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1. Introduction

Cardiovascular disease ranks first in morbidity and 
mortality in the world, which is one of the most common 
chronic diseases and one of the most susceptible diseases 
in the elderly. Despite advances in the diagnosis and 
treatment of cardiovascular disease, the incidence 
is still increasing (1). CAC is an important marker 
of the late development of coronary atherosclerosis 
(CAS). CAC is a common type of arterial calcification, 
which contributes to the reduction of coronary vessel 
compliance. Abnormal vasoconstrictor response and 
impaired myocardial perfusion are risk factors for 
poor prognosis in patients with revascularization and 
coronary heart diseases (2,3). The degree of CAC has a 
certain impact on the stability of plaque. For example, 
microcalcifications within the fibrous cap may lead 
to plaque rupture (4), while the fibrous cap will be 

disrupted by calcified nodules to expose collagen fibers 
and induce thrombosis (5). In addition, recurrent plaque 
rupture and healing after hemorrhage may lead to the 
development of obstructive fibrocalcific lesions, causing 
the occurrence of angina and sudden death (6). Currently, 
no effective agents for treating CAC are available in 
the clinic. Several reported treatment strategies, such 
as statins and RAAS system inhibitors, are reported 
with non-ideal results (7), and some studies even show 
that statins aggravate the development of calcification 
(8). As the pathogenesis of CAC is complex and the 
clinical therapeutic methods are lacking, studying the 
pathogenesis of vascular calcification and developing 
novel therapeutic drugs are of great significance.
 VSMCs are contractile cells located in the vascular 
wall, and secrete pro-or anti-calcification factors. The 
osteoblast-like phenotype conversion of VSMCs is 
claimed to be the most important inducer in vascular 
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Coronary artery calcification (CAC) is an early marker for atherosclerosis and is mainly induced by 
the osteoblast-like phenotype conversion of vascular smooth muscle cells (VSMCs). Recent reports 
indicate that NOD-like receptor protein 3 (NLRP3)-mediated pyroptosis plays a significant role in 
the calcification of vascular smooth muscle cells (VSMCs), making it a promising target for treating 
calcific aortic valve disease (CAC). Ligustrazine, or tetramethylpyrazine (TMP), has been found 
effective in various cardiovascular and cerebrovascular diseases and is suggested to inhibit NLRP3-
mediated pyroptosis. However, the function of TMP in CAC is unknown. Herein, influences of TMP 
on β-glycerophosphate (β-GP)-stimulated VSMCs and OPG−/− mice were explored. Mouse Aortic 
Vascular Smooth Muscle (MOVAS-1) cells were stimulated by β-GP with si- caspase-3, si- Gasdermin 
E (GSDME) or TMP. Increased calcification, reactive oxygen species (ROS) level, Interleukin-1beta 
(IL-1β) and Interleukin-18 (IL-18) levels, lactate dehydrogenase (LDH) release, enhanced apoptosis, 
and activated cysteine-aspartic acid protease-3 (caspase-3)/GSDME signaling were observed in 
β-GP-stimulated MOVAS-1 cells, which was sharply alleviated by si-caspase-3, si-GSDME or TMP. 
Furthermore, the impact of TMP on the β-GP-induced calcification and injury in MOVAS-1 cells 
was abolished by raptinal, an activator of caspase-3. Subsequently, OPG-/- mice were dosed with 
TMP or TMP combined with raptinal. Calcium deposition, increased nodules, elevated IL-1β and IL-
18 levels, upregulated CASP3 and actin alpha 2, smooth muscle (ACTA2), and activated caspase-3/
GSDME signaling in OPG-/- mice were markedly alleviated by TMP, which were notably reversed by 
the co-administration of raptinal. Collectively, TMP mitigated CAC by inhibiting caspase-3/GSDME 
mediated pyroptosis.
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calcification. Following the stimulation of factors, 
such as oxidative stress, inflammation, calcium 
and phosphorus internal environment disorders, 
the phenotype conversion of VSMCs to osteoblast-
like cells is induced. By secreting bone-related 
transcription factors and upregulating bone-related 
proteins, osteoblasts promote the formation of vascular 
calcification (9). Matrix vesicles will be released by 
apoptotic VSMCs or osteoblast-like cells. These matrix 
vesicles are rich in phospholipids and convert calcium 
ions to amorphous calcium phosphate, which is further 
converted to hydroxyapatite. The process of calcification 
starts on the surface of the vesicle or inside the vesicle, 
and contributes to the initiation of calcification (10). 
Recently, the role of NLRP3-mediated pyroptosis in the 
calcification of VSMCs has been widely reported (11,12). 
Regulating the pyroptosis of VSMCs will be a promising 
method for treating CAC.
 In 2017, Wang et al. (13) reported that Gasdermin E 
(GSDME), a member of the Gasdermin protein family, 
can be cleaved by caspase-3 and mediates development 
of pyroptosis, which is consistent with the results of 
Shao Feng's team (14) in the same year. GSDME and 
GSDMD belong to the Gasdermin family and share a 
pore forming structure (15). Unlike GSDMD, cleavage 
of GSDME does not involve caspase-1 or caspase-4/5/11 
pathways. Instead, GSDME relies on caspase-3, another 
member of the caspase protein family. In contrast to 
other members of the caspase protein family, caspase-3 is 
located at the end of the caspase cascade and is a major 
effector enzyme. Upon activation by upstream caspases, 
caspase-3 is involved in the execution of apoptosis and 
the activation of other inflammatory mediators (16,17).
 The research team at Amgen in the United States first 
found OPG in the cDNA library of rat small intestine 
in 1997 (18). In the same year, Tsuda et al. also found a 
cytokine that could inhibit the formation of osteoclasts 
in the culture medium of human embryonic fibroblasts, 
which was named as osteoclast formation inhibitory 
factor (OCIF) (19). In subsequent studies, Ten et al. 
inferred and analyzed the amino acid sequences of OPG 
and OCIF, and finally confirmed that OCIF and OPG 
were the same protein (20). It is widely reported that the 
OPG/RANKL/RANK system participates in vascular 
calcification. Price et al. found that in the mouse model 
of vascular calcification established by the induction 
of warfarin and toxic doses of VitD, supplementation 
of OPG significantly inhibited progression of vascular 
calcification (21). The OPG-/- mice established by 
Bucay developed progressively aggravated systemic 
osteoporosis after birth, accompanied by medial 
calcification of the aorta and/or renal artery (22). Min et 
al. confirmed that intravenous injection of recombinant 
OPG protein or transgenic overexpression of OPG 
inhibited occurrence of vascular calcification and 
osteoporosis in OPG-/- mice (23). These data indicate 
that OPG is associated with osteoporosis and vascular 

calcification, and is a protective factor for vascular 
calcification. The OPG-/- mouse is a recognized animal 
model of arterial calcification and has incomparable 
advantages in studying the role of the OPG/RANKL/
RANK system in arterial calcification (24).
 L i g u s t r a z i n e ,  a l s o  n a m e d  a s  2 ,  3 ,  5 , 
6-tetramethylpyrazine (TMP), mainly extracted from 
the root of Chuanxiong rhizoma, is a non-volatile 
alkaloid with anti-ischemia-reperfusion injury and 
protective effects against cell damage, which provides 
a foundation for the clinical application of TMP in the 
treatment of various cardiovascular and cerebrovascular 
diseases (25). Furthermore, TMP is reported to have 
promising antioxidant effects (26). The previous study 
has confirmed the therapeutic function of TMP against 
atherosclerosis (27). Moreover, several reports have 
claimed the inhibitory effect of TMP on NLRP3-
mediated pyroptosis (28,29). However, the potential 
therapeutic function of TMP against CAC remains 
uncertain. Herein, the regulatory effect of TMP on β-GP-
treated VSMCs and OPG−/− mice was explored.

2. Materials and Methods

2.1. Cells and treatments

Mouse vascular smooth muscle cell line, MOVAS-1 
cells, was obtained from ATCC (USA) and cultured 
in DMEM medium involving penicillin/streptomycin 
and 10% FBS at 5% CO2 and 37oC. To establish the in 
vitro vascular calcification model, MOVAS-1 cells were 
treated with 2.5 mM β-glycerophosphate (β-GP, Sigma, 
UK) for 21 days.

2.2. Transfection

To knockdown the caspase-3 and GSDME level in 
MOVAS-1 cells, cells were transfected with the siRNA 
targeting caspase-3 (si-caspase-3) and the siRNA 
targeting GSDME (si-GSDME) with lipofectamine3000 
(Thermo Fisher, USA). Si-NC was used as a negative 
control for siRNAs. After culturing lipofectamine3000 
and siRNAs separately in serum-free medium for 5 
min, 2 solutions were mixed and incubated for 20 min, 
followed by being introduced into MOVAS-1 cells and 
incubating for 48 h. All siRNAs were synthesized by 
Genscript (Nanjing, China). Sequences of siRNAs are 
shown in Table 1.

2.3. RT-PCR

MOVAS-1 cells were collected to extract total RNAs 
using the TrizoI reagent (15596026, Invitrogen, USA). 
Subsequently, cDNA synthesis was performed utilizing 
the RT-PCR reverse transcription kit (205311, QIAGEN, 
USA), followed by PCR amplification in the PCR 
instrument (Quant Studio5, Thermo Fisher, USA). The 
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2.8. Hoechst/PI staining

MOVAS-1 cells were loaded into 6-well plates and 
cultured overnight, followed by discarding the medium 
and introducing 10 μL Heochst staining reagent at 37oC 
in the dark for 12 min. Cells were then centrifuged at 
300 g at 4oC for 5 min and the medium was discarded, 
followed by introducing 5 μL PI solution and placement 
in the dark for 6 min. 50 μL stained cells were dropped 
onto a cover glass and observed under the fluorescence 
microscope (DM2500, Leica, Germany).

2.9. Animals and grouping

Thirty male OPG-/- mice (7-9 weeks, 18-22 g) and 12 
male wide type mice (WT, 7-9 weeks, 18-22 g) were 
purchased from Shanghai Model Organisms Center, Inc 
(China) and raised in the SPF laboratory with controlled 
humidity, temperature and a 12/12 light/dark cycle. After 
1-week of adaption, animals were divided into 3 groups 
(n=6/group): Control, Model, and TMP. In the Model 
and TMP groups, OPG-/- mice were orally administered 
200 μL/day normal saline and 80 mg/kg/day TMP for 
4 weeks. In the control group, WT mice were orally 
administered 200 μL/day normal saline for 4 weeks. To 
verify the potential mechanism of TMP in calcification, 
animals were divided into 4 groups (n=6/group): Control, 
Model, TMP, and TMP+raptinal. Administrations of 
the control, model, and TMP groups are listed above. 
In the TMP+raptinal group, OPG-/- mice were orally 
administered 80 mg/kg/day TMP for 4 weeks and 20 mg/
kg/day raptinal for 3 consecutive days in the beginning.
 All animal experiments were authorized by the ethics 
committee of Central China Fuwai Hospital, Zhengzhou 
University (No.2021032).

2.10. HE staining assay

C o r o n a r y  a r t e r y  t i s s u e s  w e r e  f i x e d  i n  4 % 
paraformaldehyde solution for 90 min, dehydrated in a 
gradient of 70% to 100% ethanol, transparent in xylene, 
embedded in paraffin, and sectioned. Paraffin sections 
were deparaffinized with xylene and eluted in xylene 
for 10 min, 100% ethanol for 5 min, 90% ethanol for 
5 min, 80% ethanol for 5 min, 70% ethanol for 5 min, 
and distilled water for 5 min, followed by staining with 
hematoxylin for 10 min, washed with distilled water 
for 10 min, differentiated in 1% hydrochloric acid for 
several seconds, and counterstained with eosin. Slices 

internal reference gene was GAPDH and gene levels 
were determined utilizing the 2−ΔΔCt method.

2.4. Alizarin red staining

After fixing with 4% paraformaldehyde for 10 min, 
MOVAS-1 cells were stained with alizarin red solution 
(2003999, Sigma, USA) in the dark for half an hour. 
Then, cells were washed with ddH2O 3 times, followed 
by observation under the optical microscope (SP8, Leica, 
Germany).

2.5. ROS detection using the flow cytometry

MOVAS-1 cells were centrifuged at 300 g for 10 min 
and collected, followed by resuspension using serum-free 
medium containing 10 μM DCFH-DA. After incubating 
at 37 oC for 20 min, cells were rinsed with PBS and 
loaded onto flow cytometry (CytoFLEX3, Beckman, 
USA) to detect the ROS level.

2.6. The detection of LDH release

After plating on 96-well plates, MOVAS-1 cells were 
exposed to LDH reagent (11644793001, Sigma, USA), 
followed by 90 min incubation in the dark. Then, the 
optical density was determined utilizing a microplate 
reader (EnSpire, PerkinElmer, USA) at 490 nm, followed 
by calculating LDH release according to the standard 
curve.

2.7. ELISA assay for cytokine level detection

The IL-1β (E-EL-M0037c, eBioScience, USA) and IL-
18 level (BMS618-3, eBioScience, USA) were detected 
using commercial kits. The coronary artery tissues were 
collected and homogenized, followed by centrifugation 
and collecting the supernatant. For cell samples, 
MOVAS-1 cells were centrifuged at 300 g for 10 min 
and supernatant was collected. 50 μL supernatant was 
diluted to a 1:1 ratio, which was loaded into the wells. 
Then, 50 μL Biotin-labeled antibody was introduced 
and cultured for 60 min at 37oC, followed by removing 
the reagent and adding 80 μL HRP-loaded secondary 
antibody. Following half an hour culture at 37oC, 50 μL 
TMB substrates were added and cultured at 37oC for 10 
min, followed by loading 50 μL stop solution. Lastly, the 
OD value was measured utilizing a microplate reader 
(EnSpire, PerkinElmer, USA).

Table 1. Sequences of siRNAs

SiRNAs

Si-GSDME
Si-caspase-3
Si-NC

Antisense (5'-3')

AGGUAAUAGAUCCUGAUCCTT
TACCAGTGGAGGCCGACTT
ATATGTTCTGGAAGTTCTTGG

Sense (5'-3')

GGAUCAGGAUCUAUUACCUTT
TGACATCTCGGTCTGGTAC
CCAAGAACTTCCAGAACATAT
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were dehydrated, dried, and sealed with neutral gum, and 
observed under a microscope (SP8, Leica, Germany).

2.11. Von Kossa staining assay

After deparaffinization and dehydration, sections were 
exposed to nitrate solution for 30 min for staining. After 
washing with distilled water three times, sections were 
fixed with sodium thiosulfate solution and counterstained 
with neutral fuchsin. Calcium deposition was observed 
under a microscope (SP8, Leica, Germany) after rinsing 
again with distilled water.

2.12. Western blotting assay

Coronary artery tissues or MOVAS-1 cells were collected 
to extract total proteins using the RIPA lysis buffer, 
followed by quantification with the BCA method (23227, 
Elabscience, USA). The separation of proteins was 
conducted using SDS-PAGE, followed by transferring 
the separated proteins onto a PVDF membrane. Blocking 
was conducted using 5% skim milk and primary 
antibodies against pro-caspase-3 (1/1000, ab32150, 
Abcam, USA), cleaved-caspase-3 (1/500, ab32042, 
Abcam, USA), GSDME-N (1:1000, ab215191, Abcam, 
USA), NLRP3 (1:1000, ab263899, Abcam, USA), and 
GAPDH (1:2000, ab8245, Abcam, USA). Subsequently, 
the secondary antibody (1:4000, ab288151, Abcam, 
USA) was introduced and cultured for 60 min. ECL 
solution was loaded for exposure and the protein level 
was quantified with Image J software.

2.13. Immunofluorescence assay

Sections of coronary artery tissues were rinsed utilizing 
distilled water and incubated using 10% goat serum for 
blocking, followed by introducing the primary antibody 
against CASP3 (1:25, ab32351, Abcam, USA) and 
ACTA2 (1:25, ab7817, Abcam, USA) overnight at 4oC. 
After washing several times, sections were incubated 
with secondary antibody (1:200, ab150077, Abcam, 
USA) for 90 min at 37oC and then stained with DAB dye, 
followed by observing the images using the fluorescence 
microscope (DM2500, Leica, Germany).

2.14. Statistical analysis

Data was expressed as Mean ± SD. The comparison 
among three or more groups was analyzed using the 
one-way ANOVA (Tukey's method). The analysis was 
conducted using GraphPad software (GraphPad Prism 8) 
and p < 0.05 was taken as a significant difference.

3. Results

3.1. Caspase-3/GSDME axis participated in β-GP-
induced calcification in MOVAS-1 cells

To explore the function of the caspase-3/GSDME 
axis in β-GP-induced calcification in MOVAS-1 cells, 
MOVAS-1 cells were stimulated by β-GP with si- 
caspase-3 or si-GSDME. First, the knockdown efficacy 
of caspase-3 and GSDME in MOVAS-1 cells was 
verified using the RT-PCR assay. Compared to β-GP+si-
NC, caspase-3 was markedly downregulated in the 
β-GP+si-caspase-3 group, while the GSDME level was 
notably decreased in the β-GP+si-GSDME group (Figure 
1A). As visualized by the Alizarin red staining assay, 
the percentage of calcification was sharply increased in 
β-GP-stimulated MOVAS-1 cells, which was markedly 
reduced by si-caspase-3 and si-GSDME (Figure 1B). The 
IL-1β level was found increased from 34.4 to 151.0 ng/L 
in β-GP-stimulated MOVAS-1 cells, which was reduced 
to 94.1 and 98.5 ng/L by si-caspase-3 and si-GSDME, 
respectively. Moreover, the IL-18 level in the control, 
β-GP, β-GP+si-caspase-3, and β-GP+si-GSDME groups 
was 92.5, 347.3, 221.2, and 216.3 ng/L, respectively 
(Figure 1C). The dramatically elevated LDH release 
observed in the β-GP group was markedly repressed by 
si-caspase-3 and si-GSDME (Figure 1D). Furthermore, 
the increased percentage of Hoechst-positive cells in 
β-GP-stimulated MOVAS-1 cells was notably reduced by 
si-caspase-3 and si-GSDME (Fig 1E). More importantly, 
levels of cleaved-caspase-3, GSDME-N, and NLRP3 
were sharply increased in the β-GP group, which was 
markedly repressed by si-caspase-3 and si-GSDME 
(Figure 1F).

3.2. TMP alleviated the β-GP-induced calcification in 
MOVAS-1 cells

To explore the impact of TMP on β-GP-induced 
calcification in MOVAS-1 cells, MOVAS-1 cells were 
stimulated by β-GP, followed by treatment with 25 μM 
TMP for 24 h. The increased percentage of calcification 
in β-GP-stimulated MOVAS-1 cells was suppressed by 
TMP (Figure 2A). Furthermore, the elevated ROS level 
in β-GP-stimulated MOVAS-1 cells was reduced by 
TMP (Figure 2B). The IL-1β level in the control, β-GP, 
and β-GP+TMP groups was 49.4, 139.1, and 100.0 ng/
L, respectively. In addition, the IL-18 level was found 
increased from 68.3 to 230.7 ng/L in β-GP-stimulated 
MOVAS-1 cells, which was reduced to 157.2 ng/L by 
TMP (Figure 2C). LDH release in the control, β-GP, 
and β-GP+TMP groups was 0.67, 2.25, and 1.29 mM, 
respectively (Figure 2D). The increased percentage of 
Hoechst-positive cells in β-GP-stimulated MOVAS-1 
cells was greatly reduced by TMP (Fig 2E). Moreover, 
cleaved-caspase-3, GSDME-N, and NLRP3 were 
markedly upregulated in the β-GP group, which were 
greatly downregulated by TMP (Figure 2F).

3.3. The influence of TMP on β-GP-induced calcification 
in MOVAS-1 cells was abolished by the activation of 
caspase-3
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Figure 1. Caspase-3/GSDME axis was involved in β-GP-induced calcification in MOVAS-1 cells. (A) Knockdown efficacy of caspase-3 
and GSDME in MOVAS-1 cells was verified using the RT-PCR assay (**p < 0.01 vs. β-GP+si-NC); (B) Calcification in MOVAS-1 cells was 
visualized using the Alizarin red staining assay; (C) ELISA assay was utilized for the detection of IL-1β and IL-18 levels in MOVAS-1 cells; (D) 
LDH release in MOVAS-1 cells was determined using a commercial kit; (E) Apoptosis of MOVAS-1 cells was evaluated using the Hoechst/PI 
staining assay; (F) Levels of cleaved-caspase-3, GSDME-N, and NLRP3 were detected using Western blotting (**p < 0.01 vs. Control, ## p < 0.01 
vs. β-GP).

Figure 2. The β-GP-induced calcification in MOVAS-1 cells was alleviated by TMP. (A) Calcification in MOVAS-1 cells was determined 
using the Alizarin red staining assay; (B) ROS level was measured using flow cytometry; (C) ELISA assay was utilized for the detection of IL-
1β and IL-18 levels; (D) LDH release in MOVAS-1 cells was detected using a commercial kit; (E) Apoptosis of MOVAS-1 cells was determined 
using the Hoechst/PI staining assay; (F) Expressions of cleaved-caspase-3, GSDME-N, and NLRP3 were detected using Western blotting (**p < 
0.01 vs. Control, ##p < 0.01 vs. β-GP).
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To identify whether TMP exerted anti-calcification 
function by inhibiting caspase-3, MOVAS-1 cells were 
stimulated by β-GP, followed by treatment with 25 
μM TMP with or without 10 μM raptinal, an agonist 
of caspase-3. The increased percentage of calcification 
in β-GP-stimulated MOVAS-1 cells was reduced 
by TMP, which was elevated by the co-culture with 
raptinal (Figure 3A). Furthermore, the promoted ROS 
level observed in the β-GP group was decreased by 
TMP, which was reversed in the β-GP+TMP+ raptinal 
group (Figure 3B). IL-1β level in the control, β-GP, 
β-GP+TMP, and β-GP+TMP+ raptinal groups was 
48.1, 149.2, 100.2, and 127.3 ng/L, respectively. 
IL-18 level in the control, β-GP, β-GP+TMP, and 
β-GP+TMP+ raptinal groups was 65.1, 282.6, 176.8, 
and 217.3 ng/L, respectively (Figure 3C). LDH release 
in MOVAS-1 cells was increased from 0.57 to 3.37 
mM by β-GP, and was markedly reduced to 1.35 mM 
in the β-GP+TMP group, which was greatly reversed 
to 2.75 mM in the β-GP+TMP+ raptinal group (Figure 
3D). The increased percentage of Hoechst-positive 
cells in the β-GP group was repressed by TMP, which 
was markedly reversed by the co-culture with raptinal 
(Figure 3E). Moreover, the elevated levels of cleaved-
caspase-3, GSDME-N, and NLRP3 in β-GP-stimulated 
MOVAS-1 cells were notably reduced by TMP, which 
were markedly reversed in the β-GP+TMP+ raptinal 
group (Figure 3F).

3.4. TMP ameliorated the progression of CAC in OPG-/- 

mice

To identify the function of TMP against CAC, OPG-/- 

mice were used to mimic the clinical symptom of CAC, 
which were orally administered with TMP. Calcium 
deposition was obviously observed in OPG-/- mice, which 
was markedly alleviated by TMP (Figure 4A). Moreover, 
HE staining showed that the number of nodules was 
markedly increased in the model group, which was 
sharply reduced by TMP (Figure 4B). In coronary artery 
tissues, the IL-1β level was sharply increased from 
44.1 to 142.4 ng/L in OPG-/- mice, which was greatly 
repressed to 77.1 ng/L by TMP. The IL-18 level in the 
control, model, and TMP groups was 52.8, 180.7, and 
112.5 ng/L, respectively (Figure 4C). Increased levels 
of cleaved-caspase-3, GSDME-N, and NLRP3 in OPG-

/- mice were markedly decreased by TMP (Figure 4D). 
Moreover, the upregulated CASP3 and ACTA2 in OPG-/- 

mice were downregulated by TMP (Figure 4E).

3.5. Inhibition of TMP on progression of CAC in OPG-/- 

mice was abolished by activation of caspase-3

To identify whether TMP exerted anti-CAC function by 
suppressing caspase-3, OPG-/- mice were administered 
TMP with or without raptinal, an agonist of caspase-3. 
The increased calcium deposition (Figure 5A) and 

Figure 3. Activation of caspase-3 abolished the influence of TMP on the β-GP-induced calcification in MOVAS-1 cells. (A) Alizarin red 
staining assay was utilized to detect the calcification in MOVAS-1 cells; (B) Flow cytometry was used to measure the ROS level; (C) The IL-
1β and IL-18 level in MOVAS-1 cells was determined by ELISA assay; (D) A commercial kit was used for the detection of LDH release in 
MOVAS-1 cells; (E) The Hoechst/PI staining assay was used for detecting the apoptosis of MOVAS-1 cells; (F) Western blotting was utilized to 
determine the cleaved-caspase-3, GSDME-N, and NLRP3 levels (**p < 0.01 vs. Control, ##p < 0.01 vs. β-GP, &p < 0.05 vs. β-GP+TMP).
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Figure 4. Progression of CAC in OPG-/- mice was ameliorated by TMP. (A) Calcification in coronary artery tissues was evaluated using the 
Von Kossa staining assay; (B) The pathological state in coronary artery tissues was evaluated using HE staining; (C) The IL-1β and IL-18 level 
in coronary artery tissues was detected using ELISA; (D) Expressions of cleaved-caspase-3, GSDME-N, and NLRP3 in coronary artery tissues 
were detected using Western blotting (**p < 0.01 vs. Control, ##p < 0.01 vs. Model); (E) The expression of CASP3 and ACTA2 in coronary artery 
tissues was evaluated by immunofluorescence.

Figure 5. Activation of caspase-3 abolished the inhibition of TMP on the progression of CAC in OPG-/- mice. (A) Calcification in coronary 
artery tissues was determined using the Von Kossa staining assay; (B) HE staining was used to evaluate the pathological state in coronary artery 
tissues; (C) The IL-1β and IL-18 level in coronary artery tissues was measured using ELISA; (D) Western blotting was utilized to determine the 
cleaved-caspase-3, GSDME-N, and NLRP3 levels in coronary artery tissues (**p < 0.01 vs. Control, ##p < 0.01 vs. Model, &p < 0.05 vs. TMP); (E) 
Expression of CASP3 and ACTA2 in coronary artery tissues was determined using immunofluorescence.
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elevated number of nodules (Figure 5B) observed in 
OPG-/- mice were markedly repressed by TMP, which 
were signally reversed by the co-administration of 
raptinal. The IL-1β level in the control, model, TMP, and 
TMP+ raptinal groups was 43.5, 147.8, 82.7, and 115.5 
ng/L, respectively. The IL-18 level in the control, model, 
TMP, and TMP+ raptinal groups was 89.6, 334.6, 176.8, 
and 263.2 ng/L, respectively (Figure 5C). The elevated 
cleaved-caspase-3, GSDME-N, and NLRP3 levels in 
OPG-/- mice were markedly reduced by TMP, which were 
sharply increased by the co-administration of raptinal 
(Figure 5D). The upregulated CASP3 and ACTA2 in 
OPG-/- mice were downregulated by TMP, the expression 
of which was notably increased in the TMP+ raptinal 
group (Figure 5E).

4. Discussion

Pyroptosis is a newly discovered cell death mode 
with a high degree of inflammation in recent years, 
which is programmed and controlled with the dual 
characteristics of necrosis and apoptosis, and finally 
triggers a secondary inflammatory response (30). 
Originally misclassified as apoptosis, pyroptosis was 
subsequently found to be a form of programmed cell 
death dependent on the Caspase family and mediated 
by the Gasdermin protein (31). Herein, as described 
in other research (11,32), β-GP was used to induce 
calcification in VSMCs, which was verified by increased 
calcification, enhanced inflammation, promoted LDH 
release, and aggravated apoptosis, accompanied by an 
activation of casaspe-3/GSDME signaling. Furthermore, 
these pathological changes in β-GP-stimulated VSMCs 
were sharply alleviated by the knockdown of casaspe-3 
or GSDME, implying that caspase-3/GSDME axis 
mediated pyroptosis might participate in the progression 
of calcification in β-GP-stimulated VSMCs.
 The present study investigates the molecular 
mechanisms underlying the protective effects of 
tetramethylpyrazine (TMP) on β-glycerophosphate 
(β-GP)-induced calcification and inflammation in 
MOVAS-1 cells and OPG-/- mice. The findings reveal 
that TMP significantly mitigates various pathological 
processes induced by β-GP, including increased 
calcification, elevated levels of reactive oxygen species 
(ROS), inflammatory cytokines such as Interleukin-
1beta (IL-1β) and Interleukin-18 (IL-18), lactate 
dehydrogenase (LDH) release, enhanced apoptosis, 
and the activation of caspase-3/GSDME signaling. 
These effects were further corroborated in vivo, where 
TMP administration in OPG-/- mice significantly 
reduced calcium deposition and inflammation, effects 
that were reversed by raptinal, a caspase-3 activator. 
In addition, the increased calcification observed in 
β-GP-stimulated MOVAS-1 cells highlights the pro-
osteogenic environment created by β-GP, a well-known 
calcification inducer. The concurrent elevation in ROS 

levels indicates oxidative stress as a critical mediator 
of this process. ROS are known to exacerbate vascular 
calcification by promoting the differentiation of vascular 
smooth muscle cells (VSMCs) into osteoblast-like cells. 
TMP's ability to reduce ROS levels suggests that it may 
exert its protective effects through antioxidant properties, 
thus preventing oxidative damage that contributes to 
calcification.
 Inflammatory cytokines such as IL-1β and IL-18 play 
pivotal roles in vascular inflammation and calcification. 
The significant reduction of these cytokines by TMP 
treatment indicates its potent anti-inflammatory effects. 
This reduction may be attributed to the suppression of the 
NF-κB signaling pathway, which is a central regulator 
of inflammation. By inhibiting this pathway, TMP likely 
decreases the transcription of pro-inflammatory genes, 
thereby reducing the levels of IL-1β and IL-18.
 The enhanced apoptosis and LDH release in β-GP-
stimulated MOVAS-1 cells indicate cellular injury and 
membrane damage. LDH is a marker of cell membrane 
integrity, and its release signifies cell death. TMP's 
ability to attenuate these effects suggests that it may 
enhance cell survival by inhibiting apoptotic pathways. 
The involvement of caspase-3 in apoptosis is well-
documented, and TMP's inhibitory effect on caspase-3 
activation further supports its role in promoting cell 
survival. Pyroptosis, a form of programmed cell death 
distinct from apoptosis, involves activation of caspase-3 
and GSDME. This study shows that TMP mitigates 
β-GP-induced pyroptosis by inhibiting the caspase-3/
GSDME pathway. This inhibition is crucial, as pyroptosis 
contributes to inflammatory responses and calcification. 
The reversal of TMP's protective effects by raptinal, 
a caspase-3 activator, underscores the central role of 
caspase-3 in this process. Thus, TMP's ability to prevent 
pyroptosis may be a key mechanism through which it 
exerts its protective effects.
 In OPG-/- mice, TMP administration significantly 
alleviated calcium deposition and reduced the number 
of calcified nodules. This model is particularly relevant 
as OPG deficiency is associated with increased vascular 
calcification, mimicking clinical conditions of enhanced 
calcification risk. The observed reductions in IL-1β and 
IL-18 levels, along with decreased expression of CASP3 
and ACTA2, highlight TMP's broad anti-inflammatory 
and anti-calcification effects. Reversal of these protective 
effects by co-administration of raptinal further validates 
the role of caspase-3 in TMP's mechanism of action. The 
findings from the OPG-/- mouse model suggest that TMP 
may have significant therapeutic potential in treating 
vascular calcification and associated inflammatory 
conditions. By targeting multiple pathways involved in 
calcification, oxidative stress, and inflammation, TMP 
provides a comprehensive protective effect. This multi-
target approach is advantageous in treating complex 
diseases like vascular calcification, where multiple 
pathological processes are involved. Herein, in line with 
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data presented by Osako (33), vascular calcification 
was observed in coronary artery tissues of OPG-/- mice, 
accompanied by enhanced inflammation and activated 
casaspe-3/GSDME signaling, which were also observed 
in β-GP-stimulated VSMCs. After administration of 
TMP, vascular calcification and inflammation were 
markedly alleviated, implying a promising anti-CAC 
property of TMP. The in vivo efficacy of TMP was in 
line with the observation in β-GP-stimulated VSMCs 
after the incubation with TMP, especially the repressive 
effect of TMP against the casaspe-3/GSDME signaling, 
suggesting that TMP might exert the anti-CAC property 
by inhibiting the casaspe-3/GSDME axis mediated 
VSMCs pyroptosis. Raptinal, the specific activator of 
caspase-3, was used to identify the function of casaspe-3/
GSDME signaling in melanoma previously (34). Herein, 
suppressive effects of TMP on calcification in both 
β-GP-stimulated VSMCs and OPG-/- mice were abolished 
by raptinal, accompanied by enhanced inflammation 
and activated casaspe-3/GSDME signaling, suggesting 
that TMP exerted the anti-CAC function by inhibiting 
the casaspe-3/GSDME pathway. In future work, the 
relationship between the efficacy and doses of TMP will 
be explored to better support the therapy treating CAC 
using TMP. Collectively, TMP alleviated the progression 
of CAC by inhibiting caspase-3/GSDME mediated 
pyroptosis.

5. Conclusion

In summary, this study elucidates the protective 
mechanisms of TMP against β-GP-induced vascular 
calcification and inflammation. By inhibiting ROS 
production, reducing inflammatory cytokine release, 
preventing apoptosis, and blocking caspase-3/GSDME-
mediated pyroptosis, TMP effectively mitigates the 
pathological processes associated with calcification. 
These findings provide a strong basis for further 
exploration of TMP as a therapeutic agent for vascular 
calcification and related inflammatory disorders. Future 
studies should focus on clinical trials to evaluate the 
efficacy and safety of TMP in human subjects, as well 
as exploring its potential synergistic effects with other 
therapeutic agents.
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