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Abstract Background/purpose: Heat stress is essential for improving the efficacy of mesen-
chymal stem cell (MSC)-based regeneration medicine. However, it is still unclear whether and
how heat stress influences the differentiation of stem cells from apical papilla (SCAPs). This
research aimed to explore the potential mechanism of glucose-regulated protein 78 (GRP78)
in regulating differentiation under heat stress in SCAPs.
Materials and methods: The proliferation ability was assessed using the 5-Ethynyl-2’- deoxyur-
idine (EdU) assay, cell counting kit assay (CCK-8), and flow cytometry (FCM). The osteogenic
and odontogenic differentiation capacities were investigated through Western blot, quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR), alkaline phosphatase (ALP)
staining and activity assay, alizarin red S (ARS) staining, as well as immunofluorescence stain-
ing. Western blot and transmission electron microscopy (TEM) were used to detect autophagy.
Results: Heat stress enhanced the osteogenic and odontogenic differentiation of SCAPs, but it
did not significantly affect proliferation. Besides, GRP78 has been confirmed to modulate the
differentiation induced by heat stress. Autophagy triggered by GRP78 enhanced osteogenic
and odontogenic differentiation of SCAPs, while the knockdown of GRP78 or the inhibitor of
autophagy suppressed the differentiation.
Conclusion: Heat stress induces osteogenic and odontogenic differentiation of SCAPs through
GRP78-mediated autophagy.
ª 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

With the exacerbation of the aging population, the preva-
lence of bone diseases is increasing rapidly and has become
a growing public health problem worldwide, leading to
serious health, economic, and social burdens.1e3 Among
them, the most critical pathologic conditions are large bone
defects caused by osteoporosis, bone fractures, and tumor
resection.4 Fortunately, mesenchymal stem cells (MSCs)-
based regenerative medicine has shown its notable capac-
ity for bone remodeling and regeneration over the past
years.5,6 MSCs are primitive cells with the ability to self-
renew and differentiate into multiple cell types. They can
be obtained from various sources, including bone marrow,
adipose tissue, peripheral blood, and teeth.7 Research has
shown that stem cells from apical papilla (SCAPs), derived
from the apex of immature permanent teeth, are highly
promising candidates for regenerative medicine.8,9 SCAPs
have the capacity to differentiate into odontoblasts, oste-
oblasts, and chondrocytes, contributing not only to dentin
formation but also to the regeneration of bone tissue.10

Furthermore, compared to other MSCs, SCAPs are charac-
terized by a great proliferative potential and little inherent
immunogenicity. As a result, SCAPs are widely used for
regenerative endodontic treatment (RET) and bone
regeneration.11,12

However, despite the remarkable efficacy of MSCs in
clinical studies, there are still certain challenges to
address, such as limited viability and loss of stemness.13 To
achieve the desired regenerative potential, hyperthermia
therapy has been adopted, which is a protective response
caused by low doses of heat stress.14 Recently, hyperther-
mia therapy has attracted mounting attention because of
its precise spatiotemporal control, which depends on the
rapid development of photothermal technology.15,16 Addi-
tionally, several findings have indicated that mild heat
stress can dramatically optimize the potency and differ-
entiative capacity, promoting the angiogenesis and
osteogenesis.17e19 Therefore, gaining a better under-
standing of the differentiation mechanism of MSCs under
heat stress might offer new perspectives on MSCs-based
regeneration.

Glucose-regulated protein 78 (GRP78), also referred to
as BiP or HSPA5, is an endoplasmic reticulum (ER) chap-
erone and a member of the heat shock protein (HSP) 70
family.20 It has been reported that GRP78 can be
strengthened by heat stress, which has piqued our inter-
est.21 GRP78 is a multifunctional protein that actively
participates in various cellular processes.22,23 It facilitates
the folding of newly synthesized proteins and targets mis-
folded proteins for degradation, enabling cells to adapt to
adverse stress conditions. It is also one of the calcium-
binding proteins, contributing to calcium homeostasis in
the ER.24 Moreover, GRP78 participates in cellular signaling,
migration, proliferation, apoptosis, and immunity.25,26

Notably, it has been suggested that there is a feasible link
between GRP78 and the differentiation of MSCs.27

Autophagy, a cellular degradation mechanism conserved
across eukaryotes, serves as an adaptive response to
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cellular stress. It involves the delivery of non-essential
macromolecules and detrimental cytoplasmic entities to
the lysosome or vacuole for degradation, to hereby
ensuring cellular homeostasis.28,29 Autophagy plays a
crucial role in various physiological processes, whereas
impaired autophagy has been implicated in numerous dis-
eases such as cancer, neurodegenerative disorders, and
autoimmune conditions.30,31 Coincidentally, accumulating
evidence has revealed a close connection between both
heat stress and GRP78 with autophagy.32e34 Additionally,
autophagy plays a significant role in maintaining the self-
renewal potential of stem cells and is crucial in bone
regeneration.35e37 Our previous research has demonstrated
the positive effect of autophagy on the osteogenic and
odontogenic differentiation in SCAPs.38 Therefore, the
objective of this present study is to investigate the impact
of GRP78 on the osteogenic and odontogenic differentiation
of SCAPs during heat stress, as well as the regulatory role of
autophagy in the committed differentiation under this
condition.
Materials and methods

Cell culture

Premolars and third molars were obtained from patients
aged 13e20 who provided informed consent. The study
received approval from the Ethics Committee of Jiangsu
Provincial Stomatological Hospital. Initially, the teeth were
washed with PBS (Gibco, Grand Island, NE, USA), followed
by meticulous isolation of the apical papilla from immature
roots. The tissue was subjected to cutting and digestion in a
medium containing 3 mg/mL collagenase type I (Sigma-
eAldrich, St. Louis, MO, USA) and 4 mg/mL trypsin (Gibco)
at a temperature of 37 �C for a duration of 20 min. The cells
were centrifuged and subsequently seeded in a culture dish
with CM. Finally, the cells were transferred to a humidified
incubator with a temperature of 37 �C and a carbon dioxide
concentration of 5%. The SCAPs used in this study were
obtained from passages 3e5. GRP78 small interfering RNAs
(siGRP78) and overexpression plasmid were designed
(Ribobio, Guangzhou, China). Once the cell density reached
to approximately 70%, SCAPs were transfected with of the
corresponding vector.
Flow cytometry

SCAPs were subjected to incubation with conjugated pri-
mary antibodies, including CD29-APC, CD34-PE, CD45-PE,
CD73-PE, CD90-PE, and CD105-PerCP-Cy5.5, all of which
were obtained from BD Biosciences. This incubation process
occurred in a dark environment for a duration of 30 min.
Following this, the stained cells were resuspended in PBS
for the purpose of final flow cytometric analysis. For the
examination of the cell cycle phase, the cells were fixed in
70% ethanol at a temperature of 4 �C for a duration of
30 min. Following this fixation process, the cells were
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stained with propidium iodide (PI) in order to determine the
various cell cycle phases, including G0/G1, S, and G2/M.

Heat exposure

The presence of heat stress was confirmed based on pre-
vious studies.39,40 Subsequently, cells were transferred to
an incubator with preset temperatures of 39 �C, 41 �C, and
43 �C for a duration of 1 h every 3 days. To prevent evap-
oration, the culture media was promptly refreshed
following heat exposure, after which the cells were
returned to the 37 �C incubator. In order to maintain
consistent experimental conditions, the control group
(37 �C) also underwent a change in medium. Following
several tests, the 41 �C group was designated as the heat
stress (HS) group, while the 37 �C group remained as the
non-heat stress (NC) group.

Alkaline phosphatase (ALP) staining and activity
assay

After a period of 7 days of osteogenic induction, ALP
staining and ALP activity were conducted. ALP staining was
performed in accordance with the user manual of the BCIP/
NBT Alkaline Phosphatase Color Development Kit (Beyo-
time, Shanghai, China). SCAPs were fixed using 4% PFA and
subsequently stained with the ALP detection solution for a
duration of 5e30 min under conditions of darkness. The
stained cells were then observed using an inverted micro-
scope. The quantification of ALP activity was assessed using
the Alkaline phosphatase assay kit (Jiancheng, Nanjing,
China). The optical density (OD) value was measured
following the manufacturer’s instructions at 520 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA). ALP ac-
tivity was normalized to the total protein content.

Quantitative reverse transcription polymerase
chain reaction analysis

Total RNA was extracted from SACPs using the Trizol re-
agent and quantified using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Subse-
quently, the total RNA was reverse-transcribed into cDNA
Table 1 Primer sequences for qRT-PCR analysis of gene exp
regulated protein 78; ALP, alkaline phosphatase; RUNX2, RUNX fa

Target gene Primers

DSPP Forward
Reverse

GRP78 Forward
Reverse

ALP Forward
Reverse

RUNX2 Forward
Reverse

OSX Forward
Reverse

GADPH Forward
Reverse

489
using a HiScript II Q RT SuperMix for qPCR (Vazyme, Nanj-
ing, China). The cDNA was then analyzed using the ChamQ
Universal SYBR qPCR Master Mix (Vazyme) and a
QuantStudio� 7 Flex following the provided protocol.
GAPDH was utilized as a reference gene, and relative mRNA
expression levels were determined using the 2eDDCT

method. All primer sequences could be found in Table 1.

Western blot analysis

The protein samples were collected from SCAPs in different
groups using RIPA (Beyotime) and their concentrations were
determined with BCA protein assay kit (Beyotime). The
proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to PVDF (Millipore, Billerica, MA, USA). After being blocked
with 5% skim milk for 2 h at room temperature, the mem-
branes were incubated with specific primary antibodies
overnight at 4 �C. Subsequently, membranes were incu-
bated in horseradish peroxidase (HRP)-conjugated second-
ary antibody at room temperature for 60 min before
exposure and imaging.

5-Ethynyl-20-deoxyuridine (EdU) assay

Cell proliferation was assessed using the Cell-Light� EdU
Apollo In Vitro Kit (Ribobio). SCAPs were incubated with a
50 mM EdU solution for a duration of 2 h and subsequently
fixed with 4% PFA for 30 min. To neutralize any excess
aldehyde, a 2 mg/mL glycine solution was employed. Per-
meabilization was achieved by treating the cells with 0.5%
TritonX-100 (Beyotime). Following this, the cells were
stained with 1 � Apollo and 1 � Hoechst 33342 for a
duration of 30 min each. Images were captured using a
fluorescence microscope, and data analysis was performed
using Image J.

Cell counting kit-8 assay

In accordance with the manufacturer’s instructions for
CCK-8, SCAPs were seeded in 96-well plates at a density of
2000 cells per well. Subsequently, on days 0, 1, 3, 5, 7, and
9, SCAPs were subjected to incubation with the CCK-8
ression. DSPP, dentin sialophosphoprotein; GRP78, glucose-
mily transcription factor 2; OSX, osterix.

Sequences (50e30)

ATATTGAGGGCTGGAATGGGGA
TTTGTGGCTCCAGCATTGTCA
GCTCGACTCGAATTCCAAAG
TTTGTCAGGGGTCTTTCACC
GACCTCCTCGGAAGACACTC
TGAAGGGCTTCTTGTCTGTG
TCTTAGAACAAATTCTGCCCTTT
TGCTTTGGTCTTGAAATCACA
CCTCCTCAGCTCACCTTCTC
GTTGGGAGCCCAAATAGAAA
GAAGGTGAAGGTCGGAGTC
GAGATGGTGATGGGATTTC
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reagent at a temperature of 37 �C for a duration of 2 h.
Following this incubation period, the optical density (OD)
value was measured at a wavelength of 450 nm. Further-
more, on days 0, 3, and 7, SCAPs were subjected to expo-
sure at either 37 �C or 41 �C for a duration of 1 h subsequent
to the measurement of absorbance.

Immunofluorescence staining

SCAPs were grown on the glass coverslips placed in a 12-
well plate. After cell attachment, SCAPs were subjected to
heat stress or transfection. 3 days later, cells were fixed
with 4% PFA and permeabilized with Triton X-100 solution
(Beyotime). Subsequently, cells were sealed with goat
serum at 37 �C for 1.5 h and incubated with ALP, RUNX2,
and GRP78 primary antibodies at 4 �C overnight, followed
by the incubation with a mixture of secondary antibody
with fluorochrome and phalloidine. The nucleus was
stained with DAPI and then the images for ALP, RUNX2, and
GRP78 were taken under the fluorescence microscope.

Statistical analysis

All experiments were repeated at least in triplicate. Data
were analyzed by SPSS (version 20.0) and presented as
mean � standard deviation (SD). Student’s t-test was used
to compare the difference between the two groups, while
one-way analysis of variance (ANOVA) was used for multiple
groups. P < 0.05 was deemed as statistically significant.

Results

Cells culture and identification

Primary SCAPs crawled out of the tissue after 3 days of the
initial seeding (Fig. 1A). SCAPs at passage 3 exhibited a
spindle-like morphology (Fig. 1B). Flow cytometry analysis
revealed that SCAPs were highly positive for MSC surface
markers including CD29, CD73, CD90, and CD105 while
negative for the hematopoietic cell marker CD34 and
leukocyte marker CD45 (Fig. 1C). Results of Alizarin Red S
staining, Oil Red O staining, and Alcian Blue staining
confirmed that SCAPs could differentiate into osteoblasts,
adipocytes, and chondrocytes, respectively (Fig. 1D and F).
All these characteristics were similar to the findings of
SCAPs described previously.

To determine the optimal temperature, ALP staining and
ALP activity assay were performed on the 7th day of oste-
ogenic induction. Results indicated that an increase in
temperature within the range of 37 �Ce41 �C resulted in
enhanced ALP staining and ALP activity. However, tem-
peratures exceeding 41 �C did not yield any further
enhancement (Fig. 2A and B). Consistent findings were
observed through Western blot and qRT-PCR analyses
(Fig. 2C and E). Collectively, these experiments demon-
strated that the 41 �C group exhibited the highest ALP ac-
tivity, leading to the selection of 41 �C as the optimal
temperature for subsequent investigations. The 41 �C group
was then named as the HS group.
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Heat stress had no effect on the proliferation of
SCAPs

In order to assess the influence of heat stress on the pro-
liferation of SCAPs, the researchers conducted an EdU
assay, CCK-8 assay, and flow cytometry analysis. The results
from the EdU assay and CCK-8 assay demonstrated no sta-
tistically significant difference in cell proliferation between
the NC group and HS group (Fig. 2FeH). Additionally, the
flow cytometry analysis revealed no variation in the pro-
liferation index (PI Z G2M þ S) (Fig. 2IeJ). Consequently,
these findings suggest that heat stress does not have a
detrimental effect on SCAPs.

Heat stress enhanced the osteogenic and
odontogenic differentiation of SCAPs

The results depicted in Fig. 2AeE demonstrate a significant
increase in the expression of ALP under heat stress condi-
tions. Consequently, further investigations were carried out
to ascertain the potential of heat stress in augmenting
osteogenic and odontogenic differentiation. Western blot
analysis presented in Fig. 3A and B revealed that heat stress
positively influenced the protein levels of DSPP, RUNX2, and
OSX. Additionally, in line with the observed protein pro-
motion, the transcript levels of DSPP, RUNX2, and OSX were
significantly upregulated by heat stress, as depicted in
Fig. 3 C. The results of Alizarin red S staining demonstrated
a higher capacity for mineralization in the HS group, as
evidenced by the presence of more calcium nodules
compared to the NC group (Fig. 3D and E). Additionally,
immunofluorescence staining revealed an increased abun-
dance of ALP and RUNX2 proteins in the HS group relative to
the NC group (Fig. 3F and G). Taken together, these findings
strongly suggest that heat stress significantly promotes the
differentiation of osteoblasts and odontoblasts.

GRP78 promoted osteogenic and odontogenic
differentiation of SCAPs

The protein and mRNA expression levels of GRP78 were
found to be enhanced by heat stress, as depicted in
Fig. 4AeD. This finding is consistent with the expression
patterns observed during osteogenic and odontogenic dif-
ferentiation. Based on these observations, it can be infer-
red that GRP78 potentially plays a role in promoting
osteogenic and odontogenic differentiation. To further
assess the differentiation capacity of GRP78, gain- and loss-
of-function experiments were conducted. The siGRP78
group exhibited downregulated expression of GRP78, while
the GRP78-over group showed upregulated expression, as
shown in Fig. 5AeC, 5H and Fig. 6AeC, 6H. In the siGRP78
group, the expression of DSPP, ALP, RUNX2, and OSX was
significantly suppressed, as evidenced by Western blot
analysis (Fig. 5A and B, Fig. 6A and B). These findings were
further confirmed by qRT-PCR, which showed a distinct
reduction in the transcript levels of DSPP, ALP, RUNX2, and
OSX upon knockdown of GRP78 (Fig. 5C). Conversely, the
overexpression of GRP78 resulted in a significant increase in



Figure 1 Identification of SCAPs. (A) Morphology of primary SCAPs. (B) Morphology of SCAPs at passage 3. (C) Flow cytometry
analysis of CD29, CD34, CD45, CD73, CD90 and CD105 on SCAPs. (D) Alizarin red S staining of cells cultured in osteogenic medium.
(E) Oil red O staining of cells cultured in adipogenic medium. (F) Alcian blue staining of cells cultured in chondrogenic medium.
Scale bar Z 100 mm.
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the expression of these genes (Fig. 6C). Additionally, the
downregulation of GRP78 led to a decrease in ALP expres-
sion, as observed through ALP staining and ALP activity
assay, while the overexpression of GRP78 reversed this ef-
fect (Fig. 5D and E; Fig. 6D and E). In contrast to the
siGRP78 group (Fig. 5F and G), enhanced mineralized
nodule formation was observed in the GRP78-over group
(Fig. 6F and G). Additionally, immunofluorescence staining
demonstrated that GRP78 increased the immunoreactivity
of ALP and RUNX2 (Fig. 5H; Fig. 6H). These findings
collectively indicate that GRP78 plays a significant role in
activating the osteogenic and odontogenic differentiation
491
of SCAPs. However, the impact of heat stress-induced
GRP78 on these processes remains uncertain.
GRP78 siRNA reversed the effects of heat stress on
committed differentiation of SCAPs

To investigate the potential role of heat stress-induced
GRP78 in the differentiation of SCAPs into osteogenic and
odontogenic lineages, additional experiments were con-
ducted. The Western blot analysis revealed a significant
increase in the protein levels of DSPP, ALP, RUNX2, and OSX



Figure 2 Screening for the optimal temperature and investigating the effect of heat stress on the proliferation of SCAPs. (AeB)
ALP staining and ALP activity assay in SCAPs exposed to different temperatures. SCAPs were cultured in osteogenic medium (OM)
for 7 days. Scale bar Z 100 mm. (C) Western blot of ALP in SCAPs exposed to different temperatures. (D) Quantitative analysis of
Western blot in (C). (E) qRT-PCR analysis of ALP in SCAPs exposed to different temperatures. GAPDH was used for normalization.
(FeJ) Cell proliferation of SCAPs was evaluated by EdU assay, CCK-8 assay, and flow cytometry. Scale bar Z 200 mm ***P < 0.001.

X. Zhang, Z. Wei and Y. Xu
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Figure 3 Heat stress enhanced osteogenic and odontogenic differentiation of SCAPs. (A) Western blot analysis of DSPP, RUNX2,
and OSX in the NC group and HS group. (B) Quantitative analysis of Western blot in (A). (C) qRT-PCR analysis of DSPP, GRP78, RUNX2,
and OSX in the NC group and HS group. (D) Image of Alizarin red S staining after being cultured in OM for 14 days. Scale
bar Z 100 mm. (E) Quantitative analysis of ARS staining in (D). (FeG) Immunofluorescence staining and quantification of ALP,
RUNX2. Scale bar Z 50 mm **P < 0.01, ***P < 0.001.

Journal of Dental Sciences 20 (2025) 487e501
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Figure 4 Heat stress upregulated the expression of GRP78. (A) Western blot analysis of GRP78 in the NC group and HS group. (B)
Quantitative analysis of Western blot in (A). (C) qRT-PCR analysis of GRP78 in the NC group and HS group. (D) Immunofluorescence
staining of GRP78 in the NC group and HS group. Scale bar Z 50 mm **P < 0.01.

X. Zhang, Z. Wei and Y. Xu
in SCAPs subjected to heat stress, which were subsequently
reduced upon silencing of GRP78 (Fig. 7A and B). Further-
more, heat stress prominently enhanced ALP staining and
activity, while interference with GRP78 effectively coun-
teracted this enhancement (Fig. 7C and E). This phenom-
enon was further confirmed by Alizarin red S staining. The
knockdown of GRP78 attenuated the promotion of miner-
alization induced by heat stress (Fig. 7D and F). These
findings suggested that the GRP78 upregulation mediated
by heat stress was strongly associated with osteogenic and
odontogenic differentiation.
Heat stress-induced GRP78 increased the
committed differentiation of SCAPs by activating
autophagy

In order to examine the impact of heat stress and GRP78 on
autophagy in SCAPs, an autophagy inhibitor called 3-
methyladenine (3-MA) was utilized to inhibit autophagy.
The protein level of Beclin-1 and the ratio of LC3 II/I
exhibited a time-dependent increase (Fig. 8A and B).
However, the increase induced by heat stress was nullified
by the presence of 3-MA, indicating that heat stress is
capable of inducing autophagy and this induction can be
mitigated by 3-MA (Fig. 8C and D). To explore the correla-
tion between GRP78 and autophagy under heat stress
conditions, Western blot and TEM analyses were conducted.
The results of the Western blot analysis demonstrated that
the application of GRP78 siRNA effectively inhibited the
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heat stress-induced enhancement of DSPP, RUNX2, ALP, and
OSX at the protein level (Fig. 8E and F). Furthermore, the
transmission electron microscopy (TEM) images revealed a
higher presence of autophagosomes in SCAPs subjected to
heat stress, which was subsequently suppressed by the
administration of GRP78 siRNA and 3-MA (Fig. 8G). These
findings strongly indicate that GRP78, induced by heat
stress, plays a crucial role in initiating autophagy.

To further investigate the potential involvement of
autophagy in the differentiation of SCAPs into osteogenic
and odontogenic lineages, subsequent experiments were
conducted. Western blot analysis revealed a significant
upregulation of DSPP, ALP, RUNX2, and OSX protein levels in
response to heat stress, while the enhanced capacity was
downregulated by 3-MA (Fig. 8H and I). Additionally, the
results obtained from ALP staining, ALP activity assay, and
Alizarin red S staining were consistent with the aforemen-
tioned findings (Fig. 8JeM). Collectively, these findings
provide evidence that heat stress-induced GRP78 is asso-
ciated with the osteogenic and odontogenic differentiation
of SCAPs through activation of autophagy.
Discussion

In recent years, there has been a growing interest in the
field of MSCs-based regeneration medicine as a means to
address a range of diseases and disorders.41,42 However, it
is important to acknowledge that the effectiveness of stem
cells may be hindered by factors such as the age of the



Figure 5 Knockdown of GRP78 suppressed osteogenic and odontogenic differentiation of SCAPs. (A) Western blot analysis of
DSPP, GRP78, ALP, RUNX2, and OSX in SCAPs transfected with or without GRP78 siRNA. (B) Quantitative analysis of Western blot in
(A). (C) qRT-PCR analysis of DSPP, GRP78, ALP, RUNX2, and OSX in SCAPs transfected with or without GRP78 siRNA. (DeE) ALP
staining and ALP activity assay after 7 days of osteogenic induction. Scale bar Z 100 mm. (FeG) Image and quantification of Alizarin
red S staining after 14 days of osteogenic induction. Scale bar Z 100 mm. (H) Immunofluorescence staining of ALP and RUNX2. Scale
bar Z 50 mm **P < 0.01, ***P < 0.001.
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Figure 6 Overexpression of GRP78 promoted osteogenic and odontogenic differentiation of SCAPs. (A) Western blot analysis of
DSPP, GRP78, ALP, RUNX2, and OSX in the NC-over group and GRP78-over group. (B) Quantitative analysis of Western blot in (A). (C)
qRT-PCR analysis of DSPP, GRP78, ALP, RUNX2, and OSX in the NC-over group and GRP78-over group. (DeE) ALP staining and ALP
activity assay on day 7 after osteogenic induction. Scale bar Z 100 mm. (FeG) Image and quantification of Alizarin red S staining on
day 14 after osteogenic induction. Scale bar Z 100 mm. (H) Immunofluorescence staining of ALP, RUNX2, and GRP78. Scale
bar Z 50 mm **P < 0.01, ***P < 0.001.
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Figure 7 GRP78 siRNA reversed the role of heat stress on committed differentiation of SCAPs. (A) Western blot analysis of DSPP,
GRP78, ALP, RUNX2, and OSX in SCAPs with or without heat stress and GRP78 siRNA. (B) Quantitative analysis of Western blot in (A).
(C, E) ALP staining and ALP activity assay in SCAPs. Scale bar Z 100 mm. (D, F) Image and quantification of Alizarin red S staining.
Scale bar Z 100 mm *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 8 Heat stress-induced GRP78 increased the committed differentiation of SCAPs by activating autophagy. (A) Western blot
analysis of Beclin-1 and LC3 II/I in SCAPs exposed to heat stress, followed by recovery at 37 �C for 0, 3, 6, or 12 h. (B) Quantitative
analysis of Western blot in (A). (C) Western blot analysis of Beclin-1 and LC3 II/I in SCAPs exposed to heat stress with or without 3-
MA pretreatment. (D) Quantitative analysis of Western blot in (C). (E) Western blot analysis of GRP78, Beclin-1, and LC3 II/I in SCAPs
exposed to heat stress with or without GRP78 siRNA pretreatment. (F) Quantitative analysis of Western blot in (E). (G) TEM analysis
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donor, the presence of disease, and the process of in vitro
expansion.14 In order to enhance the therapeutic potential
of MSCs, various strategies have been implemented,
including the use of a hypoxic microenvironment, the
application of Janus electro-microenvironment (JEM),
pharmacological mobilization, and mild period heat
stress.43,44 Among the various therapeutic approaches, heat
stress emerges as a prevalent physical stressor, demon-
strating notable spatial and temporal precision through the
application of Near-infrared (NIR) light to attain pre-
determined temperatures.45 Consequently, heat stress has
garnered significant attention and has been extensively
employed in diverse musculoskeletal disorders to enhance
bone remodeling and regeneration.17,39 Notably, the
cellular response to heat stress exhibits variability across
different cell types.46,47 In this study, it was confirmed that
the differentiative capacity of SCAPs was significantly
enhanced following exposure to heat stress at a tempera-
ture of 41 �C for a duration of 1 h. Consequently, this
condition was determined to be the optimal choice for
inducing heat stress in subsequent experiments. Previous
research has documented that both BMSCs and hMSCs
exhibit significant proliferation after exposure to heat
stress.19,48 However, our findings indicate that heat stress
had no noticeable impact on the proliferation of SCAPs. We
hypothesize that the disparity in these results may be
attributed to variations in cell types, as well as differences
in thermal dosing and frequencies employed in the
respective studies.

GRP78 primarily localizes in the endoplasmic reticulum
(ER) lumen, functioning as a crucial molecular chaperone
that maintains ER homeostasis. Additionally, it participates
in various physiological and pathological processes. Recent
research has indicated a negative correlation between
GRP78 and the aging process as well as age-related dis-
eases.23,49 GRP78 serves as a representative marker of
senescence, with both its gene and protein expression
significantly decreasing as senescence progresses in
TMSCs.50 Furthermore, the absence of GRP78 leads to
aging-related ailments, such as impaired stem cell potency
in Grp78 KO AT2 cells and a severe fibrotic response in
Grp78 KO mice.51 Furthermore, GRP78 possesses a distinc-
tive association with osteogenic differentiation, in addition
to its anti-aging property. Specifically, when relocated to
the cellular surface, GRP78 assumes a receptor-like role,
exhibiting specific binding capabilities to DMP1 and playing
a crucial role in the formation of mineralized matrix.52

Throughout the formation of mineralized tissues, GRP-78
is detected in various regions such as the pulp, dentin
matrix, alveolar bone matrix, and cartilage.53 Moreover,
owing to its capacity to bind calcium, GRP-78 facilitates the
nucleation of calcium phosphate crystals in vitro.54 In
consistence with the above evidence, we confirmed that
GRP78 was responsible for the osteogenic and odontogenic
differentiation of SCAPs. Furthermore, we found that the
of autophagosomes in SCAPs exposed to heat stress after pretreatm
by black arrows. Scale bar Z 2 mm; (H) Western blot analysis of DSP
without 3-MA pretreatment. (I) Quantitative analysis of Western blo
osteogenic induction. Scale bar Z 100 mm. (LeM) Image and quan
induction. Scale bar Z 100 mm. NS, no significance, **P < 0.01, **
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knockdown of GRP78 could reverse the committed differ-
entiation, suggesting GRP78 accounted for the differentia-
tion induced by heat stress.

The understanding of the impact of heat stress on
osteogenic and odontogenic differentiation has primarily
focused on the expression of HSP70.47 HSP70 plays a crucial
role in maintaining the protein self-stabilization system,
facilitating faster biochemical reactions, increased protein
synthesis, and enhanced protein aggregations during stem
cell differentiation.55 However, limited research has been
conducted on alternative mechanisms. In this study, we
propose a novel molecular mechanism involving GRP78 and
autophagy.

Furthermore, it has been established that GRP78 plays a
crucial role in stress-induced autophagy and is directly
involved in the formation of autophagosomes.33 Various
studies have demonstrated that heat stress can induce
autophagy in different cell types, including C2C12 myo-
blasts, C. elegans, and retinal pigment epithelium
cells.32,56,57 In lung cancer cells, GRP78 has been found to
activate autophagy flux by inhibiting mTOR signaling.58

Suppression of GRP78 has been shown to decrease the
protein level of Beclin-1 and inhibit the conversion of LC3
II/I.59 Beclin-1 is a protein that plays a crucial role in
initiating autophagy and promoting the formation of phag-
ophore membranes. During heat stress, the conversion of
cytosolic LC3-I to membrane-bound LC3-II occurs, which
serves as an indicator of autophagic activity facilitating the
transportation of autolysosomes to lysosomes for the
degradation of captured cargos.60,61 Given the potential
enhancement of GRP78 by heat stress, it is hypothesized
that the ER chaperon GRP78 may play a pivotal role in the
activation of autophagy during heat stress. Subsequently,
we confirmed that autophagy is indeed mediated by GRP78
under heat stress conditions. Autophagy is a critical process
that operates in both physiological and stressful environ-
ments, serving as an inherent mechanism for repair.62

Efficient autophagic flux facilitates the proper recycling
of nutrients and the elimination of aggregated proteins and
damaged organelles.32 The presence of defective auto-
phagy is associated with the development of various bone-
related diseases, whereas increased autophagy significantly
enhances osteoblast differentiation. The negative regula-
tion of autophagy by RUBCN positions it as a restrictive
regulator of mineralization and bone formation.37 METTL14
impedes the progression of osteoporosis by targeting
beclin-1 to activate the autophagy signaling pathway.63

Autophagy has been widely proposed as a mechanism
through which multiple MSCs can exert their differentiative
capacity.64e66 Consistent with previous studies, our findings
demonstrate that GRP78-mediated autophagy plays a role
in facilitating the osteogenic and odontogenic differentia-
tion of SCAPs.

Taken together, we demonstrated that both heat stress
and GRP78 could contribute to the committed
ent with GRP78 siRNA or 3-MA. Autophagosomes were indicated
P, ALP, RUNX2, and OSX in SCAPs exposed to heat stress with or
t in (H). (JeK) ALP staining and ALP activity assay on day 7 after
tification of Alizarin red S staining on day 14 after osteogenic
*P < 0.001.
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differentiation of SCAPs, and the enhancement was at least
partially mediated by activation of autophagy. GRP78 may
be a crucial participant for RET and bone regeneration in
the future, and we expect this study can provide references
for the regulatory impact of GRP78 on the biological
behavior of SCAPs.
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