell
cycle progression and ultimately enhancing cell proliferation. The concentration-dependent effects further
corroborate LA’s regulatory capacity in cell cycle modulation. To molecularly corroborate these observations,
we conducted Western blot analysis of key proliferation markers and cell cycle regulators. Quantitative
protein analysis revealed dose-dependent elevations in PCNA, Ki67, Cyclin D1, and c-myc expression in
LA-exposed osteoblasts. Particularly, the upregulated expression of PCNA (a DNA replication cofactor) and
Ki67 (a cell cycle progression marker) provides direct molecular evidence for LA’s pro-proliferative effects on
osteoblasts. The upregulation of Cyclin D1 indicates that LA facilitates the G1 to S phase transition, consistent
with the observed reduction in G0/G1 phase cells from flow cytometry. As an important regulator of cell
proliferation, increased c-myc expression further supports LA’s role in promoting osteoblast proliferation.
These molecular evidence and cell cycle analysis results complement each other, collectively revealing that
LA promotes osteoblast proliferation by accelerating cell cycle progression.

The progression of osteogenic differentiation involves sequential phases, each governed by the synergis-
tic interaction of key transcription factors and signaling pathways. Runx2 is the primary transcription factor
governing osteogenic differentiation; its expression level directly determines the extent of mesenchymal
stem cell differentiation into osteoblasts [53]. The elevated Runx2 expression observed in osteoblasts likely
stems from LA-mediated activation of the Wnt/β-catenin signaling cascade. Concurrently, the increased
ALP activity, serving as a characteristic early-phase osteogenic marker, indicates functional activation of
osteoblast differentiation processes. OCN, a marker of late-stage osteogenic differentiation, indicates that
osteoblasts have entered a mature stage when its expression is upregulated [54]. The concomitant elevation of
these stage-specific markers demonstrates LA’s ability to regulate the full osteogenic differentiation cascade,
spanning from progenitor cell determination to functional osteoblast development. Experimental results
reveal that LA administration markedly enhances expression of critical osteogenic markers (Runx2, ALP,
and OCN), demonstrating its strong potential to stimulate osteoblast differentiation.
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Recent studies demonstrate that natural compounds (quercetin, icariin) promote osteogenesis through
coordinated activation of Wnt/β-catenin, BMP-2/Smad5, and ERK/MAPK signaling, enhancing BMSC pro-
liferation and differentiation [55,56]. The canonical Wnt pathway, fundamental to skeletal biology, regulates
β-catenin stability through a destruction complex (GSK-3β/APC/Axin) that targets it for ubiquitination [57].
Wnt ligand binding to Frizzled/LRP5/6 receptors disrupts this complex, enabling β-catenin nuclear translo-
cation and TCF/LEF-mediated transcription [58]. This study elucidates that LA exerts its pro-osteogenic
effects principally via Wnt/β-catenin pathway activation. Molecular analyses demonstrated LA-induced
upregulation of Wnt-3a and β-catenin expression, enhanced β-catenin nuclear accumulation, and increased
GSK-3β phosphorylation in osteoblasts. Importantly, both pharmacological Wnt inhibition and genetic β-
catenin ablation substantially attenuated osteogenic processes, confirming the pathway’s essential role in
bone regeneration. These findings underscore the fundamental contribution of Wnt/β-catenin signaling to
skeletal development, homeostasis, and pathology. This pathway not only regulates osteoblast proliferation
and differentiation but also participates in various essential physiological processes. Excessive activation
of Wnt/β-catenin signaling can induce pathological chondrocyte hypertrophy and accelerate osteoarthritis
development [59]. Therefore, precise regulation of its activity presents a significant challenge for future
drug development. LA regulates Wnt/β-catenin axis proteins in a dose-dependent manner (25, 50, 100 μM),
reflecting its natural pharmacodynamic profile. Compared to other activators, LA demonstrates a milder and
more controllable regulatory profile, which may reduce potential adverse reactions.

In the fields of bone regeneration and osteoporosis treatment, various drugs and natural compounds
have been confirmed to possess osteogenic activity. Comparing the mechanisms and effects of LA with
these known compounds can facilitate a better understanding of its potential clinical applications. The oral
bioavailability of icariin and its derivatives is also notably low (approximately 12%) and accompanied by
poor absorption, which consequently restricts their clinical application [60]. Similarly, quercetin exhibits
limitations in aqueous solubility, chemical stability, and absorption characteristics, typically resulting in
a relatively low bioavailability (<10%) [61]. Contemporary osteoporosis management primarily employs
two pharmacological approaches: anti-resorptive drugs (e.g., bisphosphonates) and bone-forming agents
(e.g., parathyroid hormone analogues). Nevertheless, these therapeutic options are frequently associated
with adverse effects or clinical application constraints [62]. Semaglutide, a glucagon-like peptide-1 (GLP-1)
receptor agonist, has recently been demonstrated to enhance the proliferation and osteogenic differentiation
of bone marrow mesenchymal stem cells. However, its administration may induce adverse effects, including
hypoglycemia, nausea, vomiting, and pancreatitis [63,64]. Given its natural origin, LA combines low
toxicity with potent bone-forming capabilities, highlighting its therapeutic promise. Future applications may
include bone repair strategies and engineered constructs for skeletal regeneration. Research by Zhang et al.
has demonstrated the application of LA in nanocarrier systems, combining LA with ZIF-8 nanoparticles
to achieve effective treatment of osteoarthritis [65]. This study provides an important reference for the
application of LA in bone regeneration materials. Notably, LA’s unique advantages in anti-inflammatory
and antioxidant properties confer it with special value in bone regeneration applications [66,67]. Many
patients with bone defects and osteoporosis often suffer from chronic inflammatory states [68,69]. The
multifunctional nature of LA enables simultaneous anti-inflammatory action and pro-osteogenic activity,
a therapeutic profile that outperforms many monofunctional pharmacological agents and positions it as a
highly promising candidate for bone repair applications.

This study demonstrates that LA promotes osteoblast proliferation, differentiation, mineralization, and
migration in vitro, mediated through activation of the Wnt/β-catenin signaling pathway. Although MC3T3-
E1 cells are a commonly used in vitro model in osteogenesis research, they cannot fully replicate the complex
in vivo physiological environment. Future studies should incorporate more physiologically relevant cell
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models, such as primary osteoblasts or human mesenchymal stem cells (hMSCs), and perform in vivo
animal experiments to more comprehensively evaluate the osteogenic potential of LA. The pathogenesis of
osteoporosis involves an imbalance between bone formation and resorption. Thus, the lack of assessment
regarding LA’s potential inhibitory effects on osteoclast activity limits a holistic understanding of its
capacity to achieve “net bone gain”. Future investigations should include evaluations of bone resorption.
Furthermore, this study does not provide a comprehensive exploration of the molecular regulatory network
of the Wnt/β-catenin pathway. Although LA-induced activation of the pathway was confirmed, detailed
mechanisms upstream-such as Wnt ligand-receptor interactions—were not thoroughly investigated. Deeper
mechanistic studies would help clarify how LA initiates Wnt signaling. Moreover, the reliance on DKK-1
as the only inhibitor for pathway validation is insufficient. Future work should employ additional specific
inhibitors targeting different nodes of the pathway or utilize genetic editing techniques to more precisely and
comprehensively verify LA’s regulatory mechanism, thereby providing a stronger foundation for developing
targeted therapeutic strategies.

5 Conclusion
This investigation represents the first systematic demonstration of LA’s pro-osteogenic effects mediated

via Wnt/β-catenin signaling. These findings significantly advance our understanding of LA’s pharmacological
properties while offering important mechanistic insights for developing novel bone therapeutic strategies.
Future research should further verify its in vivo effects, elucidate detailed molecular mechanisms, and
evaluate its feasibility for clinical translation.
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Abbreviations
Abbreviations Full Name
LA Lithospermic acid
MSCs Mesenchymal stem cells
BMP Bone morphogenetic protein
Smad Sma- and mad-related proteins
ALP Alkaline phosphatase
ARS Alizarin red S
OCN Osteocalcin
PCNA Proliferating cell nuclear antigen
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RUNX2 Runt-related transcription factor 2
OPN Osteopontin
OSX Osterix
hMSCs Human mesenchymal stem cells
GLP-1 Glucagon-like peptide-1
ELISA Enzyme linked immunosorbent assay
Ki67 Kiel-67
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
DKK-1 Dickkopf-1
LDH Lactate dehydrogenase
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