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Abstract. C1q/tumor necrosis factor‑related protein 3 (CTRP3) 
expression is markedly reduced in the serum of patients with 
osteoporosis. The present study aimed to investigate whether 
CTRP3 reduces bone loss in oophorectomy (OVX)‑induced 
mice via the AMP‑activated protein kinase (AMPK)/sirtuin 
1 (SIRT1)/nuclear factor E2‑related factor 2 (Nrf2) signaling 
pathway. Female C57BL/6J mice and MC3T3‑E1 cells were 
used to construct in  vivo and in  vitro models of osteopo‑
rosis, respectively. The left femurs of mice were examined 
using micro‑computed tomography scans and bone‑related 
quantitative morphological evaluation was performed. 
Pathological changes and the number of osteoclasts in the left 
femurs of mice were detected using hematoxylin and eosin, 
and tartrate‑resistant acid phosphatase (TRAP) staining. 
Runt‑related transcription factor‑2 (RUNX2) expression in the 
left femurs was detected using immunofluorescence analysis, 
and the serum levels of bone resorption markers (C‑telopeptide 
of type I collagen and TRAP) and bone formation markers 
[osteocalcin (OCN) and procollagen type  1 N‑terminal 
propeptide] were detected. In addition, osteoblast differentia‑
tion and calcium deposits were examined in MC3T3‑E1 cells 
using alkaline phosphatase (ALP) and Alizarin red staining, 
respectively. Moreover, RUNX2, ALP and OCN expression 
levels were detected using reverse transcription‑quantitative 
PCR, and the expression levels of proteins associated with 
the AMPK/SIRT1/Nrf2 signaling pathway were detected 
using western blot analysis. The results revealed that globular 

CTRP3 (gCTRP3) alleviated bone loss and promoted bone 
formation in OVX‑induced mice. gCTRP3 also facilitated 
the osteogenic differentiation of MC3T3‑E1 cells through the 
AMPK/SIRT1/Nrf2 signaling pathway. The addition of an 
AMPK inhibitor (Compound C), SIRT1 inhibitor (EX527) or 
Nrf2 inhibitor (ML385) reduced the osteogenic differentiation 
of MC3T3‑E1 cells via inhibition of gCTRP3. In conclusion, 
gCTRP3 inhibits OVX‑induced osteoporosis by activating the 
AMPK/SIRT1/Nrf2 signaling pathway.

Introduction

Primary osteoporosis is a metabolic disease in which bone 
loss leads to increased bone fragility; notably, this condition 
is more common in postmenopausal women (1). The rate of 
bone formation is lower than the rate of bone resorption by 
osteoclasts, which ultimately leads to osteoporosis (2). Further 
investigations into potential indicators of osteoporosis are 
required, to improve the timely diagnosis of osteoporosis and 
to reduce the probability of fracture in clinical practice.

C1q/tumor necrosis factor‑related protein‑3 (CTRP3) is a 
highly hydrophilic secreted protein that serves an important 
role in a variety of metabolic and inflammatory diseases (3‑5). 
Serum CTRP3 levels have been shown to be decreased in 
patients with osteoporosis, and a significant decrease in the 
incidence of osteoporosis has been observed in the presence 
of CTRP3 (6). The results of a previous study demonstrated 
that the serum levels of CTRP3 in patients with primary 
hyperparathyroidism are lower than those observed in healthy 
controls  (7). In addition, the serum levels of CTRP3 in 
patients with primary hyperparathyroidism with osteoporosis 
were shown to be lower than those in patients with primary 
hyperparathyroidism without osteoporosis. The results of a 
logistic regression analysis further revealed that CTRP3 levels 
may be used to independently determine whether a patient 
has osteoporosis (7). However, the specific role of CTRP3 in 
osteoporosis has yet to be fully elucidated. CTRP3 is highly 
upregulated in fracture callus tissue, and delayed intrachon‑
dral fracture healing can lead to abnormal mineral distribution 
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in CTRP3‑knockout mice. By contrast, callus remodeling has 
been reported to be accelerated in mice with CTRP3 overex‑
pression (8). The results of a previous study also revealed that 
CTRP3 suppresses osteoclastogenic factor‑induced osteoclast 
differentiation and bone destruction  (9). Notably, CTRP3 
significantly accelerates the calcification of abdominal aorta 
and the arterial ring, upregulates the expression of osteogenic 
marker genes, and enhances the expression of osteogenic 
markers in β‑glycerophosphate‑induced vascular smooth 
muscle cells (10). The results of these previous studies high‑
lighted that CTRP3 exhibits a specific regulatory effect on 
the differentiation of osteoblasts and osteoclasts. Activation of 
the AMP‑activated protein kinase (AMPK)/sirtuin 1 (SIRT1) 
signaling pathway promotes the osteogenic differentiation 
and antioxidant response of mouse bone mesenchymal stem 
cells (11), and activation of AMPK/nuclear factor estradiol 
(E2)‑related factor 2 (Nrf2) inhibits RANKL‑induced 
osteoclast generation and oxidative stress  (12). Therefore, 
it was hypothesized that CTRP3 may inhibit oophorectomy 
(OVX)‑induced bone loss in mice, and this process may be 
associated with the AMPK/SIRT1/Nrf2 signaling pathway.

Globular CTRP3 (gCTRP3) is a truncated form of CTRP3, 
and is termed ‘globular’ because it comprises the C‑terminal 
globular domain of CTRP3  (13). CTRPs all contain C1q 
globular domains and are jointly characterized as the 1q/TNF 
superfamily, which comprises CTRP1, CTRP3, CTRP4, 
CTRP5, CTRP6 and CTRP7 (14‑16). Notably, the globular 
structure of CTRP1 has been proven to be consistent with the 
function of the full‑length domain of CTRP1 (17). As previ‑
ously described, gCTRP3 is biologically active, and gCTRP3 
has been demonstrated to improve impaired vasodilatation of 
microvasculature in diabetes by ameliorating endothelial cell 
function (13). Besides, supplementation with the recombinant 
human gCTRP3 protects against high‑fat diet‑induced sper‑
matogenic deficiency in mice (18). gCTRP3 has been reported 
to promote mitochondrial biogenesis in hypoxia/reoxy‑
genation‑induced rat cardiomyocytes  (19). A recent study 
demonstrated that gCTRP3 treatment improves impaired 
vasodilatation of the microvasculature in a murine model of 
type 2 diabetes mellitus by ameliorating endothelial cell func‑
tion (13). The present study aimed to explore the effects of 
gCTRP3 on OVX‑induced mice, and MC3T3‑E1 cells were 
selected for in vitro experiments in this study. The MC3T3‑E1 
mouse calvaria‑derived preosteoblast cell line has contributed 
to the investigation of the role of osteoblasts in bone forma‑
tion (20). In addition, the role of AMPK/SIRT1/Nrf2 signaling 
was investigated using an AMPK inhibitor (Compound C), 
SIRT1 inhibitor (EX527) and Nrf2 inhibitor (ML385).

Materials and methods

Animal experiments. A total of 30 female C57BL/6J mice (age, 
6 weeks; weight, 21‑25 g) purchased from Hangzhou Ziyuan 
Laboratory Animal Technology Co., Ltd. were housed under 
the conditions of a 12‑h light/dark cycle at 21‑23˚C with a rela‑
tive humidity of 60‑65% with free access to water and food. 
All experimental procedures were carried out according to 
institutional guidelines and were approved by the Animal Care 
and Ethics Committee of The Third Hospital of Hebei Medical 
University (Shijiazhuang, China; approval no. Z2023‑020‑1). 

All mice were anesthetized using an intraperitoneal injec‑
tion of 50 mg/kg sodium pentobarbital. OVX was achieved 
through removal of the bilateral ovaries, and an equal amount 
of adipose tissue was removed to create control‑operated mice.

At 1 week post‑surgery, the control‑operated mice were 
randomly divided into the following two groups (n=6/group): 
i) Control group (control‑operated mice treated with distilled 
water) and ii) gCTRP3 group [control‑operated mice treated 
with human recombinant gCTRP3 (0.5 mg/kg)]. The OVX 
mice were randomly divided into the following three groups 
(n=6/group): i) OVX group (OVX mice treated with distilled 
water); ii) OVX + gCTRP3 group [OVX mice treated with 
gCTRP3 (0.5 mg/kg)]; and iii) OVX + E2 group [OVX mice 
treated with E2‑valerate tablets (Bayer Healthcare Co., Ltd.; 
1 mg/kg)]. Mice in the treatment groups were administered 
gCTRP3, E2 or an equal volume of distilled water once a day 
via gavage. gCTRP3 was purchased from Aviscera Bioscience. 
After 12 weeks of treatment, all mice were fasted overnight 
and euthanized with an intraperitoneal injection of 200 mg/kg 
sodium pentobarbital. Subsequently, blood was collected from 
the femoral artery, and serum was obtained following the 
centrifugation of blood at 1,000 x g for 10 min at 4˚C. The left 
femurs of all mice were isolated for micro‑computed tomog‑
raphy (CT) and histological analysis.

Micro‑CT scans and histological analysis. For micro‑CT 
scans, the left femurs were evaluated using a Skyscan 1076 
scanner (SkyScan NV) at 35 µm resolution. Reconstructed 
images were segmented to quantify the trabecular bone 
structure using CTAn software (v1.10.9.0; SkyScan NV), and 
3D images were visualized using Ant software (release 2.05; 
SkyScan NV). The volume of interest (VOI) was 1‑1.5 mm 
below the growth plate. The bone mineral density (BMD), 
bone volume/tissue volume (BV/TV), trabecular number 
(Tb.N), trabecular thickness (Tb.Th) and trabecular spacing 
(Tb.Sp) were calculated within the delimited VOI (21). For 
histological analysis, the left femurs were fixed in 4% para‑
formaldehyde for 24 h at room temperature, decalcified in 
12% EDTA (pH 7.4) for 21 days at room temperature, and 
embedded in paraffin. The tissues were sliced into 5‑µm 
sections, and these were subsequently used for hematoxylin 
and eosin, and tartrate‑resistant acid phosphatase (TRAP) 
staining. For hematoxylin and eosin staining, the sections 
were stained with hematoxylin for 5 min at room temperature 
and eosin for 5 min at room temperature. TRAP staining was 
performed using a 387A kit (Merck KGaA), Briefly, a mixed 
solution of citrate solution, Fast Gamet GBC Base solution, 
naphthol AS‑BI phosphonic acid solution and sodium nitrite 
solution were preheated at 37˚C before tartrate solution was 
added to the mixture, the sections were then submerged into 
the mixed solution for 1 h at 37˚C. Stained sections were 
photomicrographed using a light microscope (Olympus Corp.).

Immunofluorescence analysis. The paraffin‑embedded 
sections (5 µm) were dewaxed with xylene and rehydrated 
with a gradient ethanol series. The sections were then permea‑
bilized with 0.1% Triton X‑100 (BioFroxx; neoFroxx GmbH) 
for 3  min followed by incubation with 5% bovine serum 
albumin (BSA; BioFroxx; neoFroxx GmbH) for 1 h at room 
temperature. Subsequently, the sections were incubated with 
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an anti‑Runt‑related transcription factor‑2 (RUNX2) antibody 
(1:10,000; cat. no. 12556S; Cell Signaling Technology, Inc.) 
overnight at 4˚C. Subsequently, sections were washed with PBS 
and incubated with goat anti‑rabbit IgG secondary antibody 
conjugated to Alexa Fluor® 488 (1:1,000; cat. no. 4412S; Cell 
Signaling Technology, Inc.) at room temperature for 1 h. After 
washing in PBS, the sections were counterstained with DAPI 
for 10 min at room temperature and were observed under a 
fluorescence microscope (Olympus Corp.).

ELISA. The levels of C‑telopeptide of type  I collagen 
(CTX‑1), TRAP, osteocalcin (OCN) and procollagen 
type  1 N‑terminal propeptide (P1NP) in serum were 
detected using CTX‑1 (cat. no. E‑EL‑M3023; Elabscience 
Biotechnology, Inc.), TRAP (cat. no. SP14794; SPBIO), OCN 
(cat. no. E‑EL‑M0864c; Elabscience Biotechnology, Inc.) and 
P1NP (cat. no. E‑EL‑M0233c; Elabscience Biotechnology, 
Inc.) ELISA kits according to the manufacturers' instructions. 
Absorbance was measured using a microplate reader.

Cel l  cu l t u re  a n d  t rea t m en t .  MC3T3 ‑E1  cel l s 
(cat. no. CRL‑2593) were obtained from the American Type 
Culture Collection, and were cultured in α‑MEM (HyClone; 
Cytiva) supplemented with 10% FBS (HyClone; Cytiva), 
100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C with 
5% CO2. Prior to osteogenic differentiation, MC3T3‑E1 cells 
were pretreated with different concentrations of gCTRP3 
(0.2, 1 and 2 µg/ml) for 24 h at 37˚C. An AMPK inhibitor 
(Compound C; 1 µM; MedChemExpress) (22), SIRT1 inhibitor 
(EX527; 10 µM; MedChemExpress) (23) or Nrf2 inhibitor 
(ML385; 5 µM; MedChemExpress)  (24) was used to treat 
MC3T3‑E1 cells in the presence of gCTRP3 for 24 h at 37˚C. 
Subsequently, MC3T3‑E1 cells were seeded into 6‑well plates 
at a density of 1x104 cells/well and cultured in α‑MEM supple‑
mented with 10 mM β‑glycerol phosphate, 50 µg/ml ascorbic 
acid and 100 nM dexamethasone for up to 14 days at 37˚C.

Cell Counting Kit‑8 (CCK‑8) assay. The viability of MC3T3‑E1 
cells was evaluated using a CCK‑8 assay kit (Beijing Solarbio 
Science & Technology Co., Ltd.). Following pretreatment with 
gCTRP3, MC3T3‑E1 cells were incubated with CCK‑8 solu‑
tion (10 µl) for 2 h at 37˚C. Absorbance was detected using a 
microplate reader at a wavelength of 450 nm.

Alkaline phosphatase (ALP) activity. The ALP activity 
of MC3T3‑E1 cells was detected using an ALP assay kit 
(cat.  no.  E‑BC‑K091‑S; Elabscience Biotechnology, Inc.) 
according to the manufacturer's instructions. Absorbance was 
detected using a microplate reader at a wavelength of 450 nm.

ALP staining and Alizarin red staining (ARS). For ALP 
staining, MC3T3‑E1 cells were fixed with 4% formaldehyde 
at room temperature for 30  min, rinsed with 0.05% TBS 
supplemented with Tween‑20 and stained with naphthol/Fast 
Red Violet solution (Sigma‑Aldrich; Merck KGaA) at room 
temperature for 15  min, according to the manufacturer's 
instructions. Then cells were rinsed and imaged under a light 
microscope (Olympus Corp.).

For ARS, MC3T3‑E1 cells were fixed with 4% formalde‑
hyde at room temperature for 15 min and stained with 40 mM 

ARS dye (pH 4.2; Beyotime Institute of Biotechnology) at 
room temperature for 10 min. Calcium deposits were observed 
under a light microscope (Olympus Corp.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Following 
treatment, total RNA was extracted from MC3T3‑E1 cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
RNA was reverse transcribed into cDNA using the PrimeScript 
RT reagent kit (Takara Bio, Inc.) according to manufacturer's 
protocol, followed by qPCR using Kapa SYBR® FAST qPCR 
Master Mix (Takara Bio, Inc.). The PCR reaction conditions 
consisted of 95˚C for 3 min, followed by 40 cycles of 95˚C for 
30 sec and 60˚C for 30 sec. RUNX2, ALP and OCN mRNA 
expression levels in MC3T3‑E1 cells were quantified using the 
2‑∆∆Cq method and normalized to the internal reference gene 
GAPDH (25). The primer sequences were designed by Sangon 
Biotech Co., Ltd. The following primer pairs were used for 
qPCR: RUNX2, forward 5'‑GCC​AAT​CCC​TAA​GTG​TGG​
CT‑3', reverse 5'‑AAC​AGA​GAG​CGA​GGG​GGT​AT‑3'; ALP, 
forward 5'‑TGG​TCA​CAG​CAG​TTG​GTA​GC‑3', reverse 5'‑CTG​
AGA​TTC​GTC​CCT​CGC​TG‑3'; OCN, forward 5'‑ATG​GCT​
TGA​AGA​CCG​CCT​AC‑3', reverse 5'‑GAC​AGG​GAG​GAT​CAA​
GTC​CC‑3'; and GAPDH, forward 5'‑CCC​TTA​AGA​GGG​ATG​
CTG​CC‑3' and reverse 5'‑TAC​GGC​CAA​ATC​CGT​TCA​CA‑3'.

Western blot analysis. Following treatment, MC3T3‑E1 cells 
were lysed in ice‑cold RIPA lysis buffer (Beyotime Institute 
of Biotechnology). The concentration of total proteins in 
MC3T3‑E1 cells was detected using a BCA protein assay 
kit (Beyotime Institute of Biotechnology). Equal amounts of 
protein (40 µg per lane) were separated by SDS‑PAGE on 
10% gels and were transferred onto polyvinylidene difluoride 
membranes. After blocking with 5% BSA for 1 h at room 
temperature, the membranes were incubated with primary 
antibodies against phosphorylated (p)‑AMPK (1:1,000 dilu‑
tion; cat. no. 2535T; Cell Signaling Technology, Inc.), AMPK 
(1:1,000; cat. no. 2532S; Cell Signaling Technology, Inc.), 
SIRT1 (1:1,000; cat. no. 9475T; Cell Signaling Technology, 
Inc.), Nrf2 (1:1,000; cat.  no.  80593‑1‑RR; Proteintech 
Group, Inc.) and GAPDH (1:1,000; cat.  no.  2118T; Cell 
Signaling Technology, Inc.) overnight at 4˚C. Subsequently, 
the membranes were incubated with HRP‑conjugated goat 
anti‑rabbit IgG secondary antibody (1:10,000; cat. no. 7074P2; 
Cell Signaling Technology, Inc.) for 1 h at room tempera‑
ture. Protein bands were visualized using ECL reagent 
(MilliporeSigma) and protein expression was semi‑quantified 
using ImageJ (version 1.8.0; National Institutes of Health).

Statistical analysis. All experiments were independently 
repeated three times and data are presented as the mean ± stan‑
dard deviation. Statistical analyses were performed using 
GraphPad Prism software (version 8.0.1; Dotmatics). One‑way 
ANOVA followed by Tukey's post‑hoc test was used to compare 
differences among multiple groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

gCTRP3 treatment alleviates bone loss in OVX‑induced 
mice. Results of the micro‑CT scan demonstrated that loss 
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of the trabecular bone occurred in OVX‑induced mice, 
and this loss was improved in mice treated with gCTRP3 
and E2 (the positive drug group) (Fig. 1A). Morphometric 
analysis of the left femurs of OVX‑induced mice demon‑
strated that BMD, BV/TV, Tb.N and Tb.Th were decreased 
in OVX‑induced mice, and these levels were markedly 
restored following treatment with gCTRP3 and E2 (Fig. 1B). 
By contrast, Tb.Sp was increased in OVX‑induced mice, 
and this was decreased following treatment with gCTRP3 
and E2 (Fig. 1B). Notably, the cortical bone thickness and 
trabecular area were markedly decreased in OVX‑induced 
mice; however, the bone mass of OVX‑induced mice was 

increased in the gCTRP3 and E2 group (Fig. 2A). In addi‑
tion, TRAP staining indicated that OVX induced an increase 
in the number of osteoclasts, and this number was decreased 
following treatment with gCTRP3 and E2 (Fig.  2B). In 
addition, the expression levels of RUNX2, a marker of bone 
formation, were reduced in OVX‑induced mice, and treat‑
ment with gCTRP3 and E2 increased the expression levels 
(Fig. 2C). Simultaneously, the serum levels of bone resorp‑
tion markers (CTX‑1 and TRAP) were increased, and those 
of bone formation markers (OCN and P1NP) were decreased 
in OVX‑induced mice (Fig. 2D), which was consistent with 
the results of previous studies  (26‑28). By contrast, these 

Figure 1. gCTRP3 alleviates bone loss in OVX‑induced mice. (A) Left femurs of OVX‑induced mice were examined using a micro‑computed tomography 
scan following gCTRP3 treatment. (B) BMD, BV/TV, Tb.N, Tb.Th and Tb.Sp were quantified in the left femurs of OVX‑induced mice following treatment 
with gCTRP3. ***P<0.001 vs. Control group; ##P<0.01, ###P<0.001 vs. OVX group. gCTRP3, globular C1q/tumor necrosis factor‑related protein 3; OVX, 
oophorectomy; E2, estradiol valerate; BMD, bone mineral density; BV/TV, bone volume/tissue volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; 
Tb.Sp, trabecular separation.
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levels were restored following treatment with gCTRP3 and 
E2 (Fig. 2D). Collectively, the results of the present study 
demonstrated that gCTRP3 treatment alleviated bone loss in 
OVX‑induced mice.

gCTRP3 promotes the osteogenic dif ferentiation of 
MC3T3‑E1 cells. As shown in Fig. 3A, different concentra‑
tions of gCTRP3 did not affect the viability of MC3T3‑E1 
cells, compared with that in the untreated control group. 

Furthermore, ALP activity, osteoblast differentiation and 
mineralized calcium nodules were all increased following 
treatment with gCTRP3 from 0.2 to 2 µg/ml, when compared 
with the control group (Fig. 3B‑D). Consistently, RUNX2, 
ALP and OCN expression levels were increased in MC3T3‑E1 
cells following treatment with gCTRP3 from 0.2 to 2 µg/ml 
(Fig. 3E). Collectively, the results of the present study suggested 
that gCTRP3 may promote the osteogenic differentiation of 
MC3T3‑E1 cells.

Figure 2. gCTRP3 inhibits bone resorption and promotes bone formation. (A) Pathological changes of the left femurs of OVX‑induced mice were observed 
using hematoxylin and eosin staining following treatment with gCTRP3 (scale bar, 25 µm). (B) Number of osteoclasts in the left femurs of OVX‑induced mice 
were observed using TRAP staining following treatment with gCTRP3 (scale bar, 50 µm). (C) RUNX2 expression levels in the left femurs of OVX‑induced 
mice were detected using immunofluorescence analysis following treatment with gCTRP3 (scale bar, 50 µm). (D) CTX‑1, TRAP, OCN and P1NP expres‑
sion levels in the serum of OVX‑induced mice were detected using ELISA kits following treatment with gCTRP3. ***P<0.001 vs. Control group; #P<0.05, 
##P<0.01 and ###P<0.001 vs. OVX group. gCTRP3, globular C1q/tumor necrosis factor‑related protein 3; OVX, oophorectomy; E2, estradiol valerate; TRAP, 
tartrate‑resistant acid phosphatase; RUNX2, Runt‑related transcription factor‑2; CTX‑1, C‑telopeptide of type I collagen; OCN, osteocalcin; P1NP, procol‑
lagen type 1 N‑terminal propeptide.
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gCTRP3 activates the AMPK/SIRT1/Nrf2 signaling 
pathway in MC3T3‑E1 cells. Western blot analysis was 
used to evaluate the expression levels of proteins associated 
with AMPK/SIRT1/Nrf2 signaling in MC3T3‑E1 cells, in 
the presence of gCTRP3. The results of the present study 

demonstrated that p‑AMPK, SIRT1 and Nrf2 expression 
levels were increased in MC3T3‑E1 cells following treatment 
with 1 and 2 µg/ml gCTRP3 (Fig. 4). By contrast, AMPK 
expression was not altered in MC3T3‑E1 cells following 
treatment with different concentrations of gCTRP3 (Fig. 4). 

Figure 3. gCTRP3 promotes the osteogenic differentiation of MC3T3‑E1 cells. (A) MC3T3‑E1 cell viability was detected using a Cell Counting Kit‑8 assay 
following treatment with different concentrations of gCTRP3. (B) ALP activity of MC3T3‑E1 cells was detected using an ALP assay kit following treatment 
with different concentrations of gCTRP3. (C) Osteoblast differentiation of MC3T3‑E1 cells was investigated using ALP staining following treatment with 
different concentrations of gCTRP3. (D) Calcium deposits were detected in MC3T3‑E1 cells using ARS staining following treatment with different concentra‑
tions of gCTRP3. (E) Expression levels of osteogenic marker genes in MC3T3‑E1 cells were detected using reverse transcription‑quantitative PCR following 
treatment with different concentrations of gCTRP3. *P<0.05, **P<0.01 and ***P<0.001 vs. Control group. gCTRP3, globular C1q/tumor necrosis factor‑related 
protein 3; ALP, alkaline phosphatase; ARS, Alizarin red staining; RUNX2, Runt‑related transcription factor‑2; OCN, osteocalcin.



MOLECULAR MEDICINE REPORTS  30:  133,  2024 7

Collectively, these data revealed that gCTRP3 activates the 
AMPK/SIRT1/Nrf2 signaling pathway in MC3T3‑E1 cells.

gCTRP3 promotes the osteogenic differentiation of MC3T3‑E1 
cells through activating the AMPK/SIRT1/Nrf2 signaling 
pathway. MC3T3‑E1 cells were treated with an AMPK inhib‑
itor (Compound C), SIRT1 inhibitor (EX527) or Nrf2 inhibitor 
(ML385) to assess whether gCTRP3 promoted osteogenic 
differentiation via the AMPK/SIRT1/Nrf2 signaling pathway. 
As displayed in Fig. 5A‑C, gCTRP3 treatment elevated ALP 
activity, osteoblast differentiation and mineralized calcium 
nodules, whereas these factors were reduced following treat‑
ment with Compound C, EX527 and ML385. In addition, 
the gCTRP3‑mediated increases in the expression levels of 
RUNX2, ALP and OCN were reduced following treatment 
with Compound C, EX527 and ML385 in MC3T3‑E1 cells 
(Fig. 5D). Collectively, these data demonstrated that gCTRP3 
promotes the osteogenic differentiation of MC3T3‑E1 cells 
through activating the AMPK/SIRT1/Nrf2 signaling pathway.

Discussion

The results of the present study revealed that gCTRP3 alle‑
viated bone loss in OVX‑induced mice. Moreover, gCTRP3 
increased BMD, BV/TV, Tb.N and Tb.Th, decreased Tb.Sp, 
and improved cortical bone thickness and trabecular area. The 
results of the present study also demonstrated that treatment 
with gCTRP3 decreased the number of osteoclasts, promoted 
the levels of RUNX2, OCN and P1NP, and inhibited the 
levels of CTX‑1 and TRAP. In vitro, gCTRP3 promoted ALP 
activity, osteoblast differentiation and mineralized calcium 
nodules through activating the AMPK/SIRT1/Nrf2 signaling 
pathway, and these factors were reversed following treatment 
with Compound C, EX527 and ML385.

As a member of the CTRP family, CTRP3 is highly 
expressed in cartilage and adipocytes. CTRP3 participates 
in the proliferation and migration of chondrocytes, and 
regulates the homeostasis of cartilage and bone metabolism 
in  vivo  (7,8). In patients with reduced CTRP3 expression 
levels, the metabolism of calcium and phosphorus is unbal‑
anced, and the absorption capacity of calcium, phosphorus 
and other substances is reduced, leading to osteoporosis (6). 
Maeda et al  (29) reveled that CTRP3 may be involved in 
chondrocyte development. Yokohama‑Tamaki  et  al  (30) 
demonstrated that CTRP3 may be essential for mandible 

regulation via perichondrium maintenance and neochondro‑
genesis. The results of a previous study revealed that reduced 
CTRP3 expression inhibits the proliferation, migration and 
invasion of osteosarcoma cells (31). Moreover, CTRP3 can 
inhibit the hypoxia/serum deprivation‑induced apoptosis of 
bone marrow‑derived mesenchymal stem cells (32). The results 
of the present study demonstrated that gCTRP3 serves a key 
role in bone formation in OVX‑induced mice, and promoted 
the ALP activity, osteoblast differentiation and mineralized 
calcium nodules of MC3T3‑E1 cells.

ALP hydrolyzes organophosphate, increases inorganic 
phosphate local rates and facilitates mineralization as well as 
reduces the concentration of extracellular pyrophosphate, an 
inhibitor of mineral formation (33). In addition, ALP promotes 
bone calcification and acts as a prerequisite for the formation of 
calcium nodules (34). The expression of RUNX2 indicates the 
onset of osteogenic differentiation, which occurs at the earliest 
stage of bone formation (35). The expression of RUNX2 in 
bone tissue after OVX remains controversial, and may be 
affected by different stages of osseointegration, mouse back‑
ground or various bone tissue (36‑38). OCN is a non‑collagen 
protein that is present in bone tissue, and levels are indicative 
of maturity during osteogenic differentiation (39). The results 
of the present study demonstrated that treatment with gCTRP3 
significantly increased the expression levels of ALP, RUNX2 
and OCN in MC3T3‑E1 cells, suggesting that gCTRP3 may 
promote the osteogenic differentiation of MC3T3‑E1 cells.

The results of previous studies demonstrated that AMPK is 
a therapeutic target for metabolic diseases, cancer and athero‑
sclerosis, which serves an important role in anti‑inflammatory, 
antitumor and anti‑aging treatments (40‑43). At present, osteo‑
porosis is considered a metabolic disease that is comparable 
with diabetes and obesity, and AMPK promotes osteoblast 
differentiation and bone formation (44). Through the AMPK 
signaling pathway, Si‑Zhi Wan, a traditional Chinese medicine 
used to treat osteoporosis, inhibits osteoclast autophagy in 
osteoporosis to attenuate osteoclastogenesis (45). Isovaleric 
acid stimulates AMPK phosphorylation, and treatment with an 
AMPK inhibitor (Compound C) blocks isovaleric acid‑induced 
inhibition of osteoclast generation (46). This suggests that the 
AMPK signaling pathway serves a key role in bone metabolism 
in osteoporosis. Compound C attenuates AMPK expression in 
different types of cells (47), and inhibits the osteogenic differ‑
entiation of cells (48,49). AMPK activation directly inhibits 
the generation of osteoclasts (50), stimulates the production 

Figure 4. gCTRP3 activates the AMPK/SIRT1/Nrf2 signaling pathway. Expression levels of proteins associated with the AMPK/SIRT1/Nrf2 signaling 
pathway were determined in MC3T3‑E1 cells following treatment with different concentrations of gCTRP3. *P<0.05 and ***P<0.001 vs. Control group. 
gCTRP3, globular C1q/tumor necrosis factor‑related protein 3; p‑, phosphorylated; AMPK, AMP‑activated protein kinase; SIRT1, sirtuin 1; Nrf2, nuclear 
factor E2‑related factor 2.
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of osteoprotegerin in osteoblasts, reduces the expression of 
RANKL and indirectly inhibits osteoclast differentiation (51). 
The results of the present study revealed that AMPK inhibition 
reduced ALP activity, osteoblast differentiation and mineral‑
ized calcium nodules of MC3T3‑E1 cells.

SIRT1 is involved in intracellular energy metabolism via 
the AMPK signaling pathway, and modulates bone metabolism 
in an AMPK‑dependent manner. Wang et al (52) revealed that 
AMPK promotes the osteogenic differentiation of pre‑osteoblast 

MC3T3‑E1 cells through the AMPK/GFI1/OPN pathway, and 
the osteogenic differentiation of AMPKα2‑overexpressed cell 
models has been shown to be markedly increased. Notably, 
AMPK facilities bone metabolism via activation of SIRT1, 
which deacetylates and activates the kinase upstream of 
AMPK, LKB1. In addition, AMPK activation increases the 
NAD+/NADH ratio and further activates SIRT1 (53). Notably, 
it has been reported that cholesterol sulfate inhibits osteoclast 
differentiation and survival by activating the AMPK/SIRT1 

Figure 5. gCTRP3 promotes the osteogenic differentiation of MC3T3‑E1 cells through the AMP‑activated protein kinase/sirtuin 1/nuclear factor E2‑related 
factor 2 signaling pathway. (A) ALP activity of MC3T3‑E1 cells was detected using an ALP assay kit following treatment with gCTRP3 and a signaling 
pathway inhibitor. (B) Osteoblast differentiation of MC3T3‑E1 cells was determined using ALP staining following treatment with gCTRP3 and a signaling 
pathway inhibitor. (C) Calcium deposits in MC3T3‑E1 cells were determined using ARS staining following treatment with gCTRP3 and a signaling pathway 
inhibitor. (D) Expression levels of osteogenic marker genes were determined using reverse transcription‑quantitative PCR following treatment with gCTRP3 
and a signaling pathway inhibitor. ***P<0.001 vs. Control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. gCTRP3 group. gCTRP3, globular C1q/tumor necrosis 
factor‑related protein 3; ALP, alkaline phosphatase; ARS, Alizarin red staining; RUNX2, Runt‑related transcription factor‑2; OCN, osteocalcin.
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axis (54). El‑Haj et al (55) revealed that SIRT1 expression levels 
are markedly reduced in the bone tissue of female patients with 
osteoporotic fractures. Moreover, treatment with the SIRT1 
agonist, SRT3025, significantly reduces the expression levels 
of osteoblast proteins and maintains the osteogenic differen‑
tiation of bone marrow mesenchymal stem cells. The results 
of the present study indicated that gCTRP3 stimulated the 
expression of SIRT1, and treatment with the SIRT1 inhibitor, 
EX527, suppressed ALP activity, osteoblast differentiation and 
mineralized calcium nodules in MC3T3‑E1 cells.

Nrf2 has an important role in regulating bone development 
and metabolism. During osteoclast formation, inhibition of 
Nrf2 expression can increase the number of osteoclasts (56). 
Furthermore, azilsartan ameliorates OVX‑induced osteopo‑
rosis by activating Nrf2 signaling (46), and anemoside B4 
attenuates RANKL‑induced osteoclastogenesis by upregu‑
lating Nrf2, and dampens OVX‑induced bone loss  (57). 
Moreover, Nrf2 overexpression reduces the number of 
osteoclasts and downregulates RANKL expression  (58). 
In the process of osteogenic differentiation, osteoblasts 
cannot differentiate in the absence of Nrf2, and osteogenic 
differentiation is inhibited in the presence of high oxidative 
stress (59,60). The present study demonstrated that gCTRP3 
promoted Nrf2 expression, reduced the number of osteo‑
clasts in OVX‑induced mice and promoted the osteogenic 
differentiation of MC3T3‑E1 cells.

In conclusion, gCTRP3 inhibited OVX‑induced osteopo‑
rosis in mice, and promoted the osteogenic differentiation of 
MC3T3‑E1 cells through increasing ALP activity, osteoblast 
differentiation and mineralized calcium nodules via activation 
of the AMPK/SIRT1/Nrf2 signaling pathway. The results of 
the present study provide a novel theoretical basis for the role 
of CTRP3 in OVX‑induced osteoporosis, and revealed that 
CTRP3 may exhibit potential as a therapeutic target for the 
postoperative treatment of OVX‑induced osteoporosis.
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