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Abstract 

Background Osteoporosis (OP) poses a significant clinical challenge with escalating morbidity. This study explores 
Circ_HECW2 expression in OP patients and its regulatory role in lipopolysaccharide (LPS)-induced osteoblast 
apoptosis.

Methods Circ_HECW2 expression in OP patient serum and healthy controls was quantified using RT-qPCR. Diag-
nostic value of Circ_HECW2 for OP was assessed via ROC curve. Pearson’s correlation model examined associations 
between indicators. Human osteoblasts HFOB1.19, treated with LPS, were analyzed for Circ_HECW2, pre-miR-1224, 
miR-1224-5p, and PDK2 mRNA levels. TUNEL assay determined cell apoptosis and Western blot assessed cleaved-
caspase-3 protein levels. RNase R resistance assay and actinomycin D assay confirmed Circ_HECW2’s cyclic structure. 
RNA pull-down and dual-luciferase reporter assay verified binding relationships between Circ_HECW2 and miR-1224 
and between miR-1224-5p and PDK2.

Results Circ_HECW2 exhibited elevated expression in OP patients with diagnostic significance and a negative cor-
relation with lumbar T-score. LPS co-culture increased Circ_HECW2 expression in HFOB1.19 cells, significantly elevat-
ing apoptosis index and cleaved-caspase-3. Circ_HECW2 downregulation inhibited HFOB1.19 apoptosis, reduced 
pre-miR-1224 expression, and elevated mature miR-1224-5p. Circ_HECW2 bound to pre-miR-1224, and inhibiting 
miR-1224-5p reversed the effect of Circ_HECW2 downregulation on osteoblast apoptosis. miR-1224-5p targeted PDK2 
transcription.

Conclusion Circ_HECW2, highly expressed in OP, holds diagnostic significance and reflects disease severity. Circ_
HECW2 reduces mature miR-1224-5p by binding to pre-miR-1224, upregulating PDK2, and facilitating LPS-induced 
osteoblast apoptosis.
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Introduction
Osteoporosis (OP), an insidious metabolic skeletal dis-
order prevalent among the elderly and postmenopausal 
women, is characterized by diminished bone mass and 
degradation of bone microstructure, resulting in skeletal 
fragility and heightened fracture risks [1]. The pathogen-
esis of OP is intricate, and current understanding pos-
its that OP primarily arises from an imbalance between 
bone formation and resorption, driven by dysfunctional 
osteoblast and osteoclast activities [2]. As the global 
population ages, OP emerges as a formidable threat to 
human health, escalating medical expenses costs, and 
imposing substantial burdens on OP patients and their 
families [3]. Compounding this issue is the absence of 
specific drugs in clinical practice for a definitive cure, 
with existing treatments only capable of delaying OP pro-
gression and mitigating fracture risks [4]. Consequently, 
there is an urgent need to identify novel and effective 
therapeutic targets for OP.

Circular RNAs (circRNAs) have emerged as a class of 
endogenous non-coding RNAs characterized by a unique 
covalent closed loop without a 5’ cap or 3’ tail. They play 
a crucial role in modulating various biological activities 
and pathophysiological responses [5]. Increasing studies 
have identified numerous deregulated circRNAs in bone 
metabolism, with circRNAs serving as potential diagnos-
tic biomarkers for OP [6]. Circ_HECW2, for instance, 
exhibits an aberrantly high expression pattern in osteo-
arthritis patients and lipopolysaccharide (LPS)-exposed 
chondrocytes, such that Circ_HECW2 overexpres-
sion exacerbates LPS-induced chondrocyte apoptosis 
[7]. Additionally, Circ_HECW2 has been reported to 
be upregulated in the serum of coronary artery disease 
patients and oxidized low-density lipoprotein-induced 
human cardiac microvascular endothelial cells [8]. How-
ever, the regulatory mechanism of Circ_HECW2 in OP 
remains elusive.

Accumulating evidence highlights the presence of 
circRNA-miRNA networks in the intricate regulation 
of various bone diseases, including OP [9]. MicroRNAs 

(miRNAs), as non-coding small RNAs, intricately modu-
late gene expression post-transcriptionally, contributing 
significantly to the pathophysiology of diverse musculo-
skeletal conditions. For instance, specific miRNAs play 
pivotal roles in regulating cytokine expression, orches-
trating the proliferation and differentiation of stromal 
cell lines involved in the composition of the extracellular 
matrix, thereby presenting therapeutic opportunities for 
managing tendon injuries [10]. miRNAs exhibit distinct 
expression patterns in osteoarthritis compared to non-
osteoarthritic cartilage, and the complex interactions 
between miRNAs and their target genes are crucial for 
maintaining homeostatic pathways in osteoarthritis [11]. 
Notably, miRNAs are implicated in regulating the expres-
sion of OP-related genes and display abnormal expression 
profiles in OP patients [12]. Mechanistically, circRNAs 
function as molecular sponges for miRNAs, disrupting 
the expression of target messenger RNAs (mRNAs), a 
phenomenon substantiated in various bone cellular activ-
ities [13]. A deeper comprehension of the pivotal involve-
ment of circRNA-miRNA-mRNA networks in OP may 
yield novel insights for exploring diagnostic biomark-
ers and therapeutic targets. Previous miRNome analy-
sis has unveiled a reduction in miR-1224-5p expression 
in the serum samples of osteoporotic postmenopausal 
women [14]. Identified as a crucial osteogenic regulator, 
miR-1224-5p overexpression notably facilitates fracture 
healing and ameliorates OP progression resulting from 
estrogen deficiency and aging [15]. However, the regula-
tory network formed by Circ_HECW2 and miR-1224-5p 
in OP remains unexplored. This study endeavors to elu-
cidate the expression pattern of Circ_HECW2 in OP and 
investigate its molecular mechanism in lipopolysaccha-
ride (LPS)-induced osteoblast apoptosis, aiming to pro-
vide novel insights for the clinical management of OP.

Materials and methods
Ethics statement
This study received approval from the Ethics Committee 
of The First Hospital of Lanzhou University and adhered 
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to the principles of the Declaration of Helsinki. Informed 
consent was obtained from all participants and their 
families.

Study subjects
A total of 65 OP patients (OP group) who were diag-
nosed and treated at our hospital from July 2021 to July 
2022 were enrolled, comprising 26 males and 39 females. 
Simultaneously, 65 healthy volunteers with normal 
bone mass were recruited as the control group, includ-
ing 21 males and 44 females. Inclusion criteria encom-
passed patients diagnosed with OP by dual-energy x-ray 
absorptiometry (DEXA; Hologic Inc., Waltham, MA, US) 
(T-score ≤ − 2.5), capable of self-care in daily life, and able 
to communicate clearly without cognitive impairment. 
Exclusion criteria comprised patients with secondary 
OP caused by tumors, infections, and prolonged use of 
glucocorticoids; individuals with endocrine system dis-
eases, neuro-muscular system diseases, blood diseases, 
and severe organ diseases; those who had taken drugs 
affecting bone metabolism within 3 months before seek-
ing medical attention; and individuals mental disorders. 
Demographic details including age, gender, smoking his-
tory, body mass index (BMI), etc., were recorded. Blood 
samples were collected at admission and processed in 
Becton Dickinson (BD) ethylenediaminetetraacetic acid 
tubes, centrifuged at 3000×g for 15 min, and the serum 
was stored at − 80  °C for testing. Laboratory indicators 
such as white blood cells, parathyroid hormone (PTH), 
inorganic phosphorus, tP1NP, β-CTx, Calcium, 25(OH) 
D, Lymphocyte count, and Monocyte count were tested 
in strict accordance with operational procedures and kit 
instructions.

Bone mineral density (BMD) evaluation
Patients, after discarding metal items, assumed a supine 
position at the center of the DEXA machine. Special 
pads were used to lift the lower limbs, aligning the hip 
and knee joints at a 90° angle. The initial laser point was 
positioned at the fifth lumbar spine. BMD values of the 

lumbar spine (L1, L2, L3, L4, and the sum of L1–L4), 
along with the T value by the system under big data, were 
collected. BMD values were measured meticulously by 
the same group of imaging physicians following technical 
specifications.

Cell culture and treatment
Human osteoblasts HFOB1.19 (ATCC, Manassas, Vir-
ginia, USA; cells were identified through short tandem 
repeats, and Mycoplasma test result was negative) were 
cultured in medium containing 10% fetal bovine serum 
and 1% penicillin–streptomycin. The medium was 
refreshed every three days. Upon reaching 80% conflu-
ence, HFOB1.19 cells were subjected to co-culture with 
10  µg/mL lipopolysaccharide (LPS; Solarbio, Beijing, 
China) added for 24  h. Cells without LPS treatment 
served as controls. Cell transfection was conducted 
before LPS addition. Briefly, HFOB1.19 cells in the loga-
rithmic phase were transfected with si-Circ_HECW2 (si-
NC) and anti-miR-1224-5p (anti-NC) (GenePharma Co., 
Ltd, Shanghai, China) according to the Lipofectamine 
2000 reagent instructions (Thermo Fisher Scientific Inc., 
Waltham, MA, USA).

Reverse transcription quantitative polymerase chain 
reaction (RT‑qPCR)
Total RNA extracted from serum and osteoblasts using 
the TRIzol method (Beyotime, Shanghai, China) under-
went reverse-transcribed into cDNA with the Prime-
Script TM RT Reagent Kit (Takara, Tokyo, Japan). 
RT-qPCR was performed following the SYBR® Premix 
EX Taq TM II Kit instructions (Takara) on an ABI7500 
PCR instrument (Invitrogen; Thermo Fisher Scientific), 
with cDNA as the template. The  2−ΔΔCT method [16] cal-
culated the relative expression of genes, using U6 as the 
internal reference of pre-miR-1224 and miR-1224-5p 
[17], and GAPDH as the internal reference of CircRNA 
and mRNA [18]. Primer sequences are provided in 
Table 1.

Table 1 qPCR primers

PDK2: Pyruvate dehydrogenase kinase 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase

Forward primer (5′–3′) Reverse primer (5′–3′)

Circ_HECW2 CCC ACC ACT TTG AAC GCT AC GGC TGT CAA TGC GTG CCT 

HECW2 TAC CAC GGC ATT AGT GGA GC ATC CCT TTC TTT AGC CCA ACTG 

pre-miR-1224 TCG GCA GGG TGA GGA CTC GGG CAG CCA CAA AAG AGC ACA AT

miR-1224-5p GCC GAG GTG AGG ACT CGG GAGG CTC AAC TGG TGT CGT GGA 

PDK2 CCC CGT CCC CGT TGTC TCG CAG GCA TTG CTG GAT 

U6 CTC GCT TCG GCA GCACA AAC GCT TCA CGA ATT TGC GT

GAPDH CGC TCT CTG CTC CTC CTG TTC ATC CGT TGA CTC CGA CCT TCAC 
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Terminal deoxynucleotidyl transferase dUTP nick‑end 
labeling (TUNEL)
Following transfection and LPS treatment, HFOB1.19 
cells were prepared into smears, immersed in 40  g/L 
paraformaldehyde for 20  min, and then infiltrated with 
pre-cooled 1% Triton X-100. After sealing for 10  min, 
the cells were treated with the reaction solution per the 
TUNEL Cell Apoptosis Test Kit instructions (Beyotime), 
and finally added with the 4′,6-diamidino-2-phenylin-
dole solution. TUNEL-positive cells were observed under 
a BX53 fluorescence microscope. The apoptosis index 
(number of apoptotic cells/number of cells in the field) 
was calculated based on counting TUNEL-positive cells 
that were counted in six randomly selected fields of view.

Western blot
Cell protein was extracted using radio-immunoprecip-
itation assay lysis buffer (Beyotime), and the protein 
determined was detected using a bicinchoninic acid kit 
(Beyotime). Equivalent amounts of protein were sepa-
rated by 12% SDS-PAGE (Beyotime) and transferred onto 
polyvinylidene fluoride membranes by electrophoresis. 
After blocking, the membranes were incubated with pri-
mary antibodies cleaved-caspase-3 (ab2302, 1:50, Abcam, 
Cambridge, MA, USA) and GAPDH (ab128915, 1:10,000, 
Abcam). Following rinsing, the membranes were further 
incubated with the corresponding secondary antibody 
(ab205718, 1:2000, Abcam) in the dark for 2  h. After 
another round of rinsing, the enhanced chemilumines-
cence assay kit was used for imaging, and Bandscan 5.0 
facilitated the quantitative detection of protein bands.

Ribonuclease R (RNase R) resistance assay
Total RNA was extracted from HFOB1.19 cells. Sub-
sequently, 1.5  μg of RNA was digested with or without 
RNase R (Thermo Fisher Scientific) for 10  min. After 
reverse transcription, RT-qPCR was performed to detect 
the mRNA levels of Circ_HECW2 and linear HECW2.

Actinomycin D treatment
HFOB1.19 cells underwent treatment with 1  μg/mL 
actinomycin D for different time points (0, 8, 16, and 
24  h). Total RNA was then extracted for RT-qPCR to 
assess the mRNA levels of Circ_HECW2 and linear 
HECW2.

Subcellular fractionation
HFOB1.19 cells were subjected to an ice bath in cytoplas-
mic lysate for 10 min and then centrifuged to separate the 
cytoplasmic supernatant from the cell particles contain-
ing the nucleus. RNA was subsequently obtained from 
cytoplasmic and nuclear extracts using the PARIS rea-
gent kit (Invitrogen). RT-qPCR determined the levels of 

Circ_HECW2, U6 (nuclear control), and GAPDH (cyto-
plasmic control).

Bioinformatics
The binding site between Circ_HECW2 and pre-
miR-1224 was predicted using the IntaRNA website 
(https:// rna. infor matik. uni- freib urg. de/) [19]. Down-
stream target genes of miR-1224-5p and corresponding 
binding sites were predicted and screened through Tar-
getScan7.2 (http:// www. targe tscan. org/ vert_ 72/) [20] and 
miRDB (http:// mirdb. org/) databases [21].

Dual‑luciferase reporter gene assay
The binding sites between Circ_HECW2 and pre-
miR-1224 and between miR-1224-5p and PDK2 were 
predicted through the IntaRNA and TargetScan7.2 
databases, respectively. Synthesized Circ_HECW2-WT, 
containing the pre-miR-1224 binding site, and Circ_
HECW2-MUT, mutated according to the binding site, as 
well as the PDK2 3’UTR fragment containing the miR-
1224-5p binding site (PDK2-WT) and PDK2-MUT, were 
individually constructed into the dual-luciferase report 
vectors (LMAI, shanghai, China). These plasmids were 
co-transfected with mimic-NC, pre-miR-1224-mimic, 
and miR-1224-5p-mimic into HFOB1.19 cells using Lipo-
fectamine 2000. After 48 h, the cells were collected and 
analyzed on the dual-luciferase reporter detection system 
(Promega, Madison, WI, USA).

RNA pull‑down
Biotinylated miR-NC, pre-miR-1224-WT, and pre-miR-
1224-MUT (Invitrogen) were transfected into HFOB1.19 
cells using Lipofectamine 2000. Following ultrasound 
treatment, cell lysates were collected and incubated with 
Dynabeads streptomyces avidin magnetic beads M-280 
(Thermo Fisher Scientific). The bound RNA was puri-
fied using TRIzol reagent, and the enrichment of Circ_
HECW2 was measured using RT-qPCR.

Statistical analysis
Data analysis and graphical representation were per-
formed using the SPSS 22.0 (IBM Corp., Armonk, 
NY, USA) and GraphPad Prism 8.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA). Counting data were 
expressed as percentages, and comparisons between 
two groups were conducted using the χ2 test. Meas-
urement data were presented as mean ± standard 
deviation. The t test was employed for comparisons 
between two groups. One-way or two-way analysis of 
variance (ANOVA) was used for comparisons among 
multiple groups, followed by Tukey’s multiple com-
parison test. The receiver operating characteristic curve 
(ROC) was utilized to analyze the diagnostic efficiency 

https://rna.informatik.uni-freiburg.de/
http://www.targetscan.org/vert_72/
http://mirdb.org/
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of Circ_HECW2 in OP. Pearson’s correlation coeffi-
cient was applied to analyze the correlation of serum 
Circ_HECW2 and serum pre-miR-1224 with mature 
miR-1224-5p, as well as the correlation of serum miR-
1224-5p with PDK2 mRNA. A significance level of 
P < 0.05 was considered statistically significant.

Results
Circ_HECW2 was highly expressed in OP patients; 
Circ_HECW2 had diagnostic value for OP and was related 
to disease characteristics
Clinical characteristics were collected from OP patients 
and healthy volunteers (Table  2). No significant dif-
ferences were observed in age, gender, BMI, and vari-
ous biochemical indicators [PTH, tP1NP, calcium, 
inorganic phosphorus, 25(OH) D, WBC, lymphocyte 
count, and monocyte count] between the OP and con-
trol groups. However, OP patients exhibited signifi-
cantly lower BMD and lung spine (L1–L4) T-scores and 
higher β-CTx than the control group (P < 0.05). Inves-
tigation of Circ_HECW2 in the serum revealed its 
heightened expression in OP patients (P < 0.05, Fig. 1A), 
correlating negatively with the T-score (P < 0.05, 
Fig. 1B). ROC analysis demonstrated Circ_HECW2 had 
diagnostic value for OP (AUC = 0.821). When Circ_
HECW2 > 1.23, sensitivity was 73.85%, and specificity 
was 84.62% (P < 0.05, Fig. 1C).

Circ_HECW2 was highly expressed in LPS‑induced 
osteoblasts
Given LPS’s influence on Circ_HECW2 expression 
and its promotion of cell apoptosis and inflammatory 
responses [7], we co-cultured LPS with HFOB1.19 cells. 
This resulted in a significant increase in the apopto-
sis index, cleaved-caspase-3 protein (P < 0.05, Fig.  2B, 
C), and Circ_HECW2 expression in HFOB1.19 cells 
(P < 0.05, Fig.  2A). These findings indicated that LPS 
induced osteoblast apoptosis, potentially through the 
upregulation of HECW2.

Table 2 Clinical characteristics of patients

BMI: Body mass index; BMD: bone mineral density; PTH: parathyroid hormone; 
β-CTx: beta-isomer of the C-terminal telopeptide of type I collagen; tP1NP: total 
procollagen I N-terminal propeptide; 25(OH) D: 25-hydroxyvitamin D; WBC: 
white blood counts. The data of age, BMI, BMD, lumbar spine (L1–L4) T-score, 
PTH, β-CTx, tP1NP, calcium, inorganic phosphorus, 25(OH) D, WBC, lymphocyte 
count, and monocyte count were expressed as mean ± standard deviation and 
subjected to t test. The gender data were represented by number of cases and 
subjected to χ2 test

Data Control (n = 65) OP (n = 65) P value

Age (years) 56.89 ± 5.99 56.03 ± 6.44 0.431

Gender (Male/Female) 26/39 21/44 0.361

BMI (kg/m2) 22.89 ± 2.54 23.14 ± 2.39 0.564

BMD (g/cm2) 0.89 ± 0.09 0.53 ± 0.06 < 0.001

Lumbar spine (L1–L4) 
T-score

− 0.24 ± 0.03 − 2.74 ± 0.10 < 0.001

PTH (ng/L) 43.49 ± 14.65 40.49 ± 11.50 0.197

β-CTx (ng/L) 359.72 ± 112.97 425.61 ± 138.38 0.004

tP1NP (ng/L) 44.24 ± 9.97 45.66 ± 11.28 0.449

Calcium (mmol/L) 2.27 ± 0.14 2.28 ± 0.15 0.693

Inorganic phosphorus 
(mmol/L)

1.20 ± 0.08 1.17 ± 0.10 0.063

25(OH) D (ng/ml) 22.04 ± 5.81 23.16 ± 5.10 0.243

WBC  (109/L) 6.40 ± 0.51 6.38 ± 0.40 0.795

Lymphocyte count  (109/L) 2.24 ± 0.18 2.26 ± 0.14 0.470

Monocyte count  (109/L) 0.49 ± 0.03 0.50 ± 0.04 0.113

Fig. 1 Circ_HECW2 was highly expressed in OP patients; Circ_HECW2 had diagnostic value for OP and was related to disease characteristics. 
Serum samples from healthy controls and OP patients. A RT-qPCR detected Circ_HECW2 expression in serum. B Pearson’s correlation analyzed 
the correlation between Circ_HECW2 and lumbar spine (L1–L4) T-score. C ROC curve analyzed the diagnostic effectiveness of Circ_HECW2 for OP. 
Control: n = 65; OP: n = 65. Data in panel A were analyzed using t test, *P < 0.05
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Downregulation of Circ_HECW2 suppressed LPS‑induced 
osteoblast apoptosis
To confirm Circ_HECW2’s role in HFOB1.19 cell apop-
tosis, we verified its circular structure through RNase 
R enzyme digestion and actinomycin D experiments 
(Fig.  3A, B). Preceding LPS treatment, HFOB1.19 cells 
were transfected with si-Circ_HECW2 (P < 0.05, Fig. 3C). 
Downregulating Circ_HECW2 expression significantly 
reduced the apoptosis index and cleaved-caspase-3 pro-
tein (P < 0.05, Fig.  3D, E), underscoring the regulatory 
role of Circ_HECW2 in HFOB1.19 cell apoptosis.

Circ_HECW2 reduced the formation of mature miR‑1224‑5p 
by binding to pre‑miR‑1224
To decipher the molecular underpinnings of Circ_
HECW2 in osteoblast apoptosis, we initiated inves-
tigations into its interaction with miR-1224-5p. 
Subcellular fractionation experiments highlighted the 
predominant cytoplasmic expression of Circ_HECW2 

(Fig.  4A), suggesting its potential role as a competing 
endogenous RNA (ceRNA). Notably, miR-1224-5p over-
expression has been associated with the attenuation of 
OP progression [15], and the inhibition of pre-miR-1224 
has been linked to a reduction in osteoclast generation 
[22]. Computational prediction using the IntaRNA web-
site identified a binding site between Circ_HECW2 and 
pre-miR-1224 (Fig.  4B). This interaction was substanti-
ated through dual-luciferase reporter gene assays and 
RNA pull-down experiments (P < 0.05, Fig. 4C, D).

Further investigation into the serum of study sub-
jects unveiled elevated expression of pre-miR-1224 in 
OP patients, positively-correlated with Circ_HECW2 
expression (P < 0.05, Fig.  4E, F). Conversely, miR-
1224-5p exhibited lower expression in OP patients and 
displayed a negative correlation with Circ_HECW2 
(P < 0.05, Fig.  4H, I). In LPS-treated HFOB1.19 cells, 
high pre-miR-1224 and low miR-1224-5p expressions 
were observed. Notably, downregulating Circ_HECW2 

Fig. 2 Circ_HECW2 was highly expressed in LPS-induced osteoblasts. Human osteoblasts HFOB1.19 were treated with 10 µg/mL LPS for 24 h, 
with cells free of LPS treatment as the control. A RT-qPCR detected Circ_HECW2 expression in cells. B TUNEL detected cell apoptosis. C Western 
blot detected the apoptosis related protein cleaved-caspase-3. The cell experiments were independently repeated 3 times. Data were expressed 
as mean ± standard deviation and analyzed using t test, *P < 0.05
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Fig. 3 Downregulation of Circ_HECW2 suppressed LPS-induced osteoblast apoptosis. Before LPS treatment, HFOB1.19 cells were transfected 
with si-Circ_HECW2, with si-NC as the control. A-B: RNase R enzyme digestion experiment (A) and actinomycin D experiment (B) determined 
the circular structure of Circ_HECW2. C RT-qPCR detected Circ_HECW2 expression in cells. D TUNEL detected cell apoptosis. E Western blot 
detected the apoptosis related protein cleaved-caspase-3. The cell experiments were independently repeated 3 times. Data in panels AB were 
analyzed using two-way ANOVA, and data in panels C/D/E were analyzed using one-way ANOVA, followed by Tukey’s multiple comparisons test, 
*P < 0.05
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Fig. 4 Circ_HECW2 reduced the formation of mature miR-1224-5p by binding to pre-miR-1224. A Subcellular fractionation experiment determined 
Circ_HECW2 distribution in HFOB1.19 cells. B The binding site between Circ_HECW2 and pre-miR-1224 was predicted on the IntaRNA website. 
C Dual-luciferase reporter gene experiment determined the binding relationship between Circ_HECW2 and pre-miR-1224. D RNA pull-down 
detected the enrichment of Circ_HECW2 on the binding site of pre-miR-1224. E RT-qPCR detected pre-miR-1224 expression in serum. F Correlation 
analysis between serum Circ_HECW2 and pre-miR-1224 in OP patients. G RT-qPCR detected pre-miR-1224 expression in HFOB1.19 cells. H RT-qPCR 
detected miR-1224-5p expression in serum. I Correlation analysis between serum Circ_HECW2 and miR-1224-5p in OP patients. J RT-qPCR detected 
miR-1224-5p expression in HFOB1.19 cells. The cell experiments in panels A/C/D/G/J were independently repeated 3 times. E, H Control, n = 65; OP, 
n = 65. Data in panels E/H were analyzed using independent t test. Data in panel C were analyzed using two-way ANOVA, and data in panels D/G/J 
were analyzed using one-way ANOVA, followed by Tukey’s multiple comparisons test, *P < 0.05
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decreased pre-miR-1224 but increased miR-1224-5p 
expression (P < 0.05, Fig. 4G, J).

Collectively, these findings suggest that Circ_
HECW2 may impede the formation of mature miR-
1224-5p by competitively-binding to pre-miR-1224.

miR‑1224‑5p inhibition reversed the inhibitory effect 
of HECW2 downregulation on osteoblast apoptosis
To verify the role of Circ_HECW2 and miR-1224-5p in 
regulating HFOB1.19 cell apoptosis, HFOB1.19 cells were 
transfected with anti-miR-1224-5p (P < 0.05, Fig. 5A) and 
subjected to a combined treatment with si-Circ_HECW2. 
Compared with transfection of si-Circ_HECW2 alone, 
the combined transfection of si-Circ_HECW2 and 

Fig. 5 miR-1224-5p inhibition reversed the inhibitory effect of HECW2 downregulation on osteoblast apoptosis. Before LPS treatment, 
HFOB1.19 cells were transfected with anti-miR-1224-5p, with anti-NC as the control, followed by combined treatment with si-Circ_HECW2. A 
RT-qPCR detected miR-1224-5p expression in cells. B TUNEL detected cell apoptosis. C Western blot detected the apoptosis related protein 
cleaved-caspase-3. The cell experiments were independently repeated 3 times. Data were analyzed using one-way ANOVA, followed by Tukey’s 
multiple comparisons test, *P < 0.05
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anti-miR-1224-5p significantly augmented the apoptosis 
index and cleaved-caspase-3 protein (P < 0.05, Fig.  5B, 
C). These results indicate that the reduction of mature 
miR-1224-5p counteracted the inhibitory effect of Circ_
HECW2 silencing on osteoblast apoptosis.

PDK2 was a downstream target gene of miR‑1224‑5p 
and was highly expressed in OP patients
In our pursuit to unravel downstream targets of miR-
1224-5p, we utilized TargetScan7.2 and miRDB, 
revealing PDK2 as a potential target (Fig.  6A). PDK2 
inhibition has demonstrated efficacy in ameliorating 
OP by mitigating the activation of aberrant osteoclasts 
[23]. TargetScan7.2 predictions indicated a binding 
site between miR-1224-5p and PDK2 (Fig.  6B), and 

this interaction was validated through dual-luciferase 
reporter gene assays (P < 0.05, Fig. 6C).

Further examination of serum samples from OP 
patients showed a significant elevation in PDK2 mRNA 
expression compared to healthy controls (P < 0.05, 
Fig. 6D). Additionally, a substantial negative correlation 
was observed between PDK2 mRNA expression and 
miR-1224-5p levels (P < 0.05, Fig. 6E).

Upon Circ_HECW2 downregulation, PDK2 mRNA 
expression in cells significantly decreased. Notably, the 
combined treatment, compared to si-Circ_HECW2 
treatment alone, markedly increased the PDK2 expres-
sion in cells (P < 0.05, Fig.  6F). These findings sug-
gested that Circ_HECW2 potentially upregulates PDK2 

Fig. 6 PDK2 was a downstream target gene of miR-1224-5p and was highly expressed in OP patients. A The downstream target genes 
of miR-1224-5p were predicted through the TargetScan7.2 and miRDB databases. B The binding site of miR-1224-5p and PDK2 was predicted 
through the TargetScan7.2 database. C Dual-luciferase reporter gene experiment determined the binding relationship between miR-1224-5p 
and PDK2. D RT-qPCR detected PDK2 mRNA expression in serum. E Correlation analysis between serum miR-1224-5p and PDK2. F RT-qPCR detected 
PDK2 mRNA expression in cells. The cell experiments in panels C/F were independently repeated 3 times. D Control, n = 65; OP, n = 65. Data in panel 
D were analyzed using independent t test. Data in panel C were analyzed using two-way ANOVA, and data in panel F were analyzed using one-way 
ANOVA, followed by Tukey’s multiple comparisons test, *P < 0.05
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expression by suppressing the formation of mature 
miR-1224-5p, thereby promoting osteoblast apoptosis.

Discussion
In the ever-expanding landscape of high-throughput 
RNA sequencing studies, the aberrant expression of cir-
cRNAs in OP has come to the forefront [6]. In a pioneer-
ing contribution, our study underscores the heightened 
expression of Circ_HECW2 in OP patients, establishing 
its diagnostic significance for the condition. Specifically, 
Circ_HECW2’s involvement in accelerating LPS-induced 
osteoblast apoptosis is delineated. This acceleration is 
attributed to Circ_HECW2’s competitive binding to pre-
miR-1224, thereby diminishing the formation of mature 
miR-1224-5p and orchestrating the upregulation of 
PDK2 expression.

The intricate interplay between osteoclast-mediated 
bone resorption and osteoblast-mediated bone formation 
is a hallmark of OP pathogenesis, disrupting the delicate 
balance of bone remodeling and precipitating the onset 
of OP [24]. Programmed cell death mechanisms, such as 
apoptosis, ferroptosis, and pyroptosis, play a decisive role 
in bone cell fate and exert a profound impact on bone 
metabolism [25]. Within this context, osteoblast apopto-
sis emerges as a pivotal event in the initiation and pro-
gression of OP, positioning the inhibition of osteoblast 
apoptosis as a promising avenue for OP treatment [2]. In 
our exploration of Circ_HECW2’s regulatory mechanism 
in OP, we opted for LPS induction to simulate osteoblast 
apoptosis. Subsequent to LPS treatment, both the apop-
tosis index and cleaved-caspase-3 protein witnessed a 
significant surge. Notably, there was a conspicuous rise 
in Circ_HECW2 expression in HFOB1.19 cells follow-
ing LPS exposure. This aligns with previous findings 
where Circ_HECW2 exhibited significant upregulation 
in osteoarthritis patients and LPS-exposed chondrocytes, 
and its overexpression exacerbated LPS-triggered chon-
drocyte apoptosis [7]. Moreover, Circ_HECW2 silenc-
ing has been demonstrated to impede LPS-triggered 
endothelial–mesenchymal transition and cell apoptosis 
in human brain microvascular endothelial cells [26]. siR-
NAs are useful to identify molecular targets and evalu-
ate the efficacy of specific drugs and can themselves be 
used for therapeutic purposes in tendon healing, rheu-
matoid arthritis, and OP [27–29]. The transfection of 
si-Circ_HECW2 in our study corroborated these trends, 
significantly reducing the apoptosis index and cleaved-
caspase-3 protein in HFOB1.19 cells. This lends credence 
to the notion that Circ_HECW2 downregulation exerts a 
suppressive effect on osteoblast apoptosis in OP.

Subsequently, our focus shifted to unraveling the 
intricate molecular mechanism through which Circ_
HECW2 regulates osteoblast apoptosis. CircRNAs exert 

a profound influence on diverse physiological and patho-
logical processes by modulating gene transcription and 
translation, mediating alternative splicing, or acting as 
miRNA sponges in specific tissues [9]. For instance, in a 
prior study, Circ_HECW2 was identified as a miR-30e-5p 
sponge, enhancing endothelial–mesenchymal transi-
tion triggered by LPS [26]. Our investigation confirmed 
that Circ_HECW2 is predominantly expressed in the 
cytoplasm, suggesting its potential role as a mediator of 
osteoblast apoptosis by functioning as a miRNA sponge. 
Dysregulation of miRNA-mediated mechanisms stands 
out as a prominent pathological factor in OP [30]. Upon 
literature review, the significant role of miR-1224-5p in 
osteoclast responses and proliferation drew our atten-
tion [22]. Exosomal miR-1224 expedites osteoclast dif-
ferentiation in patients with brain trauma via the Hippo 
signaling pathway [31]. Canonical miRNA biogenesis 
undergoes a two-step process: from primary transcripts 
(pri-miRNAs) to pre-miRNAs and from pre-miRNAs 
to mature miRNAs, mediated by DROSHA and DICER, 
respectively [32]. IntaRNA website prediction unveiled a 
binding site between Circ_HECW2 and pre-miR-1224, 
a relationship validated through dual-luciferase reporter 
gene assay and RNA pull-down assays. Pre-miR-1224 
exhibited heightened expression, while miR-1224-5p 
was poorly expressed in OP patients and LPS-treated 
HFOB1.19 cells. Downregulating Circ_HECW2 reduced 
the expression of pre-miR-1224 but elevated the expres-
sion of miR-1224-5p. We postulate that Circ_HECW2 
might diminish the formation of mature miR-1224-5p 
by competitively-binding to pre-miR-1224. Notably, 
miRNA-1224-5p knockdown impedes osteoblast differ-
entiation, suppresses bone regeneration, and accelerates 
OP progression in mouse models [15]. Consistent with 
these findings, we observed that miR-1224-5p inhibition 
reversed the inhibitory effect of HECW2 downregulation 
on osteoblast apoptosis, signifying that Circ_HECW2 
promotes osteoblast apoptosis by reducing the formation 
of mature miR-1224-5p.

Finally, leveraging TargetScan7.2 and miRDB data-
bases, we conducted a screening to identify the down-
stream genes of miR-1224-5p. Pyruvate dehydrogenase 
kinases (PDKs), a group of gatekeeper enzymes, play a 
pivotal role in metabolic regulation by modulating the 
activity of pyruvate dehydrogenase complex [33]. Among 
the four PDK isoenzymes discovered in mammalian tis-
sues, PDK2 inhibition has been shown to prevent ova-
riectomy-induced bone loss during osteoclastogenesis in 
mice by suppressing aberrant osteoclast activation [23]. 
Our results confirmed the binding relationship between 
miR-1224-5p and PDK2. Moreover, PDK2 mRNA 
expression was significantly elevated in the serum of OP 
patients, and downregulation of Circ_HECW2 reduced 
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PDK2 mRNA expression in LPS-treated HFOB1.19 
cells. These findings suggest that Circ_HECW2 might 
upregulate PDK2 expression by repressing the forma-
tion of mature miR-1224-5p, thereby fostering osteoblast 
apoptosis.

Conclusion
In summary, our findings underscore the diagnostic sig-
nificance the heightened expression of Circ_HECW2 in 
osteoporosis (OP), shedding light on its role in fostering 
osteoclast apoptosis through the intricate miR-1224-5p/
PDK2 axis. Despite the valuable insights gained, this 
study encounters certain limitations. The exploration of 
Circ_HECW2’s regulatory impact on OP remains con-
fined to the cellular level, warranting future investigations 
involving animal models to validate its mechanisms. The 
specificity of Circ_HECW2 in regulating additional tar-
gets within the context of OP remains unresolved. Fur-
thermore, the downstream target gene of miR-1224-5p, 
PDK2, merits further exploration, extending our com-
prehension of the intricate molecular network involved 
in OP pathogenesis. Future endeavors will encompass 
the verification of Circ_HECW2’s regulatory mechanism 
in vivo, coupled with a more in-depth analysis of PDK2, 
to advance our understanding of the comprehensive reg-
ulatory landscape in osteoporosis.

Abbreviations
OP  Osteoporosis
circRNA  Circular RNA
PDK2  Pyruvate dehydrogenase kinase 2
LPS  Lipopolysaccharide
miRNAs  MicroRNAs
BMI  Body mass index
PTH  Parathyroid hormone
BMD  Bone mineral density
RT-qPCR  Reverse transcription quantitative polymerase chain reaction
TUNEL  Terminal deoxynucleotidyl transferase dUTP nick-end labeling
RNase R  Ribonuclease R
ROC  Receiver operating characteristic curve
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
ANOVA  Analysis of variance

Acknowledgements
Not applicable.

Author contributions
CZ was guarantor of integrity of the entire study and contributed to study 
concepts, study design, definition of intellectual content, literature research, 
clinical studies, experimental studies, data acquisition, data analysis, 
manuscript preparation, manuscript editing, and manuscript review; QL was 
involved in literature research, experimental studies, data acquisition, and 
data analysis; ZY contributed to experimental studies, data acquisition, data 
analysis, and statistical analysis; XW was involved in clinical studies; HZ contrib-
uted to clinical studies; YW was involved in statistical analysis and manuscript 
review; and XZ contributed to study concepts, study design, and definition of 
intellectual content.

Funding
This work was supported by funding from Gansu Natural Science Foundation 
(Grant No: 22JR5RA929).

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study obtained informed consent from all participants and their families 
and was approved by the Ethics Committee of The First Hospital of Lanzhou 
University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Orthopedics, The First Hospital of Lanzhou University, 
Lanzhou 73000, China. 2 Department of Ophthalmology, The Second Hospital 
of Lanzhou University, No. 82 Cuiyingmen, Chengguan District, Lan-
zhou 730000, Gansu, China. 

Received: 9 August 2023   Accepted: 19 December 2023

References
 1. Rachner TD, Khosla S, Hofbauer LC. Osteoporosis: now and the future. 

Lancet. 2011;377(9773):1276–87.
 2. Chen X, Wang Z, Duan N, Zhu G, Schwarz EM, Xie C. Osteoblast-osteoclast 

interactions. Connect Tissue Res. 2018;59(2):99–107.
 3. Boschitsch EP, Durchschlag E, Dimai HP. Age-related prevalence of 

osteoporosis and fragility fractures: real-world data from an Austrian 
Menopause and Osteoporosis Clinic. Climacteric. 2017;20(2):157–63.

 4. Aibar-Almazan A, Voltes-Martinez A, Castellote-Caballero Y, Afanador-
Restrepo DF, Carcelen-Fraile MDC, Lopez-Ruiz E. Current status 
of the diagnosis and management of osteoporosis. Int J Mol Sci. 
2022;23(16):9465.

 5. Moura SR, Fernandes MJ, Santos SG, Almeida MI. Circular RNAs: promising 
targets in osteoporosis. Curr Osteoporos Rep. 2023;21(3):289–302.

 6. Chen W, Zhang B, Chang X. Emerging roles of circular RNAs in osteoporo-
sis. J Cell Mol Med. 2021;25(19):9089–101.

 7. Zuo J, Chen C, Zhang X, Wu J, Li C, Huang S, et al. Circ_HECW2 regulates 
LPS-induced apoptosis of chondrocytes via miR-93 methylation. Immun 
Inflamm Dis. 2021;9(3):943–9.

 8. Wei W, Tang M, Wang Q, Li X. Circ_HECW2 regulates ox-LDL-induced 
dysfunction of cardiovascular endothelial cells by miR-942-5p/TLR4 axis. 
Clin Hemorheol Microcirc. 2022. https:// doi. org/ 10. 3233/ CH- 221550.

 9. Huang W, Wu Y, Qiao M, Xie Z, Cen X, Huang X, et al. CircRNA-miRNA 
networks in regulating bone disease. J Cell Physiol. 2022;237(2):1225–44.

 10. Giordano L, Porta GD, Peretti GM, Maffulli N. Therapeutic potential of 
microRNA in tendon injuries. Br Med Bull. 2020;133(1):79–94.

 11. Oliviero A, Della Porta G, Peretti GM, Maffulli N. MicroRNA in osteoarthri-
tis: physiopathology, diagnosis and therapeutic challenge. Br Med Bull. 
2019;130(1):137–47.

 12. Lu W, Wang Q, Xue Y, Gu J, Yao P, Ge Y, et al. Identification of potential 
osteoporosis miRNA biomarkers using bioinformatics approaches. Com-
put Math Methods Med. 2021;2021:3562942.

 13. Gao M, Zhang Z, Sun J, Li B, Li Y. The roles of circRNA-miRNA-mRNA 
networks in the development and treatment of osteoporosis. Front 
Endocrinol (Lausanne). 2022;13:945310.

 14. Pepe J, Rossi M, Battafarano G, Vernocchi P, Conte F, Marzano V, et al. Char-
acterization of extracellular vesicles in osteoporotic patients compared to 
osteopenic and healthy controls. J Bone Miner Res. 2022;37(11):2186–200.

 15. Hu L, Xie X, Xue H, Wang T, Panayi AC, Lin Z, et al. MiR-1224-5p modulates 
osteogenesis by coordinating osteoblast/osteoclast differentiation via 
the Rap1 signaling target ADCY2. Exp Mol Med. 2022;54(7):961–72.

https://doi.org/10.3233/CH-221550


Page 13 of 13Zhang et al. Journal of Orthopaedic Surgery and Research           (2024) 19:40  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25(4):402–8.

 17. Li S, Shi Z, Fu S, Li Q, Li B, Sang L, et al. Exosomal-mediated transfer of 
APCDD1L-AS1 induces 5-fluorouracil resistance in oral squamous cell 
carcinoma via miR-1224-5p/nuclear receptor binding SET domain protein 
2 (NSD2) axis. Bioengineered. 2021;12(1):7188–204.

 18. Li Y, Hong X, Zhai J, Liu Y, Li R, Wang X, et al. Novel circular RNA circ-
0002727 regulates miR-144-3p/KIF14 pathway to promote lung adeno-
carcinoma progression. Front Cell Dev Biol. 2023;11:1249174.

 19. Mann M, Wright PR, Backofen R. IntaRNA 2.0: enhanced and cus-
tomizable prediction of RNA-RNA interactions. Nucleic Acids Res. 
2017;45(W1):W435–9.

 20. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA 
target sites in mammalian mRNAs. Elife. 2015;4:e05005.

 21. Chen Y, Wang X. miRDB: an online database for prediction of functional 
microRNA targets. Nucleic Acids Res. 2020;48(D1):D127–31.

 22. Li B, Wu P, Fu W, Xiong Y, Zhang L, Gao Y, et al. The role and mechanism 
of miRNA-1224 in the polygonatum sibiricum polysaccharide regula-
tion of bone marrow-derived macrophages to osteoclast differentiation. 
Rejuvenation Res. 2019;22(5):420–30.

 23. Lee JM, Kim MJ, Lee SJ, Kim BG, Choi JY, Lee SM, et al. PDK2 Deficiency 
prevents ovariectomy-induced bone loss in mice by regulating the 
RANKL-NFATc1 pathway during osteoclastogenesis. J Bone Miner Res. 
2021;36(3):553–66.

 24. Liang B, Burley G, Lin S, Shi YC. Osteoporosis pathogenesis and treatment: 
existing and emerging avenues. Cell Mol Biol Lett. 2022;27(1):72.

 25. Li Z, Li D, Chen R, Gao S, Xu Z, Li N. Cell death regulation: a new way for 
natural products to treat osteoporosis. Pharmacol Res. 2023;187:106635.

 26. Dong Y, Fan X, Wang Z, Zhang L, Guo S. Circ_HECW2 functions as a miR-
30e-5p sponge to regulate LPS-induced endothelial-mesenchymal transi-
tion by mediating NEGR1 expression. Brain Res. 2020;1748:147114.

 27. Gargano G, Oliviero A, Oliva F, Maffulli N. Small interfering RNAs in tendon 
homeostasis. Br Med Bull. 2021;138(1):58–67.

 28. Gargano G, Oliva F, Oliviero A, Maffulli N. Small interfering RNAs 
in the management of human rheumatoid arthritis. Br Med Bull. 
2022;142(1):34–43.

 29. Gargano G, Asparago G, Spiezia F, Oliva F, Maffulli N. Small interfering 
RNAs in the management of human osteoporosis. Br Med Bull. 2023. 
https:// doi. org/ 10. 1093/ bmb/ ldad0 23.

 30. van Wijnen AJ, van de Peppel J, van Leeuwen JP, Lian JB, Stein GS, West-
endorf JJ, et al. MicroRNA functions in osteogenesis and dysfunctions in 
osteoporosis. Curr Osteoporos Rep. 2013;11(2):72–82.

 31. Singleton Q, Vaibhav K, Braun M, Patel C, Khayrullin A, Mendhe B, et al. 
Bone marrow derived extracellular vesicles activate osteoclast differentia-
tion in traumatic brain injury induced bone loss. Cells. 2019;8(1):63.

 32. Shen J, Hung MC. Signaling-mediated regulation of MicroRNA process-
ing. Cancer Res. 2015;75(5):783–91.

 33. Ganetzky R, McCormick EM, Falk MJ. Primary pyruvate dehydrogenase 
complex deficiency overview. In: Adam MP, Mirzaa GM, Pagon RA, 
Wallace SE, Bean LJH, Gripp KW, Amemiya A editors. GeneReviews((R)). 
Seattle, WA; 1993.

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

https://doi.org/10.1093/bmb/ldad023

	Mechanism of Circ_HECW2 regulating osteoblast apoptosis in osteoporosis by attenuating the maturation of miR-1224-5p
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Ethics statement
	Study subjects
	Bone mineral density (BMD) evaluation
	Cell culture and treatment
	Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
	Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
	Western blot
	Ribonuclease R (RNase R) resistance assay
	Actinomycin D treatment
	Subcellular fractionation
	Bioinformatics
	Dual-luciferase reporter gene assay
	RNA pull-down
	Statistical analysis

	Results
	Circ_HECW2 was highly expressed in OP patients; Circ_HECW2 had diagnostic value for OP and was related to disease characteristics
	Circ_HECW2 was highly expressed in LPS-induced osteoblasts
	Downregulation of Circ_HECW2 suppressed LPS-induced osteoblast apoptosis
	Circ_HECW2 reduced the formation of mature miR-1224-5p by binding to pre-miR-1224
	miR-1224-5p inhibition reversed the inhibitory effect of HECW2 downregulation on osteoblast apoptosis
	PDK2 was a downstream target gene of miR-1224-5p and was highly expressed in OP patients

	Discussion
	Conclusion
	Acknowledgements
	References


