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Osteoporosis (OP) is characterized by impaired osteoblast activity and excessive bone resorp-
tion, yet effective anabolic therapies remain limited. Here, we identify heat shock cognate
71 kDa protein (HSC70) as a novel negative regulator of osteoblast differentiation and reveal
echinacoside (ECH), a natural phenylethanoid glycoside from Cistanche deserticola, as its dir-
ect inhibitor. Functional studies demonstrated that inhibition or knockdown of Hsc70 pro-
moted osteoblast differentiation and mineralization, while Hsc70 overexpression abrogated
the effects of ECH. Mechanistically, ECH suppressed HSC70 activity to activate Wnt/B-catenin
signaling, enhance B-catenin nuclear translocation, and improve mitochondrial dynamics,
ATP production, and biogenesis, thereby providing metabolic support for osteogenesis. In
vivo, ECH treatment and hsc70 knockout alleviated glucocorticoid-induced bone loss and re-
stored mineralization in zebrafish models. Collectively, this work uncovers the HSC70-f3-
catenin/mitochondrial axis as a druggable pathway for skeletal homeostasis and positions

ECH as a promising natural lead for developing bone-anabolic therapies against OP.

1. Introduction

Osteoporosis (OP) is the most prevalent metabolic bone dis-
ease, primarily affecting postmenopausal women. It is clinically
defined by compromised bone mineral density (BMD) with elev-
ated fracture susceptibility due to impaired microarchitectural
integrity " °. Maintaining bone health relies on the dynamic equi-
librium between bone resorption by osteoclasts and bone forma-
tion by osteoblasts '. The pathophysiological hallmark of OP is
impaired osteogenic activity coupled with excessive osteoclastic
resorption . Consequently, targeting the bone remodeling pro-
cess through the dual modulation of both anabolic and catabolic
pathways represents a foundational strategy in regenerative ap-
proaches for OP management. Current treatments for OP aim to
reduce susceptibility to osteoporotic fractures by either promot-
ing bone formation or inhibiting bone resorption *. Pharmacolo-
gical interventions primarily target osteoblasts or osteoclasts to
alleviate symptoms > *. However, clinically available drugs that ef-
fectively promote bone formation or suppress bone resorption
remain insufficient.

Heat shock cognate 71 kDa protein (HSC70/HSPA8) func-
tions as a critical molecular chaperone essential for cellular
homeostasis °. This constitutively expressed protein demonstr-
ates multifaceted biological activities, including protein folding,
transport, degradation, and clathrin-mediated endocytosis > °.
Given its close association with the pathophysiology of various
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diseases, HSC70 is considered a promising therapeutic target °.
Currently, relatively little research has examined the relationship
between HSC70 and OP. Emerging evidence highlights a signific-
ant association between HSC70 dysregulation and bone metabol-
ic disorders. For instance, Li et al. demonstrated that HSC70-me-
diated autophagic degradation of specific substrates plays a
pivotal role in osteoclastogenesis and bone loss ". Moreover, the
concurrent silencing of HSC70 and MNSFf has been shown to in-
hibit RANKL-induced osteoclastogenesis °. These findings indic-
ate that HSC70 is closely associated with osteoclastogenesis.
However, no evidence indicates a direct association between
HSC70 and osteoblast differentiation. Crucially, the functional
activity of HSC70 is tightly regulated by its co-chaperones, such
as the carboxyl terminus of Hsc70-interacting protein (CHIP) and
BAG-1, which critically modulate its biological effects °. Evidence
suggests that CHIP inhibits osteogenic differentiation by pro-
moting ubiquitination-mediated degradation of Osterix and
Runx2 *'°. Unexpectedly, Chip knockout mice exhibit enhanced
osteoclastogenesis alongside impaired osteoblast differentiation,
resulting in significant bone loss '". Moreover, disruption of the
BAG-1-HSC70 interaction markedly impairs the differentiation
capacity of osteoblasts '*. These results highlight that HSC70 is a
promising target for OP therapy.

Echinacoside (ECH), a bioactive phenylethanoid glycoside
from Cistanche deserticola, has demonstrated neuroprotective
and anticancer activities in numerous studies ", Studies have
shown that ECH can inhibit the formation and function of osteo-
clasts '**’. Our previous research also revealed that ECH en-
hances bone formation and reduces bone loss in ovariectomy
(OVX) rats, highlighting its potential therapeutic efficacy against
OP *""**, Despite these promising findings, the targets and exact

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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mechanisms of ECH in OP treatment remain unclear. Small-mo-
lecule affinity chromatography represents a viable approach for
drug target identification **. Natural products, with diverse bio-
activities, have long served as invaluable resources for drug dis-
covery and development . It is worthwhile to discover naturally
derived compounds that regulate bone remodeling to investigate
their pharmacological targets and elucidate novel regulatory
mechanisms in bone metabolism. Therefore, this study aimed to
further evaluate the therapeutic effects of ECH on OP and elucid-
ate its underlying molecular mechanisms by combining small-
molecule affinity chromatography with in vivo and in vitro experi-
mental research, ultimately providing a theoretical basis for the
future pharmaceutical application of ECH.

In this study, we found that HSC70 is a direct cellular target
of ECH. By targeting HSC70, ECH activates the Wnt/-catenin sig-
naling pathway and improves mitochondrial homeostasis,
thereby promoting osteoblast differentiation and ultimately alle-
viating OP symptoms.

2. Materials and methods

2.1. Reagents and antibodies

Ascorbic acid (A5960) and (-glycerophosphate (G9422) were
obtained from Sigma-Aldrich (USA). ECH (purity = 98%) was pur-
chased from Herbest Biotech (Baoji, China). Pronase E (P8360),
Protease Inhibitor Cocktail (P001), Lipofectamine 2000 transfec-
tion reagent (11668019), and VER-155008 (HY-10941) were
purchased from Solarbio (Beijing, China), NCM Biotech (Suzhou,
China), Invitrogen (USA), and MCE (Shanghai, China), respect-
ively. The antibodies are detailed in Supplementary Table 1.

2.2. Cell culture

MC3T3-E1 (Subclone 14) cells were acquired from Procell Bi-
otech (Wuhan, China). The cells were cultured in MEM Alpha sup-
plemented with 10% FBS and 1% penicillin-streptomycin at 37 °C
with 5% CO, in a humidified environment.

2.3. Zebrafish

The feeding and breeding of zebrafish adhered to the stand-
ards outlined in the Zebrafish Book *°. Adult male and female
zebrafish were separately housed in a recirculating aquaculture
system maintained at 28 °C under a 14-h light/10-h dark cycle
and fed brine shrimp twice daily. The Animal Ethics Committee of
China Pharmaceutical University authorized all experimental pro-
tocols (license number: SYXK (SU) 2016-0011; approval number:
2024-09-024).

Three-day post-fertilization (3 dpf) zebrafish larvae were
randomly allocated into four experimental groups: the control
group was maintained in embryo culture medium containing
0.1% DMSO; the model group was treated with 25 umol-L™" pred-
nisolone (Pre); the model + etidronate disodium (Ed) group was
treated with Pre and Ed (120 umol-L™); the model + ECH group
was treated with Pre and ECH (50/100/200 pmol-L™). Half of the
medium was replaced daily over the entire 4-day treatment peri-
od. Subsequently, larvae were collected for enzyme activity and
mineralization analysis.

2.4. Cell viability assay

The cytotoxic properties of ECH were evaluated via the CCK-8
assay following standard protocols. Briefly, cells were seeded in-
to 96-well plates and then subjected to ECH treatment. After
treatment, 10 pL of CCK-8 solution was added to each well and
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incubated at 37 °C for 2 h. Absorbance was then measured at 450
nm using a microplate reader, and cell viability was calculated re-
lative to untreated controls.

2.5. Quantitative real-time PCR (qRT-PCR) analysis

Cellular RNA was extracted using RNA-easy Isolation Re-
agent (Vazyme, Nanjing, China), followed by cDNA synthesis via
HiScript III All-in-one RT SuperMix (Vazyme). QRT-PCR was sub-
sequently performed on a QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific, USA) using AceQ qPCR SYBR Green
Master Mix (Vazyme). Relative mRNA levels were normalized to
Gapdh (internal control) and calculated using the 2742 method.
Primer sequences are provided in Supplementary Table 2.

2.6. Alkaline phosphatase (ALP) activity assay

MC3T3-E1 cells were treated with ECH to induce osteoblast
differentiation for 7 days. Following this incubation, cells were
lysed, and ALP activity was measured using an ALP assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.7. ALP staining

MC3T3-E1 cells were treated with ECH to induce osteoblast
differentiation for 7 days. Following this incubation, cells were
fixed and subsequently stained using a TRAP/ALP Stain Kit
(Wako, Japan). Stained cells were visualized and photographed
(Nikon Ts2R, Japan).

2.8. Alizarin red staining

MC3T3-E1 cells were cultured for 21 days in osteogenic dif-
ferentiation medium consisting of a-MEM enriched with 10
mmol-L™" B-glycerophosphate, 50 pg-mL™" ascorbic acid, and sup-
plemented with ECH to induce mineralization. After fixation with
4% paraformaldehyde, cells were stained with Alizarin Red S
solution at 37 °C for 30 min to visualize mineralization. The min-
eralization nodules, which stained red, were then visualized and
photographed using a microscope (Nikon Ts2R, Japan).

Zebrafish larvae were fixed with 4% paraformaldehyde and
subsequently decolorized for an hour with a solution containing
0.5% KOH and 3% H,0,. Following this, they were incubated in a
solution containing 0.1% Alizarin Red and 0.5% KOH for 30 min.
Larvae were then permeabilized overnight in permeabilization
solution (0.5% KOH : glycerol = 1: 1) and transferred to pure gly-
cerol for storage. Skeletal morphology was documented using a
stereo microscope (Olympus SZ61, Japan).

2.9. Biolayer interferometry (BLI) assay

The binding ability of ECH to HSC70 was analyzed using a
ForteBio Octet Red 96 system (PALL, USA). Recombinant His-
HSC70 protein was immobilized onto an NTA biosensor. Sub-
sequently, the biosensors were incubated with serial concentra-
tions of ECH in PBST. BLI data were analyzed using Data Analysis
HT software.

2.10. Drug affinity responsive target stability (DARTS)

MC3T3-E1 cells were lysed using NP-40 Lysis Buffer. The lys-
ate was then supplemented with ECH (50, 100 umol-L™") and di-
luted to the same volume with 10 x TNC buffer (50 mmol-L™
NaCl, 10 mmol-L™" CaCl,, 50 mmol-L™" Tris-Hcl, pH 8.0). This mix-
ture was incubated at 4 °C for 1 h. Subsequently, a 5 pg-mL™"
Pronase E solution was introduced, and incubation continued at
room temperature for an additional 20 min. Following enzymatic
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digestion, HSC70 was detected by immunoblotting with an anti-
HSC70 antibody.

2.11. Cellular thermal shift assay (CETSA)

MC3T3-E1 cells were treated with ECH (50 umol-L™) for 4 h
at 37 °C. Following treatment, cells were harvested in PBS con-
taining 1% protease inhibitor cocktail and divided into ten
groups. They were heated for 3 min at gradient temperatures
(43-61 °C) using a Veriti™ 96-Well Fast Thermal Cycler (ABI,
USA). The samples were then subjected to repeated freeze-thaw
cycles in liquid nitrogen. Cell lysates were detected by immun-
oblotting.

2.12. Knockdown of Hsc70 with siRNA

For the knockdown of Hsc70 expression in cells, siRNA tar-
geting Hsc70 and siNC were synthesized by Suzhou Biosyntech
Co., Ltd. (Suzhou, China) and then transfected into cells using
Lipofectamine 2000 transfection reagent. The specific siRNA se-
quences used are detailed in Supplementary Table 3.

2.13. Mitro-Tracker staining

MC3T3-E1 cells were subjected to either ECH treatment or
siRNA transfection for 48 h, followed by mitochondrial staining
with 100 nmol-L™ Mito-Tracker Green solution (Beyotime,
Shanghai, China). Live-cell fluorescent images were subsequently
captured using a confocal microscope (ANDOR, BC43, UK). Mito-
chondrial mean branch length was quantitatively analyzed using
Image] (version 1.54f) with the MiNA 2.0 functional plugins.

2.14. Measurement of mtDNA content

Genomic DNA was extracted using the TIANamp Genomic
DNA Kit (TIANGEN BIOTECH, Beijing, China). qRT-PCR was sub-
sequently performed to determine the relative copy numbers of
nuclear DNA (nDNA) and mitochondrial DNA (mtDNA). The
primer sequences used for these analyses are detailed in Supple-
mentary Table 4.

2.15. Western blot (WB) analysis

Lysates were prepared using a lysis buffer containing pro-
tease inhibitor cocktail. Protein quantification was performed us-
ing the BCA assay kit. Equal amounts of protein were denatured
in 5x SDS-PAGE sample loading buffer by boiling at 100 °C for 5
min. Proteins were then separated by SDS-PAGE and sub-
sequently transferred onto nitrocellulose membranes via wet
transfer. Membranes were blocked in 5% non-fat milk for 2 h at
room temperature, then probed with primary antibodies
overnight at 4 °C. After three 10-min TBST washes, membranes
were incubated with HRP-conjugated secondary antibodies at
room temperature for 1 h, washed again with TBST, and finally
visualized using a chemiluminescence imaging system (Tanon
5200, Shanghai, China).

2.16. Molecular docking

The 3D structure of HSC70 was retrieved from the PDB data-
base (https://www.rcsb.org/, PDB code: 3M3Z), and the struc-
ture of ECH was sourced from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/, PubChem CID: 5281771).
Molecular docking and result visualization were performed using
AutoDockTools (Version 1.5.7) and PyMOL (Version 2.5.0), re-
spectively.
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2.17. Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(Version 8.0.2). Two-tailed Student’s t-test was used for compar-
ison of two groups, and one-way ANOVA was used for comparis-
on of multiple groups. Data were considered statistically signific-
ant when P was < 0.05.

3. Results

3.1. ECH promotes osteoblast differentiation in vitro

Promoting osteoblast-mediated bone formation is con-
sidered an effective approach to alleviate OP. Therefore, we ini-
tially explored the potential of ECH to stimulate osteoblast differ-
entiation (Fig. 1A). After 72 h of ECH treatment, the viability of
MC3T3-E1 cells showed only a slight reduction, suggesting that
ECH had no obvious cytotoxicity (Fig. 1B). Osteoblast differenti-
ation is mainly regulated by Runx2 and Osterix, which control the
expression of bone formation marker genes such as type [ colla-
gen (Collal) and osteocalcin (Ocn). ALP, a widely recognized bio-
marker for osteoblast differentiation, is also closely associated
with the osteogenic process. qRT-PCR results revealed ECH signi-
ficantly upregulated the mRNA levels of Runx2, Osterix, Alp,
Collal, and Ocn (Figs. 1C-1G). Furthermore, both ALP staining
and activity assays showed that ECH markedly increased ALP
activity (Figs. 1H, 1I). Mineralization nodules form at the end of
osteoblast differentiation. ECH notably increased the formation of
mineralization nodules, as demonstrated by alizarin red staining
(Fig. 1]). Altogether, our findings suggest that ECH effectively
promotes osteoblast differentiation in vitro.

3.2. HSC70 serves as a cellular target of ECH

Cellular targets are the molecular basis of ECH-mediated
bone homeostasis. To identify these targets, we developed ECH-
conjugated epoxy-activated Sepharose beads 6B (ECH beads) as
an affinity-based tool for isolating proteins that directly interact
with ECH (Fig. S1). Subsequently, we performed Coomassie blue
staining and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to detect and identify the bound proteins (Fig. 2A).
Notably, the abundance of HSC70 was particularly prominent
among the identified proteins (Fig. 2B). Moreover, a multi-data-
base integrated network pharmacology analysis was performed,
which revealed 80 shared target genes as potential therapeutic
targets of ECH for OP (Fig. S2A). Significantly, HSC70 (encoded by
HSPA8 or HSC70) emerged as one of the core targets within this
network (Fig. S2B). Therefore, we hypothesized that HSC70 may
function as a direct cellular target of ECH. Further experiments
demonstrated that HSC70 was pulled down by ECH beads, while
excess ECH competitively inhibited this interaction (Fig. 2C). Oct-
et Biolayer Interferometry (BLI) revealed that ECH directly
bound to HSC70 (Kd = 0.18 pmol-L™", Fig. 2D). Drug affinity re-
sponsive target stability (DARTS) analysis indicated that ECH in-
creased the stability of HSC70 by enhancing its resistance to pro-
teolysis (Fig. 2E). Additionally, ECH improved the thermal stabil-
ity of HSC70, as demonstrated by the cellular thermal shift assay
(CETSA) (Figs. 2F, 2G). To identify potential interaction sites and
binding energy between ECH and HSC70, we performed molecu-
lar docking of ECH into the HSC70 structure (PDB code: 3M3Z)
(Fig. 2H). Overall, these findings confirm that ECH directly binds
to HSC70.

3.3. HSC70 inhibits osteoblast differentiation

To evaluate the potential role of HSC70 in the differentiation
of MC3T3-E1 cells, we treated the cells with VER-155008, a po-
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Fig. 1 ECH promotes osteoblast differentiation in vitro. (A) Chemical structure of echinacoside (ECH). (B) Effects of ECH on MC3T3-E1 cell viability after 48 h and 72 h of
treatment. n = 3. (C-G) qRT-PCR analysis of Runx2, Osterix, Alp, Collal, and Ocn mRNA levels in MC3T3-E1 cells treated with ECH for 72 h.n = 5, 4, 3, 3, and 5, respectively.
(H) Representative ALP staining images showing ALP activity in MC3T3-E1 cells treated with ECH for 7 days. Scale bar, 500 um. n = 3. (I) Quantification of ALP activity in
MC3T3-E1 cells treated with ECH for 7 days using an ALP assay kit. n = 3. (J) Representatlve Ahzarm Red staining images showing mineralization in MC3T3-E1 cells treated
with ECH for 21 days. Scale bar, 500 um. n = 3. Data are expressed as means  SD. P < 0.001, "P < 0.01, P < 0.05 vs Control. ns, not significant.

tent HSC70 inhibitor. qRT-PCR analysis revealed that VER-
155008 treatment upregulated several osteogenesis markers
(Fig. 3A). Additionally, VER-155008 significantly increased ALP
activity (Figs. 3B, 3C). Alizarin red staining demonstrated that
VER-155008 significantly enhanced the mineralization nodule
area (Fig. 3D). Moreover, Hsc70 knockdown markedly promoted
the expression of several osteogenesis markers, increased ALP
activity, and enhanced mineralization nodule formation (Figs.
3E-3H). However, the enhanced expression of osteoblast differ-
entiation-related transcription factors induced by ECH was re-
versed by Hsc70 overexpression (Fig. 31). Similarly, Hsc70 overex-
pression also blocked the ECH-mediated increase in ALP activity
and mineralization nodule formation (Figs. 3]J-3L). Altogether,
these results indicate that HSC70 inhibits osteoblast differenti-
ation.

3.4. HSC70 regulates osteoblast differentiation through the Wnt/[-
catenin signaling pathway

To elucidate the molecular mechanisms through which
HSC70 influences osteoblast differentiation, we performed quant-
itative proteomic analysis on MC3T3-E1 cells, comparing the
Hsc70 knockdown group (siHsc70) with a negative control (siNC).
Principal component analysis (PCA) showed distinct clustering
between the two groups, indicating significant proteomic differ-
ences (Fig. 4A). Differential protein expression analysis identi-
fied a total of 1561 significantly upregulated proteins and 1332
significantly downregulated proteins in the siHsc70 group relat-
ive to the siNC group (Figs. 4B-4C). Gene set enrichment analysis
(GSEA) showed predominant downregulation of proteins associ-
ated with negative regulation of the canonical Wnt signaling path-
way in Hsc70-deficient cells (Fig. 4D). Given the critical role of the

737

canonical Wnt signaling pathway in bone formation, we system-
atically investigated its modulation by ECH and HSC70 in MC3T3-
E1 cells. WB analysis indicated that ECH inhibited GSK3 activity
by enhancing its phosphorylation at Ser9, thereby disrupting the
f-catenin destruction complex and stabilizing -catenin (Fig. 4E).
Concurrently, ECH significantly promoted (-catenin nuclear
translocation (Figs. 4F, 4G). Consistent with these findings, VER-
155008 treatment also upregulated p-GSK3f (ser9) levels and
enhanced B-catenin nuclear translocation (Figs. 4H-4]). Next, we
assessed the effects of Hsc70 knockdown or overexpression on
the Wnt/B-catenin signaling pathway. Hsc70 knockdown en-
hanced p-GSK3p (ser9) levels and facilitated B-catenin nuclear
translocation (Figs. 4K-4M). Conversely, Hsc70 overexpression
abolished ECH-induced activation of the Wnt/f3-catenin signaling
pathway (Figs. 4N-4P). Altogether, these results demonstrate
that HSC70 regulates osteoblast differentiation through the
Wnt/B-catenin signaling pathway.

3.5. HSC70 regulates mitochondrial homeostasis for osteoblast dif-
ferentiation

To further explore the biological mechanism of HSC70-medi-
ated osteoblast differentiation, we conducted Gene Ontology (GO)
enrichment analysis on the set of differentially expressed pro-
teins identified in Hsc70 knockdown MC3T3-E1 cells. The analys-
is revealed activation of mitochondria-related pathways (Fig. 5A).
GSEA further demonstrated upregulated expression of mitochon-
drial proteins and enhanced mitochondrial energy metabolism
(Figs. 5B-5E). Based on these results, we hypothesized that ECH,
by inhibiting HSC70, may potentiate osteoblast differentiation
through the augmentation of mitochondrial energy metabolism.
First, we assessed mitochondrial morphology in ECH-treated
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MC3T3-E1 cells. The results showed increased mitochondrial
fragmentation and donut-shaped mitochondrial formation (Figs.
5F, 5G). Mitochondria are highly dynamic organelles in mammali-
an cells, and their functional integrity is regulated by coordin-
ated fusion (mediated by OPA1 and MFN1/2) and fission (medi-
ated by Drpl). The qRT-PCR analysis indicated that ECH treat-
ment for 48 h upregulated Drp1 mRNA levels and downregulated
Mfn2 mRNA levels (Fig. 5H). WB analysis confirmed increased
Drp1 protein levels and decreased MFN2 protein levels (Fig. 51).
Moreover, ECH treatment significantly enhanced cellular ATP
production and increased mitochondrial DNA (mtDNA) content
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(Figs. 5], 5K). Among mitochondrial biogenesis markers (PGC-1a,
ATP5B, and TFAM), ECH specifically upregulated TFAM expres-
sion, whereas it had no significant effect on PGC-1a or ATP5B
levels (Fig. 5L). Consistently, Hsc70 knockdown recapitulated
ECH’s effects on MC3T3-E1 cells: increased mitochondrial
fragmentation and formation of donut-shaped mitochondria, el-
evated Drpl and TFAM expression, reduced MFN2 express-
ion, enhanced ATP production, and increased mtDNA content
(Figs. 5SM-5R). Collectively, these findings indicate that HSC70
regulates mitochondrial homeostasis for osteoblast differenti-
ation.
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VER-155008 for 72 h. n = 3. (B) ALP activity quantification in MC3T3-E1 cells treated with VER-155008 for 7 days. n = 3. (C) Representative ALP staining images showing en-
hanced activity in MC3T3-E1 cells treated with VER-155008 for 7 days. Scale bar, 500 um. n = 3. (D) Representative Alizarin Red staining images demonstrating mineraliza-
tion in MC3T3-E1 cells treated with VER-155008 for 21 days. Scale bar, 500 um. n = 3. (E) qRT-PCR analysis of osteoblast markers in MC3T3-E1 cells following Hsc70 knock-
down. n = 3. (F) ALP activity quantification in Hsc70-knockdown MC3T3-E1 cells. n = 3. (G) ALP staining images of Hsc70-knockdown MC3T3-E1 cells. Scale bar, 500 pm. n =
3. (H) Mineralization in Hsc70-knockdown MC3T3-E1 cells assessed by Alizarin Red staining. Scale bar, 500 um. n = 3. (I) qRT-PCR analysis of osteoblast markers in MC3T3-
E1 cells overexpressing Hsc70 with ECH treatment. n = 3, 5, 3, 4, 3, and 3, respectively. (J) ALP activity quantification showing Hsc70 overexpression blocking ECH-induced
effects. n = 3. (K) ALP staining images of Hsc70-overexpressing MC3T3-E1 cells treated with ECH. Scale bar, 500 pm. n = 3. (L) Alizarin Red staining images demonstrating
Hsc70 overexpression reversing ECH-induced mineralization. Scale bar, 500 um. n = 3. Data are expressed as means * SD. P <0.001, "P < 0.01, P < 0.05 vs Control. ns, not
significant.

3.6. hsc70 knockout alleviates prednisolone-induced OP in a research areas, owing to its unique experimental advantages ****.
zebrafish model The glucocorticoid-induced zebrafish model is a well-established
and widely used system for studying OP *’. First, we assessed the

The zebrafish (Danio rerio) has become a powerful and ver- effects of ECH on Pre-induced OP in zebrafish. The results showed
satile vertebrate model organism in a wide range of biomedical that ECH treatment effectively increased ALP activity and de-
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creased tartrate-resistant acid phosphatase (TRAP) activity (Figs.
6A-6C). Alizarin Red staining further demonstrated that ECH sig-
nificantly enhanced the mineralization area and integrated optic-
al density (IOD) in Pre-induced OP zebrafish, indicating im-
proved bone formation (Figs. 6D, 6E). Next, we investigated the
effects of hsc70 knockout (KO) on Pre-induced OP in zebrafish. In-
triguingly, hsc70 KO significantly reversed the Pre-induced reduc-
tions in ALP activity and the elevation of TRAP activity (Figs.
6F-6H). Consistently, compared with wild-type (WT) controls,
hsc70 KO restored the mineralization area and IOD in Pre-treated
zebrafish (Figs. 61, 6]). In summary, these data indicate that hsc70
KO alleviates Pre-induced OP phenotypes in zebrafish, support-
ing a role for HSC70 as a negative regulator in bone health.

4. Discussion

OP is a multifactorial metabolic bone disorder characterized

sitlse70-vs-siNC (Up)
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by an imbalance between bone resorption and bone forma-
tion > ***. Although current pharmacological interventions
primarily aim to either inhibit osteoclast activity or stimulate os-
teoblast function, their clinical efficacy is often limited, and long-

. 33-35
term safety concerns remain

. Therefore, identifying novel
therapeutic targets that can restore bone homeostasis is of signi-
ficant importance. In the present study, we identified HSC70 as a
negative regulator of osteoblast differentiation and demon-
strated that ECH alleviates OP by directly targeting HSC70,
thereby activating Wnt/f3-catenin signaling and improving mito-
chondrial function.

Previous studies have mainly associated HSC70 with protein
quality control and autophagy ****®, with emerging evidence sug-
gesting its involvement in osteoclastogenesis and bone resorp-
tion ”°. However, the role of HSC70 in osteoblast differentiation
has remained unclear. Our results demonstrate that HSC70 ex-
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of zebrafish larval mineralization across experimental groups. (E) Quantification of mineralization area and integrated optical density (IOD) from panel D. n = 10
larvae/group. (F) Experimental design for assessing hsc70 knockout (KO) effects in OP zebrafish model. (G) Effect of hsc70 KO on ALP activity in zebrafish model of OP. n = 3.
(H) Effect of hsc70 KO on TRAP activity in zebrafish model of OP. n = 3. (I) Representative Alizarin Red staining of zebrafish larval mmerallzatlon in hsc70 WT and hsc70 KO

groups. (J) Quantification of mineralization area and 10D from panel I. n = 10 larvae/group. Data are expressed as means + SD. P < 0.001, "P < 0.01, P < 0.05 vs Control. ns,
not significant.
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erts an inhibitory effect on osteoblast differentiation by repress-
ing B-catenin activity and perturbing mitochondrial homeostasis.
This finding extends the biological significance of HSC70 to
skeletal regulation and highlights its dual role as both a molecu-
lar chaperone and a metabolic checkpoint in bone biology. Im-
portantly, inhibition or knockdown of HSC70 recapitulated the ef-
fects of ECH, validating HSC70 as a druggable target for bone-ana-
bolic therapy.

The identification of ECH as a natural inhibitor of HSC70 fur-
ther enriches its pharmacological profile. ECH has been reported
to inhibit osteoclast activity %20 protect neuronal cells "%,
and exert anti-inflammatory effects ' *’ . Here, we show that ECH
promotes osteoblast differentiation by simultaneously activating
Wnt/B-catenin signaling and enhancing mitochondrial function.
This dual regulation is particularly relevant, as osteoblast differ-
entiation is energy-intensive and tightly coupled to mitochondri-
al metabolism *"**. By improving mitochondrial dynamics and
biogenesis, ECH ensures adequate bioenergetic support for osteo-
genesis. These findings support the concept that natural products
such as ECH can serve as multi-target modulators, bridging sig-
naling pathways with metabolic regulation.

It is noteworthy that the regulatory role of HSC70 in Wnt/§3-
catenin signaling appears to be context-dependent. In certain
cancer models, HSC70 activation facilitates (-catenin signaling
and tumor progression **, whereas in osteoblasts, our data show
that HSC70 represses B-catenin nuclear translocation. This dis-
crepancy may arise from the differential availability of HSC70 co-
chaperones or interacting proteins across distinct cellular envir-
onments. Understanding these cell type-specific interactions may
guide the development of selective HSC70-targeted therapies
with minimal off-target effects.

Mitochondrial remodeling emerged as another critical down-
stream event of HSC70 inhibition. Although excessive mitochon-
drial fission is often associated with dysfunction **, our findings
indicate that moderate remodeling, characterized by increased
fission coupled with enhanced biogenesis, can support osteoblast
differentiation. These results align with previous studies show-
ing that dynamic mitochondrial changes promote energy output
and favor osteogenic lineage commitment “**’. Furthermore, the
observed crosstalk between (3-catenin signaling and mitochondri-
al regulation suggests a tightly coordinated mechanism in which
transcriptional programming and metabolic adaptation syner-
gize to drive bone formation.

From a translational perspective, these findings position
HSC70 as a promising therapeutic target for OP. Pharmacological
inhibition of HSC70 by ECH not only restores osteoblast function
but also addresses mitochondrial dysfunction, a pathological hall-
mark of glucocorticoid-induced and age-related bone loss ***,
The zebrafish OP model provided compelling in vivo validation, as
both ECH treatment and hsc70 knockout significantly improved
bone mineralization. These results underscore the therapeutic
potential of targeting the HSC70-f3-catenin/mitochondria axis in
OP and possibly in other metabolic bone disorders.

Nonetheless, several limitations should be acknowledged.
First, although zebrafish models provided valuable in vivo in-
sights, further validation in mammalian systems, particularly ro-
dent models of postmenopausal or glucocorticoid-induced OP, is
required. Second, because ECH is a multitarget natural
pound *’, comprehensive profiling is necessary to assess poten-
tial off-target effects.

Taken together, our findings establish a previously unrecog-
nized role of HSC70 as a negative regulator of osteoblast differen-
tiation and identify ECH as a natural HSC70 inhibitor with bone-
anabolic effects. By bridging Wnt/B-catenin signaling and mito-
chondrial homeostasis, ECH provides a multifaceted approach to
restoring bone health. These insights open new avenues for de-
veloping innovative therapeutic strategies for OP and highlight

com-
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the broader potential of targeting HSC70 in metabolic and degen-
erative diseases.

5. Conclusion

In summary, this study identifies HSC70 as a novel negative
regulator of osteoblast differentiation and demonstrates that ECH
directly targets HSC70 to restore bone homeostasis. By inhibiting
HSC70, ECH activates Wnt/B-catenin signaling and enhances mi-
tochondrial function, thereby promoting osteoblast differenti-
ation and mitigating OP phenotypes. These findings establish the
HSC70-B-catenin/mitochondrial axis as a druggable pathway and
highlight ECH as a promising natural lead for developing bone-
anabolic therapies.
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This cover illustrates the translational discovery of echinacoside (ECH), a bioactive
phenylethanoid glycoside from the desert medicinal plant Cistanche deserticola, as a promising
natural therapeutic candidate for osteoporosis (OP). OP, a prevalent skeletal disorder driven
by impaired osteoblast function and excessive bone resorption, remains in urgent need of safe
and effective anabolic therapies. In this work, we identify heat shock cognate 71 kDa protein
(HSC70) as a novel negative regulator of osteoblast differentiation, and reveal ECH as its direct
pharmacological inhibitor. As visually depicted in the artwork, ECH binds to HSC70 to block its
suppressive function, triggering a cascade of osteogenic events: activation of the canonical
Wnt/B-catenin pathway, enhanced (-catenin nuclear translocation, and improved mitochon-
drial dynamics, ATP production, and biogenesis. These effects collectively provide robust
metabolic support for osteoblast maturation and bone mineralization. In vivo, both ECH admin-
istration and hsc70 knockout alleviated glucocorticoid-induced bone loss and restored healthy
bone microarchitecture in zebrafish models. This study uncovers the druggable HSC70-(-

catenin/mitochondrial axis for skeletal homeostasis, positioning ECH as a lead natural compound for developing novel anti-osteoporotic

therapies. The visual narrative traces this journey from the source plant and its active molecule, through target engagement and cellular
signaling, to the restoration of bone health.
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