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Geniposide alleviates cholesterol-induced
endoplasmic reticulum stress and apoptosis
in osteoblasts by mediating the GLP-1R/
ABCAT1 pathway

Mingliang Zhong', Zhenyu Wu?', Zhixi Chen®', Longhuo Wu? and Jianguo Zhou*"

Abstract

Background Cholesterol (CHO) is an essential component of the body. However, high CHO levels in the body

can damage bone mass and promote osteoporosis. CHO accumulation can cause osteoblast apoptosis, which

has a negative effect on bone formation. The pathogenesis of osteoporosis is a complicate process that includes
oxidative stress, endoplasmic reticulum (ER) stress, and inflammation. Geniposide (GEN) is a natural compound

with anti-osteoporotic effect. However, the roles of GEN in osteopathogenesis are still unclear. Our previous studies
demonstrated that GEN could reduce the accumulation of CHO in osteoblasts and the activation of ER stress in
osteoblasts. However, the molecular mechanism of GEN in inhibiting CHO-induced apoptosis in osteoblasts needs to
be further investigated.

Methods MC3T3-E1 cells were treated with osteogenic induction medium (OIM). Ethanol-solubilized cholesterol
(100 uM) was used as a stimulator, and 10 uM and 25 uM geniposide was added for treatment. The alterations of
protein expression were detected by western blot, and the cell apoptosis was analyzed by a flow cytometer.

Results CHO promoted osteoblast apoptosis by activating ER stress in osteoblasts, while GEN alleviated the
activation of ER stress and reduced osteoblast apoptosis by activating the GLP-1R/ABCA1 pathway. Inhibition of
ABCAT1 or GLP-1R could eliminate the protective activity of GEN against CHO-induced ER stress and osteoblast
apoptosis.

Conclusion GEN alleviated CHO-induced ER stress and apoptosis in osteoblasts by mediating the GLP-1R/ABCA1
pathway.
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Introduction

Osteoporosis, a common skeletal disorder, is character-
ized by loss of bone mass, destruction of bone microar-
chitecture, and high risk of fracture [1]. Osteoporosis is
one of the chronic and aging diseases, and it becomes
a major issue as the world’s population ages. Whether
as a result of some reasons or an imbalance in estro-
gen metabolism, the trend is upward, and in Brazil, for
instance, osteoporosis prevalence in postmenopausal
women ranges from 15 to 33% [2]. In addition, studies
have shown that more than 100,000 people in the Euro-
pean Union in 2010 suffer from osteoporosis and there
is a need to explore the pathogenesis of osteoporosis and
develop more drugs to treat it [3]. It is well known that
osteoporosis results directly from bone loss. Under nor-
mal conditions, skeletal homeostasis is maintained in
balance. Pathologically, skeletal homeostasis is disrupted
and bone loss initiates. Bone formation is decreased, and
bone resorption is increased.

Dyslipidemia has been related to osteoporosis and
fracture risk. One study reports that dyslipidemia can
induce oxidative stress, increase systemic inflamma-
tion, decrease bone formation, and increase osteoclast
activity [4]. Cholesterol (CHO) is a form of lipid, and
the role of hypercholesterolemia in osteoclastogenesis
and bone quality reduction has been reported [5]. CHO
accumulation can be harmful to bone metabolism and
contribute to the development of osteoporosis [6]. It
has been reported that CHO at higher than physiologi-
cal levels inhibits osteogenic proliferation and differen-
tiation and promotes bone breakdown, leading to bone
loss and osteoporosis [7]. Unfortunately, the underlying
mechanisms have not yet been fully clarified. Studies
have shown that intracellular CHO accumulation induces
endoplasmic reticulum (ER) stress. In turn, activation
of ER stress further impairs cellular CHO synthesis and
efflux and cell survival [8].
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ER, the largest organelle in eukaryotic cells, is the site
of protein folding, calcium ion storage, and CHO synthe-
sis [9]. Under stimulations, cells activate ER stress, a cel-
lular self-protection mechanism that attempts to restore
intracellular homeostasis and avoid cellular damage by
initiating the unfolded protein response (UPR). The UPR
machinery included three signaling transductions, such
as protein kinase RNA-like ER kinase (PERK)/eukary-
otic initiation factor 2 alpha (elF2a)/activating transcrip-
tion factor 4 (ATF4) pathway, inositol-requiring protein
la (IREla)/X-box binding protein-1 (XBP1), and ATF6.
In homeostatic cells, 78 kDa Glucose-Regulated Protein
(GRP78) is bound to UPR sensors (PERK, IREla, and
ATF6) and keeps them inactive. Under ER stress, GRP78
is dissociated from UPR sensors, initiating UPR signal-
ing [10]. After GRP78 dissociation, trans-autophosphor-
ylation of PERK leads to the phosphorylation of elF2a,
which further increases ATF4 expression and decreases
global protein translation. Similar to PERK, the phos-
phorylated dimer of IREla can splice XBP1 mRNA by
cleaving out 26 intronic nucleotides. The generation of
XBP1s can induce gene expression involved in protein
folding and ER-associated protein degradation (ERAD).
ATF6 become active by protease cleavage, and active
ATF6 induces the gene expression involved in chaperone,
XBP1, and ERAD. However, when the challenge is over-
whelmed, the PERK/elF2a/ATF4 enhances the expres-
sion of C/EBP homologous protein (CHOP), and ER
stress drives cell apoptosis [11].

It has been shown that CHO activates ER stress [12,
13], which promotes the development of osteoporo-
sis [14]. Geniposide (GEN, Fig. 1), an active iridoid gly-
coside derived from Eucommia ulmoides Oliv [15]. and
Gardenia jasminoides Ellis [16], has been reported to
exhibit protective effects against ischemia-reperfusion
injury in cardiovascular and neuronal diseases [17, 18]
and therapeutic activity in chronic inflammatory diseases
[19]. GEN becomes a research agent in preclinical stud-
ies related with diseases [20]. GEN has been shown to
improve osteoporosis [21]. ATP-binding cassette trans-
porter A1 (ABCA1) is a carrier for the intracellular cho-
lesterol out of the cytoplasm [22]. GEN has been shown
to improve dexamethasone-induced cholesterol accu-
mulation and osteogenic differentiation suppression in
MC3T3-E1 cells by mediating the ABCA1/GLP-1R sig-
naling [23]. In addition, GEN exhibits protective against
dexamethasone-induced ER stress [24]. However, the
role of GEN in CHO accumulation-induced ER stress
in osteoblasts was still unclear. In this article, we inves-
tigated whether GEN alleviated CHO accumulation-
induced ER stress and reduces osteoblast apoptosis by
mediating the ABCA1/GLP-1R signaling pathway.
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Materials and methods

Cell culture

This study (GMU202204) is approved by the Ethic Com-
mittee of Gannan Medical University, according to the
Declaration of Helsinki Principles. MC3T3-E1 cells were
purchased from Chinese Academy of Sciences Cell Bank.
Cells were cultured in a-MEM (Gibco) supplemented
with 10% fetal bovine serum (FBS) (Gibco), penicillin
(100 U) (Gibco), and streptomycin (100 U) (Gibco). The
osteogenic induction medium (OIM) was prepared as
described in our previous study [23]. Osteogenic differ-
entiation was induced by OIM for 15 days of culture. Eth-
anol-solubilized CHO (100 pM) was used as a stimulant
drug to stimulate osteoblasts for 72 h [23]. 10 uM and
25 uM GEN (MedChemexpress, New Jersey, USA, cat.
no.HY-N0009/CS-1533) were added for 72-h treatment.
The cells in the negative control groups were treated with
the same volume of vehicle.

Detection of protein expression by western blot

Cells were washed with PBS twice and collected after
trypsin digestion. Cells were lysed with RIPA to col-
lect proteins, which were used for protein assays. 30 pug
of each sample was separated by 8-12% SDS-PAGE.
Then, the bands were transferred onto PVDF mem-
branes. Primary antibodies caspase-3 (1:1000 dilution;
Cat.no.AF6311, Affinity), cleaved caspase-3 (1:1000
dilution; Cat.no.AF7022, Affinity), Bcl-2 (1:1000 dilu-
tion; Cat.no.AF6139, Affinity), Bax (1:1000 dilution;
Cat.no.AF0120, Affinity), GRP78 (1:1000 dilution;
Cat.no.AF5366, Affinity), PERK (1:1000 dilution; Cat.

no.AF5304, Affinity), P-PERK (1:1000 dilution; Cat.
no.DF7576, Affinity), CHOP (1:1000 dilution; Cat.
no.AF6277, Affinity), IREla (1:1000 dilution; Cat.
no.AF7651, Affinity), P-IRE1a(1:1000 dilution; Cat.

no.AF7150, Affinity), and ATF6 (1:1000 dilution; Cat.
no.DF6009, Affinity) were, respectively, added and co-
incubated overnight at 4 °C. Next, HRP-labeled goat
and rabbit secondary antibody (1:5000; Cat.no.BA1039,
Boster, Wuhan, China) was added and co-incubated at
room temperature for 1 h. The bands were detected by
chemiluminescence imaging, and images were subse-
quently analyzed by Image] (an open-source image pro-
cessing package).

Detection of cell apoptosis

The Annexin V-FITC/PI Kit (Beyotime, Shanghai, China)
is used for the detection of apoptosis by flow cytometry.
After drug treatment, cells were trypsinized in 6-well
plates and stained with Annexin V/FITC with PI dye for
15 min at room temperature. Samples were then detected
by flow cytometry (Accuri C6 plus, Becton Dickinson,
Franklin Lakes, NJ, USA).
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Statistical analysis

Data were indicated as the meantstandard deviation
(SD). Statistical analysis was conducted by the GraphPad
Prism v7 software (GraphPad Software Inc., La Jolla, CA,
USA). The one-way analysis of variance (ANOVA) and
subsequent Bonferroni’s multiple comparisons test were
analyzed. p<0.05 indicated a statistical difference.

Results

GEN inhibits CHO-induced apoptosis of osteoblasts

To investigate the protective effect of GEN on CHO-
treated osteoblasts, apoptosis detection and western blot
assays were performed. The results showed that the apop-
tosis was enhanced in CHO-treated osteoblasts, com-
pared to that in the control group. Treatment with GEN
significantly reduced osteoblast apoptosis (Fig. 2A-B).
In addition, the protein expression of apoptosis-related
factors, such as Bax (Fig. 12C-D), caspase-3 (Fig. 2C, E),
cleaved caspase-3 (Fig. 2C, F) was increased after CHO
treatment, while the protein expression of anti-apoptotic
factor Bcl2 (Fig. 2C, G) was decreased. These alterations
could be reversed by GEN treatment. Thus, GEN exhib-
ited protective effects against CHO-induced osteoblast
apoptosis.

GEN inhibited CHO-induced ER stress and apoptosis in
osteoblasts

To further explore the potential mechanisms of GEN
in protecting osteoblasts from CHO-induced damage,
we examined the expression of ER stress-related pro-
teins. The results showed that the expression levels of
ER stress-related proteins GRP78 (Fig. 3A,B), p-PERK
(Fig. 3A,C), CHOP (Fig. 3A.E), p-IREla (Fig. 3A,F),
and ATF6 (Fig. 3A,H) were significantly increased in
CHO-treated groups. However, the expression of PERK
(Fig. 3A,D) and IREla (Fig. 3A,G) was not affected sig-
nificantly. In addition, the expression levels of Bax
(Fig. 4A,C), caspase3 (Fig. 4A,D), and cleaved caspase3
(Fig. 4A,E) were increased, and the expression of Bcl-
2(Fig. 4A,B) was decreased. GEN attenuated ER stress in
osteoblasts, as shown by decreased expression of GRP78,
p-PERK, CHOP, p-IRElq, and ATF6. Tunicamycin (TM)
has been used as an agonist of ER stress. To explore
whether GEN inhibited CHO-induced apoptosis by acti-
vating ER stress, TM was added for 24-h stimulation. TM
was shown to significantly activate ER stress. TM could
compromise the effects of GEN and reactivate ER stress
to promote osteoblast apoptosis (Fig. 4F,G). Thus, GEN
inhibited CHO-induced osteoblast apoptosis by sup-
pressing ER stress.
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Fig. 2 GEN inhibited CHO-induced apoptosis of osteoblasts. (A, B) Apoptosis analysis was applied by flow cytometry. The protein expressions of Bcl2 (C,
D), Bax (C, E), caspase3 (C, F), and cleaved caspase3 (C, G) were analyzed by Western blot. * p <0.05; ** p<0.01; ns, no statistical difference. GEN (10 uM),

CHO+GEN (10 uM): GEN (25 M), CHO+GEN (15 uM)

GEN inhibited CHO-induced ER stress and apoptosis by
activating ABCA1 expression

Our previous study demonstrated that GEN promotes
ABCAL1 expression to reduce intracellular CHO accumu-
lation. DIDS, an inhibitor of ABCA1, has been reported
to suppress the activity of ABCA1, which may pro-
mote cholesterol efflux [25]. To further investigate how
GEN affects CHO-induced ER stress in osteoblasts, the
ABCA1 inhibitor DIDS was added for 72-h treatment.
The results showed that DIDS could up-regulate the
expression of GRP78 (Fig. 5A,B), p-PERK (Fig. 5A,C),
CHOP (Fig. 5A,E), and ATF6 (Fig. 5A,H), neutralizing the
effects of GEN. However, DIDS exhibited no effects on
GEN-induced down-regulation of p-IREla (Fig. 5A,F).
DIDS also did not affect the protein expression of PERK
(Fig. 5A,D) and IREla (Fig. 5A,G). GEN increased the
expression of ABCA1. However, DIDS eliminated GEN-
mediated ABCA1 expression (Fig. 6A,B). In addition,

DIDS abrogated the inhibitory activity of GEN on CHO-
induced osteoblast apoptosis, as shown by decreased
expression of Bcl2 (Fig. 6A,C), increased expression of
Bax (Fig. 6A,D), caspase3 (Fig. 6A,E), and cleaved cas-
pase3 (Fig. 6A,F), and enhanced apoptosis detected by
flow cytometry (Fig. 6G,H). Thus, CHO accumulation
could induce ER stress and osteoblast apoptosis, and
GEN inhibited CHO-induced ER stress and apoptosis by
activating ABCA1 expression.

GEN inhibited CHO-induced ER stress and apoptosis by
activating GLP-1R expression

GEN can be an activator of GLP-1R [26], which has been
reported to activate the downstream factor ABCA1
[27]. Exendin9-39 is the specific inhibitor of GLP-1R.
Treatment with Exendin9-39 may abolish the biologi-
cal effects of GLP-1R [28]. To further explore whether
GLP-1R was implicated in the regulatory role of GEN
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Fig. 3 GEN inhibited CHO-induced ER stress in osteoblasts. The protein expressions of GRP78 (A,B), p-PERK (A,C), PREK (A,D), CHOP (AE), p-IRE1a (AF),
IRE1a (A,G) and ATF6 (A H) were analyzed by Western blot. * p<0.05; ** p<0.01; ns, no statistical difference. GEN (25 uM), CHO+GEN (25 uM); T™M,

CHO+GEN (25 uM)+TM (1.5 pg/ml)

in CHO-induced ER stress and osteoblast apopto-
sis, the GLP-1R inhibitor Exendin9-39 was added. The
results showed that CHO down-regulated the expres-
sion of GLP-1R (Fig. 7A,B) in osteoblasts, which could be
reversed by treatment with GEN. However, Exendin9-39
could inhibit the regulatory effects of GEN on GLP-1R
expression. Exendin9-39 also eliminated the inhibitory
activity of GEN on osteoblast apoptosis, as shown by
decreased expression of Bcl2 (Fig. 7A,C) and increased
expression of Bax (Fig. 7A,D), caspase3 (Fig. 7A,E), and
cleaved-caspase3 (Fig. 7A,F). The effects of Exendin9-39
on osteoblast apoptosis (Fig. 7G,H) could be verified by
flow cytometry. In addition, Exendin9-39 could acti-
vate ER stress, as indicated by up-regulated expression
of GRP78 (Fig. 8A,B), p-PERK (Fig. 8A,C), p-IREla
(Fig. 8A,E), ATF6 (Fig. 8A,G), and CHOP (Fig. 8A,H).
Exendin9-39 did not affect the expression of PERK
(Fig. 8A,D) and IREla (Fig. 8A,F) significantly. Thus,

GEN inhibited CHO-induced ER stress and apoptosis by
activating GLP-1R expression.

Discussion
Previous studies have shown that high CHO levels in
the body increase the risk of osteoporosis [7, 29-31].
High concentration of CHO is detrimental to osteoblast
survival [32, 33]. However, the mechanism by which it
induces osteoporosis has not been fully elucidated. Our
previous studies indicate that high concentration of CHO
inhibits the proliferation and differentiation of osteo-
blast and promote osteoporosis development [24, 34].
In the current study, we further found that high concen-
tration of CHO induced ER stress and cell apoptosis in
osteoblasts. GEN exhibited protective activity against ER
stress and osteoblast apoptosis.

CHO is a nonpolar hydrophobic molecule that is essen-
tial for the performance of many cellular functions [35,
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36]. CHO plays an essential role in bone metabolism [37].
For example, CHO supports cellular function. However,
high CHO levels are detrimental to the survival of osteo-
blasts [38]. It has been shown that high CHO levels sup-
press the proliferation and differentiation of osteoblasts,
inhibit bone formation, and promote bone resorption in
a time- and dose-dependent manner [29]. CHO and its
metabolites affect bone homeostasis by regulating the
differentiation and activation of osteoblasts and osteo-
clasts [7, 39]. Therefore, lowering the level of cholesterol
in osteoblasts can alleviate cholesterol-induced osteo-
porosis [37]. Probucol, a cholesterol-lowering drug, can
promote osteogenic differentiation and delay the onset of
osteoporosis [40]. GEN has been shown to inhibit CHO
accumulation in osteoblasts. However, the mechanism is
unclear.

The pathological development of osteoporosis can be
promoted by ER stress and oxidative stress [14]. Oxys-
terols are cholesterol derivatives that have been shown to
induce ER stress in different cell types and pathological
contexts [41]. In addition, the ER is the site of synthesis
of CHO and other important lipids, and cells undergo-
ing CHO metabolic overload will develop ER stress [42].
Moreover, ER stress will further impair CHO metabo-
lism, forming a vicious circle [8]. In our study, we found
that CHO at the concentration of 100 uM could activate
ER stress in osteoblasts, as indicated by up-regulating the
expression of ER stress biomarkers GRP87 and CHOP.
Inhibition of CHO accumulation can be the therapeu-
tic strategy for osteoporosis treatment. Promoting CHO
efflux can protect osteoblasts from pathological changes
and promote osteoblast survival. GEN has been shown
to reduce serum CHO levels and intracellular CHO
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accumulation [23]. Our study further demonstrated that
GEN increased CHO efflux, inhibited ER stress, and
reduced cell apoptosis in osteoblasts.

ABCALI is a plasma HDL cholesterol regulator that pri-
marily regulates CHO efflux [43]. GLP-1R is a G protein-
coupled receptor that mediates intracellular signaling
[44]. GLP-1R agonists are a class of drugs that are effec-
tive in treating or preventing obesity [45]. The intercon-
nection between GLP-1R and ABCA1 has long been
recognized, and GLP-1R is an upstream regulatory factor
of ABCAL It has been found that GLP-1R may positively
regulate ABCA1 expression [46, 47]. ABCAI regulates
CHO levels and maintains intracellular CHO homeosta-
sis [48, 49]. In this study, we found that there was a minor
increase in the expression of ABCA1l in CHO-treated
osteoblasts. This might be related to the self-protection
mechanism of cells or some undiscovered mechanisms.

(A,G) and ATF6 (A H) were analyzed by Western blot. * p < 0.05; ** p <0.01; ns, no statistical difference. GEN (25 uM),

In addition, GLP-1R expression was inhibited in CHO-
treated osteoblasts.

GEN is a natural compound that has been found to
have therapeutic benefits and treat a variety of diseases,
including osteoporosis [50, 51]. GEN can up-regulate
the expression of GLP-1R and ABCA1 in CHO-treated
osteoblasts and promote CHO efflux from osteoblasts,
suggesting that GEN might be the potential candidate for
managing high-CHO-induced osteoporosis. Mechani-
cally, the expression of ER stress-related proteins, such as
GRP78 and CHOP, was down-regulated as the accumula-
tion of CHO in osteoblasts decreased. DIDS, an inhibitor
of ABCAL1, inhibited the expression of ABCA1I, increased
in CHO accumulation in osteoblasts, and activate ER
stress. Exendin (9-39), an antagonist of GLP-1R, neutral-
ized the protective effects of GEN, which could activate
GLP-1R. These suggested that the GLP-1R/ABCA1 axis
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can be an important target of GEN in protecting osteo- mM [29], which is higher than the dose for our in vitro
blasts from CHO accumulation. study. However, the in vivo study is much complex, and

There are some limitations to this paper. There are the biological system in vivo is quite different from that
certain levels of cholesterol in lipoproteins in FBS, and  in vitro. Overall, cholesterol in the serum has become
it might exhibit a weaker effect on cells. We did not an obviously limited factor in the current study. GEN
exclude it, which might interrupt our analysis. It has has been shown to activate autophagy and inhibit ER
been reported that rat serum cholesterol is about 1.87  stress and oxidative stress [24, 51]. The mechanisms of
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CHO-induced apoptosis in osteoblasts are complex, effects of GEN on osteoblast differentiation, prolifera-
including oxidative stress [52]. We only investigated the tion, and mineralization after CHO treatment. This can
protective effect of GEN against CHO-induced apoptosis  be our next scientific plan in the near future. More stud-
by inhibiting ER stress. The expression level of ABCA1 ies are still needed.

was significantly correlated with the total intracellular

cholesterol concentration. However, we did not investi-

gate how GEN modulated CHO efflux from osteoblasts

via ABCAL1. In addition, we also did not further study the
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Fig. 8 GEN inhibited CHO-induced ER stress in osteoblasts by activating GLP-1R expression. The protein expressions of GRP78 (A,B), p-PERK (A,C), PREK
(AD), p-IRETa (AE), IRE1a (AF), ATF6(A,G), and CHOP(A H) were analyzed by Western blot. * p < 0.05; ** p<0.01; ns, no statistical difference. GEN (25 uM),
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Conclusion

In this study, we found that CHO could induce osteoblast
apoptosis and activate ER stress. GEN exhibited protec-
tive effects against CHO-induced ER stress and apopto-
sis in osteoblasts. Inhibition of ABCA1 or GLP-1R could
neutralize the protective activity of GEN, promoting ER
stress and osteoblast apoptosis. Therefore, GEN allevi-
ated CHO-induced ER stress and osteoblast apoptosis by
activating the GLP-1R/ABCA1 signaling pathway.

Author contributions

Jianguo Zhou provided the idea of this paper. Mingliang Zhong, Zhenyu
Wu, Zhixi Chen, and Longhuo Wu collected the information and revised and
finalized the paper. All authors approved the final paper.

Funding

This study was financially supported by the Science and Technology research
project of the Education Department of Jiangxi Province (GJJ2201451) and the
Ganzhou Science and technology innovation talent plan (2022-RC1328).

Data availability
The data used to support the findings of this study are included within the

article.

Declarations

Competing interests
The authors declare that there are no conflicts of interest.

Received: 30 November 2023 / Accepted: 4 March 2024
Published online: 11 March 2024

References

1. Lane NE. Epidemiology, etiology, and diagnosis of osteoporosis. Am J Obstet
Gynecol. 2006;194:53-11. https://doi.org/10.1016/j.3j0g.2005.08.047.

2. Baccaro LF, Conde DM, Costa-Paiva L, Pinto-Neto AM. The epidemiology and
management of postmenopausal osteoporosis: a viewpoint from Brazil. Clin
Interv Aging. 2015;10:583-91. https://doi.org/10.2147/cia.S54614.

3. Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C, Stenmark J, et
al. Osteoporosis in the European Union: medical management, epidemiol-
ogy and economic burden. A report prepared in collaboration with the
International Osteoporosis Foundation (IOF) and the European Federation of


https://doi.org/10.1016/j.ajog.2005.08.047
https://doi.org/10.2147/cia.S54614

Zhong et al. Journal of Orthopaedic Surgery and Research

20.

21

22.

23.

24,

Pharmaceutical Industry Associations (EFPIA). Arch Osteoporos. 2013;8:136.
https://doi.org/10.1007/511657-013-0136-1.

Anagnostis P, Florentin M, Livadas S, Lambrinoudaki |, Goulis DG. Bone Health
in patients with Dyslipidemias: an underestimated aspect. Int J Mol Sci.
2022;23. https://doi.org/10.3390/ijms23031639.

Pelton K, Krieder J, Joiner D, Freeman MR, Goldstein SA, Solomon KR.
Hypercholesterolemia promotes an osteoporotic phenotype. Am J Pathol.
2012;181:928-36. https://doi.org/10.1016/j.ajpath.2012.05.034.

Song Y, Liu J, Zhao K, Gao L, Zhao J. Cholesterol-induced toxicity: an
integrated view of the role of cholesterol in multiple diseases. Cell Metab.
2021;33:1911-25. https://doi.org/10.1016/j.cmet.2021.09.001.

Yin W, Li Z, Zhang W. Modulation of bone and marrow niche by cholesterol.
Nutrients. 2019;11. https://doi.org/10.3390/nu11061394.

Rohrl C, Eigner K, Winter K, Korbelius M, Obrowsky S, Kratky D, et al. Endoplas-
mic reticulum stress impairs cholesterol efflux and synthesis in hepatic cells. J
Lipid Res. 2014,55:94-103. https://doi.org/10.1194/jIrM043299.

Nagar P, Sharma P, Dhapola R, Kumari S, Medhi B, Harikrishnareddy D. Endo-
plasmic reticulum stress in Alzheimer’s disease: molecular mechanisms and
therapeutic prospects. Life Sci. 2023;330:121983. https://doi.org/10.1016/].
1fs.2023.121983.

Lohelaid H, Saarma M, Airavaara M. CDNF and ER stress: Pharmacology and
therapeutic possibilities. Pharmacol Ther. 2024;254:108594. https://doi.
0rg/10.1016/j.pharmthera.2024.1085%4.

Zhang J, Guo J, Yang N, Huang Y, Hu T, Rao C. Endoplasmic reticulum stress-
mediated cell death in liver injury. Cell Death Dis. 2022;13:1051. https://doi.
0rg/10.1038/541419-022-05444-x.

Yan J, Li S, Zhang Y, Deng Z, Wu J, Huang Z, et al. Cholesterol induces pyrop-
tosis and matrix degradation via mSREBP1-Driven endoplasmic reticulum
stress in intervertebral disc degeneration. Front Cell Dev Biol. 2021,9:803132.
https://doi.org/10.3389/fcell.2021.803132.

Sozen E, Demirel-Yalciner T, Sari D, Ozer NK. Cholesterol accumulation in
hepatocytes mediates IRE1/p38 branch of endoplasmic reticulum stress to
promote nonalcoholic steatohepatitis. Free Radic Biol Med. 2022;191:1-7.
https://doi.org/10.1016/jfreeradbiomed.2022.08.024.

Zhong M, Wu Z, Chen Z, Ren Q, Zhou J. Advances in the interaction between
endoplasmic reticulum stress and osteoporosis. Biomed Pharmacother.
2023;165:115134. https://doi.org/10.1016/j.biopha.2023.115134.

Yang RY, Liu K, Wang JY, Zhang L, Zhang BJ, Yuan Y. Pharmacokinetics, anti-
rheumatoid arthritis activity, and active ingredient contents of Eucommia
ulmoides Oliv. Fitoterapia. 2023;170:105667. https://doi.org/10.1016/j.
fitote.2023.105667.

Xiao W, Li S, Wang S, Ho CT. Chemistry and bioactivity of Gardenia
jasminoides. J food drug Anal. 2017,25:43-61. https://doi.org/10.1016/].
ifda.2016.11.005.

Luo C,Wang L, Wu Y, Liu M, Chen B, Lu Y, et al. Protective effect and possible
mechanisms of geniposide for ischemia-reperfusion injury: a systematic
review with meta-analysis and network pharmacology of preclinical evi-

dence. Heliyon. 2023,9:e20114. https://doi.org/10.1016/j.heliyon.2023.e20114.

Liu L, Wu Q,Chen, Gu G, Gao R, Peng B, et al. Updated pharmacological
effects, Molecular mechanisms, and therapeutic potential of natural product
geniposide. Molecules. 2022,27. https://doi.org/10.3390/molecules27103319.
Ran D, Hong W, Yan W, Mengdie W. Properties and molecular mechanisms
underlying geniposide-mediated therapeutic effects in chronic inflamma-
tory diseases. J Ethnopharmacol. 2021;273:113958. https://doi.org/10.1016/j.
jep.2021.113958.

LiY,QiuH,Yao S, Li Q DingY, CaoY, et al. Geniposide exerts protective
effects on spinal cord injury in rats by inhibiting the IKKs/NF-kB signaling
pathway. Int Immunopharmacol. 2021;100:108158. https://doi.org/10.1016/j.
intimp.2021.108158.

WangT, Fan L, Feng S, Ding X, An X, Chen J, et al. Network pharmacology of
iridoid glycosides from Eucommia ulmoides Oliver against osteoporosis. Sci
Rep. 2022;12:7430. https://doi.org/10.1038/541598-022-10769-w.

Phillips MC. Is ABCAT a lipid transfer protein? J Lipid Res. 2018;59:749-63.
https://doi.org/10.1194/jIrR082313.

Zheng Y, Xiao Y, Zhang D, Zhang S, Ouyang J, Li L, et al. Geniposide amelio-
rated Dexamethasone-Induced cholesterol Accumulation in Osteoblasts by
mediating the GLP-1R/ABCA1 Axis. Cells. 2021;10. https://doi.org/10.3390/
cells10123424.

XiaoY,Ren Q, Zheng Y, Zhang S, Ouyang J, Jiao L, et al. Geniposide amelio-
rated dexamethasone-induced endoplasmic reticulum stress and mitochon-
drial apoptosis in osteoblasts. J Ethnopharmacol. 2022;291:115154. https://
doi.org/10.1016/j.jep.2022.115154.

(2024) 19:179

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

45.

46.

Page 11 of 12

Zhang, Zeng M, Zhang X, Yu Q Wang L, Zeng W, et al. Tiaogan daozhuo for-
mula attenuates atherosclerosis via activating AMPK -PPARy-LXRa pathway. J
Ethnopharmacol. 2024,324:117814. https://doi.org/10.1016/jjep.2024.117814.
Xie B,Wu J, LiY,Wu X, Zeng Z, Zhou C, et al. Geniposide alleviates
glucocorticoid-Induced inhibition of osteogenic differentiation in MC3T3-E1
cells by ERK Pathway. Front Pharmacol. 2019;10:411. https://doi.org/10.3389/
fphar.2019.00411.

Li J, Murao K, Imachi H, Masugata H, lwama H, Tada S, et al. Exendin-4 regu-
lates pancreatic ABCAT1 transcription via CaMKK/CaMKIV pathway. J Cell Mol
Med. 2010;14:1083-7. https://doi.org/10.1111/j.1582-4934.2009.00955 x.

Han W, Li Y, Cheng J, Zhang J, Chen D, Fang M, et al. Sitagliptin improves
functional recovery via GLP-1R-induced anti-apoptosis and facilitation of axo-
nal regeneration after spinal cord injury. J Cell Mol Med. 2020,24:8687-702.
https://doi.org/10.1111/jcmm.15501.

You L, Sheng ZY, Tang CL, Chen L, Pan L, Chen JY. High cholesterol diet
increases osteoporosis risk via inhibiting bone formation in rats. Acta Pharma-
col Sin. 2011;32:1498-504. https://doi.org/10.1038/aps.2011.135.

Mandal CC. High Cholesterol Deteriorates Bone Health: New insights into
Molecular mechanisms. Front Endocrinol (Lausanne). 2015;6:165. https://doi.
0rg/10.3389/fendo.2015.00165.

Mangu SR, Patel K, Sukhdeo SV, Savitha MR, Sharan K. Maternal high-choles-
terol diet negatively programs offspring bone development and down-
regulates hedgehog signaling in osteoblasts. J Biol Chem. 2022,298:102324.
https://doi.org/10.1016/j.jbc.2022.102324.

SatoY, Ishihara N, Nagayama D, Saiki A, Tatsuno |. 7-ketocholesterol induces
apoptosis of MC3T3-E1 cells associated with reactive oxygen species
generation, endoplasmic reticulum stress and caspase-3/7 dependent
pathway. Mol Genet Metab Rep. 2017;10:56-60. https://doi.org/10.1016/j.
ymgmr.2017.01.006.

Maeda T, Matsunuma A, Kawane T, Horiuchi N. Simvastatin promotes osteo-
blast differentiation and mineralization in MC3T3-E1 cells. Biochem Biophys
Res Commun. 2001;280:874-7. https://doi.org/10.1006/bbrc.2000.4232.
Ouyang J, Xiao Y, Ren Q Huang J, Zhou Q, Zhang S, et al. 7-Ketocholesterol
induces Oxiapoptophagy and inhibits osteogenic differentiation in MC3T3-
E1 cells. Cells. 2022;11. https://doi.org/10.3390/cells11182882.

CheY,Yang J, Tang F,Wei Z, Chao Y, Li N, et al. New function of cholesterol oxi-
dation products involved in osteoporosis pathogenesis. Int J Mol Sci. 2022,23.
https://doi.org/10.3390/ijms23042020.

Luo J, Yang H, Song BL. Mechanisms and regulation of cholesterol homeo-
stasis. Nat Rev Mol Cell Biol. 2020;21:225-45. https://doi.org/10.1038/
$41580-019-0190-7.

During A, Penel G, Hardouin P. Understanding the local actions of lipids in
bone physiology. Prog Lipid Res. 2015;59:126-46. https://doi.org/10.1016/].
plipres.2015.06.002.

Akhmetshina A, Kratky D, Rendina-Ruedy E. Influence of cholesterol on

the regulation of osteoblast function. Metabolites. 2023;13. https://doi.
0rg/10.3390/metabo13040578.

Nelson ER, Dusell CD, Wang X, Howe MK, Evans G, Michalek RD, et al. The
oxysterol, 27-hydroxycholesterol, links cholesterol metabolism to bone
homeostasis through its actions on the estrogen and liver X receptors. Endo-
crinology. 2011;152:4691-705. https://doi.org/10.1210/en.2011-1298.

Tao ZS, Li TL, Wei S. Probucol promotes osteoblasts differentiation and pre-
vents osteoporosis development through reducing oxidative stress. Mol Med.
2022;28:75. https://doi.org/10.1186/510020-022-00503-7.

Luchetti F, Crinelli R, Cesarini E, Canonico B, Guidi L, Zerbinati C, et al.
Endothelial cells, endoplasmic reticulum stress and oxysterols. Redox Biol.
2017;13:581-7. https://doi.org/10.1016/j.redox.2017.07.014.

Moncan M, Mnich K, Blomme A, Aimanza A, Samali A, Gorman AM. Regula-
tion of lipid metabolism by the unfolded protein response. J Cell Mol Med.
2021;25:1359-70. https://doi.org/10.1111/jcmm.16255.

Schmitz G, Buechler C. ABCAT: regulation, trafficking and associa-

tion with heteromeric proteins. Ann Med. 2002;34:334-47. https://doi.
0rg/10.1080/078538902320772098.

Marzook A, Tomas A, Jones B. The interplay of Glucagon-Like Peptide-1
receptor trafficking and signalling in pancreatic Beta cells. Front Endocrinol
(Lausanne). 2021;12:678055. https://doi.org/10.3389/fendo.2021.678055.
Wang JY, Wang QW, Yang XY, Yang W, Li DR, Jin JY, et al. GLP-1 recep-

tor agonists for the treatment of obesity: role as a promising approach.

Front Endocrinol (Lausanne). 2023;14:1085799. https://doi.org/10.3389/
fendo.2023.1085799.

Sun YH, He L, Yan MY, Zhao RQ, Li B, Wang F, et al. Overexpression of GLP-1
receptors suppresses proliferation and cytokine release by airway smooth


https://doi.org/10.1007/s11657-013-0136-1
https://doi.org/10.3390/ijms23031639
https://doi.org/10.1016/j.ajpath.2012.05.034
https://doi.org/10.1016/j.cmet.2021.09.001
https://doi.org/10.3390/nu11061394
https://doi.org/10.1194/jlr.M043299
https://doi.org/10.1016/j.lfs.2023.121983
https://doi.org/10.1016/j.lfs.2023.121983
https://doi.org/10.1016/j.pharmthera.2024.108594
https://doi.org/10.1016/j.pharmthera.2024.108594
https://doi.org/10.1038/s41419-022-05444-x
https://doi.org/10.1038/s41419-022-05444-x
https://doi.org/10.3389/fcell.2021.803132
https://doi.org/10.1016/j.freeradbiomed.2022.08.024
https://doi.org/10.1016/j.biopha.2023.115134
https://doi.org/10.1016/j.fitote.2023.105667
https://doi.org/10.1016/j.fitote.2023.105667
https://doi.org/10.1016/j.jfda.2016.11.005
https://doi.org/10.1016/j.jfda.2016.11.005
https://doi.org/10.1016/j.heliyon.2023.e20114
https://doi.org/10.3390/molecules27103319
https://doi.org/10.1016/j.jep.2021.113958
https://doi.org/10.1016/j.jep.2021.113958
https://doi.org/10.1016/j.intimp.2021.108158
https://doi.org/10.1016/j.intimp.2021.108158
https://doi.org/10.1038/s41598-022-10769-w
https://doi.org/10.1194/jlr.R082313
https://doi.org/10.3390/cells10123424
https://doi.org/10.3390/cells10123424
https://doi.org/10.1016/j.jep.2022.115154
https://doi.org/10.1016/j.jep.2022.115154
https://doi.org/10.1016/j.jep.2024.117814
https://doi.org/10.3389/fphar.2019.00411
https://doi.org/10.3389/fphar.2019.00411
https://doi.org/10.1111/j.1582-4934.2009.00955.x
https://doi.org/10.1111/jcmm.15501
https://doi.org/10.1038/aps.2011.135
https://doi.org/10.3389/fendo.2015.00165
https://doi.org/10.3389/fendo.2015.00165
https://doi.org/10.1016/j.jbc.2022.102324
https://doi.org/10.1016/j.ymgmr.2017.01.006
https://doi.org/10.1016/j.ymgmr.2017.01.006
https://doi.org/10.1006/bbrc.2000.4232
https://doi.org/10.3390/cells11182882
https://doi.org/10.3390/ijms23042020
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1038/s41580-019-0190-7
https://doi.org/10.1016/j.plipres.2015.06.002
https://doi.org/10.1016/j.plipres.2015.06.002
https://doi.org/10.3390/metabo13040578
https://doi.org/10.3390/metabo13040578
https://doi.org/10.1210/en.2011-1298
https://doi.org/10.1186/s10020-022-00503-7
https://doi.org/10.1016/j.redox.2017.07.014
https://doi.org/10.1111/jcmm.16255
https://doi.org/10.1080/078538902320772098
https://doi.org/10.1080/078538902320772098
https://doi.org/10.3389/fendo.2021.678055
https://doi.org/10.3389/fendo.2023.1085799
https://doi.org/10.3389/fendo.2023.1085799

Zhong et al. Journal of Orthopaedic Surgery and Research

47.

48.

49.

50.

muscle cells of patients with chronic obstructive pulmonary disease via
activation of ABCA1. Mol Med Rep. 2017;16:929-36. https://doi.org/10.3892/
mmr.2017.6618.

Hu YW, Yang JY, Ma X, Chen ZP, Hu YR, Zhao JY, et al. A lincRNA-DYNLRB2-2/
GPR119/GLP-1R/ABCA1-dependent signal transduction pathway is essential
for the regulation of cholesterol homeostasis. J Lipid Res. 2014;55:681-97.
https://doi.org/10.1194/jIrM044669.

Attie AD. ABCA1: at the nexus of cholesterol, HDL and atherosclerosis. Trends
Biochem Sci. 2007;32:172-9. https://doi.org/10.1016/j.tibs.2007.02.001.
Oram JF. HDL apolipoproteins and ABCAT1: partners in the removal of excess
cellular cholesterol. Arterioscler Thromb Vasc Biol. 2003;23:720-7. https://doi.
0rg/10.1161/01.Atv.0000054662.44688.9a.

Gao S, Feng Q. The Beneficial effects of Geniposide on glucose and lipid
metabolism: a review. Drug Des Devel Ther. 2022;16:3365-83. https://doi.
0rg/10.2147/dddt.5378976.

(2024) 19:179

51.

52.

Page 12 of 12

Huang J, Ye Y, Xiao Y, Ren Q, Zhou Q, Zhong M, et al. Geniposide ame-
liorates glucocorticoid-induced osteoblast apoptosis by activating
autophagy. Biomed Pharmacotherapy = Biomedecine Pharmacotherapie.
2022;155:113829. https://doi.org/10.1016/j.biopha.2022.113829.

Li K, DengY, Deng G, Chen P, Wang Y, Wu H, et al. High cholesterol induces
apoptosis and autophagy through the ROS-activated AKT/FOXO1 pathway
in tendon-derived stem cells. Stem Cell Res Ther. 2020;11:131. https://doi.
0rg/10.1186/513287-020-01643-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3892/mmr.2017.6618
https://doi.org/10.3892/mmr.2017.6618
https://doi.org/10.1194/jlr.M044669
https://doi.org/10.1016/j.tibs.2007.02.001
https://doi.org/10.1161/01.Atv.0000054662.44688.9a
https://doi.org/10.1161/01.Atv.0000054662.44688.9a
https://doi.org/10.2147/dddt.S378976
https://doi.org/10.2147/dddt.S378976
https://doi.org/10.1016/j.biopha.2022.113829
https://doi.org/10.1186/s13287-020-01643-5
https://doi.org/10.1186/s13287-020-01643-5

	﻿Geniposide alleviates cholesterol-induced endoplasmic reticulum stress and apoptosis in osteoblasts by mediating the GLP-1R/ABCA1 pathway
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture
	﻿Detection of protein expression by western blot
	﻿Detection of cell apoptosis
	﻿Statistical analysis

	﻿Results
	﻿GEN inhibits CHO-induced apoptosis of osteoblasts
	﻿GEN inhibited CHO-induced ER stress and apoptosis in osteoblasts
	﻿GEN inhibited CHO-induced ER stress and apoptosis by activating ABCA1 expression
	﻿GEN inhibited CHO-induced ER stress and apoptosis by activating GLP-1R expression

	﻿Discussion
	﻿Conclusion
	﻿References


