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Background: In recent years, a mass of studies have shown that pyroptosis plays an important role in 
the proliferation of vascular smooth muscle cells (VSMCs). We investigated whether angiotensin II (Ang 
II) induces the pyroptosis of rat aortic VSMCs and the role of NOD-like receptor family pyrin domain 
containing 3 (NLRP3) in this process. Additionally, we explored the effect and related mechanism of 
recombinant tissue factor pathway inhibitor (rTFPI) in Ang II-induced VSMC pyroptosis.
Methods: Cultured VSMCs were divided into five groups: control group, Ang II group (1×10−5 mol/L), 
MCC950 group (NLRP3 inhibitor, 15 nmol/L), Ang II + MCC950 group and Ang II + rTFPI (50 μg/L) 
group. Cell viability was measured by cell counting kit-8 (CCK8) assays and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assays. Propidium iodide (PI) staining and immunofluorescence 
were performed to determine the pyroptosis of VSMCs. Changes in VSMC ultrastructure were evaluated 
through transmission electron microscopy. The expression levels of NLRP3, pro-caspase-1, gasdermin D-N 
(GSDMD-N), and interleukin-1β (IL-1β) were determined by western blot analysis.
Results: The cell viability, the positive rate of PI staining, and the expression level of GSDMD detected 
by immunofluorescence in the Ang II group were higher than that in the control group, whereas they all 
decreased in Ang II + MCC950 group and Ang II + rTFPI group compared with Ang II group (P<0.05). 
Electron microscopy analysis revealed less extracellular matrix, increased myofilaments, and decreased 
endoplasmic reticulum, Golgi complex, and mitochondria in Ang II + rTFPI-treated VSMCs than in Ang II-
treated VSMCs. The protein expression levels of the pyroptosis-related molecules NLRP3, pro-caspase-1, 
GSDMD-N, and IL-1β in Ang II group showed an increasing trend compared with those in control group 
(P<0.05); however, these expression levels in Ang II + MCC950 and Ang II + rTFPI groups were significantly 
lower than those in Ang II group (P<0.05).
Conclusions: Ang II may induce pyroptosis in VSMCs by activating NLRP3. rTFPI can inhibit Ang II-
induced VSMC pyroptosis. Furthermore, rTFPI might exert this effect by inhibiting the NLRP3 pathway 
and therefore play an important role in the treatment of vascular remodeling induced by hypertension.
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Introduction

The hormonal mechanism activated by the renin-
angiotensin-aldosterone system (RAAS) is one of the main 
pathogenic pathways of hypertension (1). The RAAS can 
regulate fluid metabolism and endothelial dysfunction 
as well as induce the proliferation and phenotypic 
transformation of vascular smooth muscle cells (VSMCs), 
ultimately leading to vascular remodeling (2). VSMCs are 
a major cell type in arterial blood vessels. When blood 
vessels are injured or stimulated by inflammation, VSMCs 
can transform from a contractile phenotype to a synthetic, 
proliferative, and migratory state (3). As the main effector 
of the RAAS, angiotensin II (Ang II) can cause VSMC 
proliferation and vascular remodeling (4). However, the 
mechanism has not been fully clarified. Nonetheless, in 
recent years, it has been found that pyroptosis plays an 
important role in this process.

Pyroptosis is a type of programmed cell death in which 
inflammatory cell death is usually caused by microbial 
infection, stimulation (5). Pyroptosis is often accompanied 
by inflammasome activation and interleukin-1β (IL-1β) and 
IL-18 maturation (6). Gasdermin family proteins are the 
executors of pyroptosis (7). Gasdermin D-N (GSDMD-N) 
is a member of the gasdermin family. Caspase activation 
cleaves GSDMD to generate GSDMD-N, and then pores 
on the cell membrane are formed, the cell permeability 
is changed, inflammatory factors are released in large 
quantities, and pyroptosis occurs (8,9). Many studies have 
indicated that the NOD-like receptor family pyrin domain 
containing 3 (NLRP3) inflammasome and the induction of 
pyroptosis play an important role in vascular dysfunction, 

injury, and remodeling in hypertensive patients (10,11). 
Tissue factor pathway inhibitor (TFPI) is a plasma Kunitz-
type serine protease inhibitor composed of three multivalent 
Kunitz-type domains produced by microvascular endothelial 
cells, liver and monocytes, and it modulates the activation of 
TF-dependent coagulation pathways (12). TFPI participates 
in the occurrence and development of cardiovascular 
diseases by inhibiting the proliferation of endothelial cells 
and VSMCs, reducing thrombin formation, preventing 
thrombosis, inhibiting the release of inflammatory factors, 
inducing apoptosis, and blocking matrix metalloproteinases 
(MMPs) activity (13-15). In addition, many studies have 
shown that the expression level of TFPI is increased in the 
plasma of patients with atherosclerotic heart disease and 
hypertension (16,17).

In our previous study, we found that TFPI expression 
could inhibit the proliferation of VSMCs; however, 
whether TFPI can affect hypertensive vascular remodeling 
by affecting cell pyroptosis has not been reported in 
the literature (18,19). This study aims to demonstrate 
that the NLRP3 inflammasome is involved in Ang II-
induced VSMC pyroptosis, to verify the effect and possible 
mechanism of recombinant TFPI (rTFPI) on Ang II-
induced VSMC pyroptosis and to provide new ideas for 
the prevention, occurrence, development, and treatment of 
hypertensive vascular remodeling.

Methods

Reagents

Anti-GSDMD antibody, anti-pro-caspase-1 + p10 + p12 
antibody, and anti-IL-1β antibody for western blotting 
were all purchased from Abcam (Cambridge, UK). Anti-
NLRP3 antibody was purchased from Wanleibio (Shenyang, 
China). Anti-GSDMD antibody for immunofluorescence 
was purchased from Bioss (Beijing, China). MCC950 
(NLRP3 inhibitor) was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). rTFPI was purchased 
from R&D (Minneapolis, MN, USA).

VSMC culture

Primary VSMCs were isolated from the thoracic aorta of 
rats using the explantation technique. VSMCs at passages 
4–5 were used for the experiments. Sprague-Dawley (SD) 
rats (100–150 g) were purchased from the Second Affiliate 
Hospital of Harbin Medical University, Harbin, China. 
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Experiments were performed under a project license (No. 
2021117) granted by the institutional ethics board of the 
First Affiliated Hospital of Harbin Medical University, 
in compliance with institutional guidelines for the care 
and use of animals. VSMCs were cultured in a 37 ℃, 5% 
CO2 incubator with Dulbecco’s modified Eagle medium 
(DMEM) containing 10% fetal bovine serum (FBS).

Experimental grouping

According to the best values of cell viability as measured 
by the cell counting kit-8 (CCK8) method, the Ang II 
concentration used in the experiments was 10−5 mol/L and 
the rTFPI concentration was 50 μg/L (data not shown). 
The VSMCs were randomly divided as follows: (I) control 
group: VSMCs were cultured with DMEM containing 
10% FBS; (II) Ang II group: Ang II (10−5 mol/L) was added 
to the cultured VSMCs; (III) MCC950 group: MCC950  
(15 nmol/L) was added into the cultured VSMCs; (IV) Ang 
II + MCC950 group: Ang II (10−5 mol/L) and MCC950  
(15 nmol/L) were added to the cultured VSMCs at the same 
time; and (V) Ang II + rTFPI group: Ang II (10−5 mol/L) 
and rTFPI (50 μg/L) were added to the cultured VSMCs 
at the same time. The cells in each group were starved 
for 12 hours, treated with drugs, and then cultured in the 
incubator for 48 hours.

Measurement of cell viability in each group by CCK8 
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) method

Cell viability in each group was measured by CCK8 assay. 
VSMCs were placed in 96-well plates in DMEM containing 
10% FBS. After incubation in a 37 ℃, 5% CO2 incubator 
for 12 hours, VSMCs in each group were starved for  
12 hours and then underwent different treatments. Forty-
eight hours later, 10 μL of CCK8 solution was added to 
each well, and the absorbance values to determine cell 
viability were measured at 450 nm with a microplate reader 
(Hercules, CA, USA).

Cell viability in each group was also measured by 
MTT assay. Cell processing steps are the same as CCK8 
assay. VSMCs were placed in 96-well plates. Added 20 μL 
of MTT reagent to 200 μL of culture solution per well 
(protected from light conditions). After placing the 96-well 
plate in an incubator protected from light for 4 h, all the 

liquid was discarded, then 150 mL of dimethyl sulfoxide 
(DMSO) was added, and it was placed on a shaker protected 
from light for 15 minutes, and measuring the 490 nm 
absorbance to determine cell proliferation rate.

Propidium iodide (PI) staining and immunofluorescence 
staining to detect VSMC pyroptosis

The formation of pores on the cell membrane was detected 
by PI staining. VSMCs were randomly seeded in a 35 mm 
confocal dish at an appropriate density. After incubation 
in a 37 ℃, 5% CO2 incubator for 12 hours, VSMCs in 
each group were starved for 12 hours and then underwent 
different treatments. PI staining was performed 48 hours 
later. After fixation with 4% paraformaldehyde, the cells in 
each group were stained with 4',6-diamidino-2-phenylindole 
(DAPI). The positive rate of PI staining was calculated 
under a confocal microscope.

Immunofluorescence staining was also performed 
to detect VSMC pyroptosis in each group. VSMCs 
were randomly inoculated into 35 mm confocal dishes 
at the appropriate density. The drug treatments of the 
cells were the same as in the PI staining experiment. 
Immunofluorescence staining was performed 48 hours later. 
The cells were fixed with 4% paraformaldehyde, incubated 
in phosphate-buffered saline (PBS) with 0.1% Triton X-100 
for 20 minutes at room temperature and blocked with goat 
serum for 30 minutes at room temperature. Then, the cells 
were incubated with GSDMD-N antibody (1:100) and 
Alexa Fluor 594-labeled goat anti-rabbit immunoglobulin 
G (IgG) (1:100). DAPI was used to counterstain nuclei. The 
results were observed under a confocal microscope, and the 
images were collected using ZEN software.

Transmission electron microscopy was performed to observe 
cell ultrastructural changes and phenotypic transformation

As described previously, cells in each group were fixed 
in 2.5% glutaraldehyde, postfixed in 1% osmium acid 
fixation solution after 0.1 M phosphoric acid buffer rinsing, 
and dehydrated in a series of ethanol. Dehydration was 
completed in propylene oxide, and the specimens were 
embedded in embedding liquid. Ultrathin sections were 
produced on an ultramicrotome, mounted on copper grids, 
and double-stained with uranium acetate-lead citrate. 
Specimens were analyzed and documented by electron 
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microscopy (Olympus Companies, Tokyo, Japan).

Western blot analysis

After 48 hours of treatment, cells were washed and 
resuspended in radioimmunoprecipitation assay (RIPA) 
buffer lysis buffer [RIPA:phenylmethylsulfonyl fluoride 
(PMSF) =100:1]. The fully lysed cells were incubated on 
ice 30–40 minutes, then scrape the cells off and move them 
to a centrifuge tube, shake them once every 5 minutes, and 
lyse them on ice for a total of 30 minutes, centrifuge (4 ℃, 
13,500 rpm) for 10 minutes and record the volume. The 
extracted protein was mixed with 5× [sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) loading 
buffer] at a ratio of 4:1 and the protein sample was heated 
on a heater for 100 ℃ for 10 minutes to denature the protein. 
The concentration of the extracted protein was measured 
using a bicinchoninic acid (BCA) protein quantification 
kit. The protein samples (40 μg) in each group were loaded 
into the gel and separated by SDS-PAGE. The separated 
proteins were then transferred onto polyvinylidene fluoride 
(PVDF) membranes activated by methanol. After blocking 
with 5% nonfat milk, the membranes were incubated 
overnight with primary antibodies against NLRP3 (1:2,000), 
pro-caspase-1 (1:1,000), GSDMD-N (1:1,000), IL-1β 

(1:2,000), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (1:2,000) diluted in blocking buffer. Then, 
the membranes were washed with tris-buffered saline 
Tween-20 (TBST) and incubated with horseradish 
peroxidase-conjugated secondary antibody (1:5,000, 
Zsbio, Beijing, China). The proteins were detected using 
the electrogenerated chemiluminescence (ECL) method 
(Beyotime, Shanghai, China). Images were obtained with a 
Bio-Rad gel imaging system (Bio-Rad, Hercules, CA, USA). 
Quantitative analysis of protein bands was performed using 
ImageJ software.

Statistical analysis

Each experiment was repeated at least four times. The 
data are shown as the mean ± standard deviation (SD). 
Experimental data were quantitatively analyzed by 
GraphPad Prism 8.0 and ImageJ software. The data 
in each figure achieved normal distribution. One-way 
analysis of variance (ANOVA) was used for comparisons 
between multiple groups. A probability value of P<0.05 was 
considered to be statistically significant.

Results

The viability of VSMCs in each group

To determine whether Ang II could influence VSMC 
viability and the role of NLRP3 in this process, the CCK8 
and MTT methods were used to measure the viability of 
VSMCs in each group. The results showed that the cell 
viability in the Ang II group was higher than that in the 
control group (P<0.05), whereas the cell viability in the 
Ang II + MCC950 group was significantly lower than that 
in the Ang II group (P<0.05) (Figures 1,2), which indicated 
that NLRP3 might participate in the VSMC proliferation 
induced by Ang II.

We also investigated whether rTFPI could inhibit Ang 
II-induced VSMC viability by performing CCK8 and MTT 
assays. The data showed that the cell viability in the Ang II 
+ rTFPI group was significantly lower than that in the Ang 
II group (P<0.05) (Figures 1,2). This result suggested that 
rTFPI might prevent Ang II-induced VSMC proliferation.

PI staining to detect pyroptosis in cells in each group

PI staining, which was used to detect the formation of 
pores on the cell membrane, was performed to investigate 
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Figure 1 The cell viability in each group measured by the CCK8 
assay. *, compared with control group P<0.05; **, compared with 
Ang II group P<0.05; ***, compared with Ang II group P<0.05. 
n=4. Ang II, angiotensin II; MCC950, NLRP3 inhibitor; rTFPI, 
recombinant tissue factor pathway inhibitor; CCK8, cell counting 
kit-8.
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whether Ang II could induce VSMC pyroptosis through the 
NLRP3 pathway. The results showed that the positive rate 
of PI staining in the Ang II group was significantly higher 
than that in the control group (P<0.05, Figure 3), while 
the positive rate of PI staining in the Ang II + MCC950 
group was significantly lower than that in the Ang II group 
(P<0.05). These results indicated that Ang II might induce 
pyroptosis through the activation of NLRP3.

We also verified whether rTFPI could inhibit Ang II-
induced VSMC pyroptosis by performing PI staining. The 
data showed that the positive rate of PI staining in the Ang 
II + rTFPI group was significantly lower than that in the 
Ang II group (P<0.05, Figure 3). This suggested that rTFPI 
could inhibit Ang II-induced VSMC pyroptosis, and we 
speculated that rTFPI might exert this function by blocking 
the NLRP3 pathway.

Immunofluorescence staining to detect pyroptosis in cells in 
each group

To determine whether Ang II could induce VSMC 
pyroptosis and verify the role of NLRP3 in this process, 
the expression level of intracellular GSDMD-N, which 
is a marker protein of pyroptosis, was detected by 

immunofluorescence staining in each group. The results 
showed that the expression level of GSDMD-N in the Ang 
II group was higher than that in the control group (P<0.05, 
Figure 4), while it was significantly decreased in the Ang II 
+ MCC950 group compared with that in the Ang II group. 
These results suggested that Ang II might induce the 
occurrence of pyroptosis through the activation of NLRP3.

We also determined whether rTFPI could inhibit Ang II-
induced expression of GSDMD-N. The data showed that 
the expression level of GSDMD-N in the Ang II + rTFPI 
group was significantly lower than that in the Ang II group 
(P<0.05, Figure 4). This finding suggested that rTFPI could 
inhibit the expression of GSDMD-N and therefore prevent 
Ang II-induced VSMC pyroptosis.

VSMC ultrastructural changes and phenotypic 
transformation observed by transmission electron 
microscopy

After 48 hours of Ang II induction, the ultrastructural 
changes and phenotypic transformation of VSMCs in 
each group were observed with a transmission electron 
microscope. The results showed that VSMCs in the 
control group secreted a very small amount of extracellular 
matrix, the myofilaments were evenly distributed, and the 
endoplasmic reticulum, Golgi complex, mitochondria, 
and other organelle structures closely related to protein 
synthesis were relatively few. Compared with the control 
group, the VSMCs in the Ang II group secreted a large 
amount of extracellular matrix, the myofilaments were 
significantly reduced, and the endoplasmic reticulum, 
Golgi complex, and mitochondria were significantly 
increased. Compared with the Ang II group, the VSMCs 
in the Ang II + rTFPI group secreted less extracellular 
matrix, the myofilaments were relatively increased, and the 
endoplasmic reticulum, Golgi complex, and mitochondria 
were relatively decreased. The above results suggested that 
after Ang II stimulation of VSMCs, the cell contraction 
phenotypic characteristics were reduced and the synthetic 
phenotype features increased. Furthermore, the addition of 
rTFPI inhibited this phenotype change, proving that rTFPI 
might inhibit the transformation of Ang II-induced VSMCs 
from a contractile phenotype to a synthetic phenotype in 
this process (Figure 5).

The expression of pyroptosis-related proteins in VSMCs

The expression of pyroptosis-related proteins (such as 
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Figure 2 The cell viability in each group measured by the MTT 
assay. *, compared with control group P<0.05; **, compared with 
Ang II group P<0.05; ***, compared with Ang II group P<0.05. 
n=4. OD, optical density; Ang II, angiotensin II; MCC950, 
NLRP3 inhibitor; rTFPI, recombinant tissue factor pathway 
inhibitor; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide.
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NLRP3, GSDMD-N, pro-caspase-1, and IL-1β) in 
VSMCs in each group was detected by western blotting. 
The results showed that compared with that in the control 
group, the expression of the pyroptosis-related proteins 
NLRP3, GSDMD-N, pro-caspase-1, and IL-1β in the Ang 
II group was significantly increased (P<0.05), whereas the 
expression of these proteins in the Ang II + MCC950 group 
was significantly decreased compared with that in the Ang 
II group (P<0.05, Figure 6). These results indicated that the 
NLRP3 pathway may be involved in the process of Ang II-
induced pyroptosis.

The data also showed that the expression levels of the 
pyroptosis-related proteins NLRP3, GSDMD-N, pro-
caspase-1, and IL-1β were significantly lower in the Ang II 
+ rTFPI group than in the Ang II group (P<0.05, Figure 6). 
Therefore, we speculated that rTFPI may reduce Ang II-
induced pyroptosis by blocking the NLRP3 pathway.

Discussion

RAAS can be involved in the regulation of hypertension 
through inflammatory and anti-inflammatory pathways (20). 

Figure 3 PI staining was used to detect pyroptosis in VSMCs in each group. (A) Fluorescence images of PI staining in each group (magnification: 
200×); (B) the positive rate of PI staining in each group (n=4). *, compared with the control group P<0.05; **, compared with the Ang II group 
P<0.05; ***, compared with the Ang II group P<0.05. Ang II, angiotensin II; MCC950, NLRP3 inhibitor; rTFPI, recombinant tissue factor 
pathway inhibitor; PI, propidium iodide; DAPI, 4',6-diamidino-2-phenylindole; VSMCs, vascular smooth muscle cells.
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Figure 4 Immunofluorescence staining results of the expression of GSDMD-N in each group. (A) Immunofluorescence staining images in 
each group (magnification: 200×); (B) the expression of GSDMD-N in each group (n=4). *, compared with the control group P<0.05; **, 
compared with the Ang II group P<0.05; ***, compared with the Ang II group P<0.05. Ang II, angiotensin II; MCC950, NLRP3 inhibitor; 
rTFPI, recombinant tissue factor pathway inhibitor; GSDMD-N, gasdermin D-N; DAPI, 4',6-diamidino-2-phenylindole.

One of the pathological foundations of target organ damage 
in hypertension is hypertensive vascular remodeling; that 
is, when the internal and external environment of the body 
changes, the structure and function of the body’s blood 
vessels undergo adaptive changes. The process by which 
this change occurs is called vascular remodeling (21). The 
underlying mechanisms include the inflammatory response, 
VSMC phenotype transition, endothelial dysfunction, 
VSMC autophagy, and endoplasmic reticulum stress. 
When blood vessels encounter stimuli, VSMCs begin 

to proliferate and migrate by switching phenotypes that 
alter their gene expression profiles (22). In recent studies, 
pyroptosis has been increasingly linked to hypertensive 
vascular remodeling.

Pyroptosis is a novel feature of programmed cell death 
that occurs during hypertensive VSMCs proliferation. The 
release of a large number of inflammatory cells leads to cell 
pyroptosis, further aggravating the release of inflammatory 
factors. Pyroptosis plays an important role in vascular 
remodeling in hypertension (23). There are an increasing 
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number of studies on the relationship between pyroptosis 
and VSMC proliferation and phenotype transition. The 
release of a large number of inflammatory factors during 
pyroptosis aggravates the inflammatory response and 
further aggravates the remodeling of hypertensive blood 
vessels. By ligating mouse carotid arteries in animal 
experiments, Wang et al. found that the NLRP3 inhibitor 
MCC950 could inhibit vascular remodeling, and in cell 
experiments, MCC950 could inhibit Ang II-induced VSMC 
proliferation, migration, and phenotypic transformation 
(24,25). Therefore, the NLRP3 inflammasome is a typical 
inflammatory factor that induces pyroptosis of VSMCs 
and vascular remodeling. Although in most cognitions, the 
cell number decreases after pyroptosis, in this experiment, 
we found that Ang II-induced pyroptosis in VSMCs and 
simultaneously increased cell viability to a certain extent. 
After treatment with MCC950, the cell viability induced 
by Ang II also decreased. We hypothesized that this might 
be caused by the stimulatory factors released in the process 
of pyroptosis in VSMCs, which promote the proliferation 
of VSMCs. Therefore, we inferred that pyroptosis could 
promote the proliferation of VSMCs to some extent, and 
the inhibition of pyroptosis might prevent the proliferation 
of VSMCs induced by Ang II in hypertension and therefore 
inhibit vascular remodeling.

The overactivation of Ang II type 1 receptor (AT1-R) by 
Ang II may be the mechanism underlying the overactivation 
of the NLRP3 inflammasome, causing VSMC pyroptosis. 
A large number of studies have found that Ang II-induced 
inflammation, VSMC proliferation and phenotypic 
transformation, hypertension, and vascular remodeling can 
be alleviated by inhibiting NLRP3 gene expression (26). 
The inflammasome, as a substance that triggers pyroptosis, 

cleaves GSDMD, forms the GSDMD-N-terminal domain, 
and finally leads to the formation of a cleavage pore, which 
is a marker of pyroptosis (9). The inflammasome further 
amplifies the inflammatory response. The formation of 
lytic pores leads to changes in cell permeability, and a 
large number of water molecules then enter the cells, 
the cells swell, and inflammatory factors are further  
released (8). Yang et al. applied the NLRP3 inhibitor 
MCC950 to regulate the inflammatory response, inhibit 
the infiltration of inflammatory cells, improve the local 
microenvironment, and further prevent thrombosis and 
intimal hyperplasia (27).

Although there have been many studies on the 
proliferation of hypertensive VSMCs, the role of pyroptosis 
in Ang II-induced VSMC proliferation and vascular 
remodeling in hypertension is rarely studied. As a new 
type of programmed cell death, pyroptosis is very different 
from other modes of cell death; it involves both apoptosis 
and cell necrosis. Therefore, we used different methods to 
test the occurrence of pyroptosis in this experiment. The 
increase in the positive rate of PI staining indicated that 
the formation of pores on the cell membrane increased. 
Fluorescence immunostaining revealed that the expression 
of the pyroptosis-related protein GSDMD-N increased in 
VSMCs after Ang II treatment, which proved that VSMCs 
underwent pyroptosis after Ang II treatment. We also found 
that the protein expression of pyroptosis-related proteins 
(NLRP3, GSDMD-N, pro-caspase-1, and IL-1β) was 
significantly increased after Ang II treatment in VSMCs 
compared with the control group. The above results 
indicated that Ang II could induce pyroptosis in VSMCs.

Studies on Ang II-induced pyroptosis in VSMCs have 
not made significant progress in defining the underlying 

A B C

Figure 5 Transmission electron microscopy was used to observe the changes and phenotypic transformation of VSMCs in each group. 
(A) Control group; (B) Ang II group; (C) Ang II + rTFPI group. The black arrows indicate mitochondria; the blue triangles indicate 
endoplasmic reticulum. VSMCs, vascular smooth muscle cells; Ang II, angiotensin II; rTFPI, recombinant tissue factor pathway inhibitor.
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Figure 6 The expression of pyroptosis-related proteins in VSMCs in each group. (A) Western blot of pro-caspase-1 protein and the 
grayscale ratio of expression (pro-caspase-1/GAPDH); (B) western blot of GSDMD-N protein and grayscale ratio of expression (GSDMD-N/
GAPDH); (C) western blot of IL-1β protein and gray ratio of expression (IL-1β/GAPDH); (D) western blot of NLRP3 protein and gray 
ratio of expression (NLRP3/GAPDH). *, compared with the control group P<0.05; **, compared with the Ang II group P<0.05; ***, 
compared with the Ang II group P<0.05. n=4. Ang II, angiotensin II; MCC950, NLRP3 inhibitor; rTFPI, recombinant tissue factor pathway 
inhibitor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSDMD-N, gasdermin D-N; IL-1β, interleukin-1β; NLRP3, NOD-like 
receptor family pyrin domain containing 3; VSMCs, vascular smooth muscle cells.
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mechanism. Based on previous studies, we treated VSMCs 
with the NLRP3 inhibitor MCC950 and Ang II at the 
same time. The results showed that the formation of pores 
on the cell membrane decreased, immunostaining analysis 
showed a decrease in GSDMD-N protein expression, and 
the expression levels of pyroptosis-related proteins (NLRP3, 
GSDMD-N, pro-caspase-1, and IL-1β) were all decreased. 
These findings confirmed that inhibiting NLRP3 could 
reduce Ang II-induced VSMC pyroptosis. These data also 
suggested that Ang II might induce pyroptosis through the 
NLRP3 pathway.

A large number of inflammatory factors are released 
during pyroptosis, and TFPIs can inhibit the inflammatory 
response by regulating the polarization of macrophages (28). 
As an endogenous anticoagulant protein, TFPIs play an 
important role in the blood coagulation pathway, and  
in vitro studies have confirmed that TFPIs can inhibit the 
proliferation of vascular smooth muscle (29). Normally, the 
presence of VSMCs as a systolic phenotype is conducive 
to fighting vascular tension and maintaining the steady 
state of the vascular wall. However, when VSMCs are 
stimulated by certain factors, their phenotype transforms 
from contractile to synthetic, and they begin to proliferate, 
migrate, and synthesize too much extracellular matrix, 
leading to pathological remodeling of blood vessels. In 
our previous experiments, we found that TFPI could 
inhibit the occurrence of vascular restenosis by inhibiting 
VSMC apoptosis and migration, and it could also inhibit 
the recruitment of inflammatory cells by regulating 
the upregulation of proinflammatory factors and the 
downregulation of the expression of anti-inflammatory 
cytokines (18,30). In this study, electron microscopy results 
showed that rTFPI could significantly suppress the changes 
in the VSMC ultrastructure caused by Ang II compared 
with the Ang II alone group. By microscopy analysis, we 
found that compared with the Ang II group, there was 
a relatively decreased secretion of extracellular matrix, 
a relative increase in muscle filaments, and a relatively 
decreased endoplasmic reticulum, Golgi complex, and 
mitochondria in the Ang II + rTFPI group. These findings 
suggested that rTFPI may inhibit the cell phenotype switch 
induced by Ang II.

At present, there are no related studies on TFPI and 
pyroptosis. Since inflammation is one of the factors that 
induce pyroptosis, we asked whether TFPI could regulate 
pyroptosis by regulating the inflammatory response. 
Therefore, in our study, we treated cells with rTFPI to 
detect Ang II-induced VSMC proliferation and pyroptosis 

and found that rTFPI not only significantly inhibited 
Ang II-induced VSMC proliferation but also decreased 
the positive rate of PI staining and the expression level of 
GSDMD-N. The expression level of GSDMD-N in the 
Ang II + rTFPI group was significantly lower than that in 
the Ang II group, as shown by immunofluorescence. In 
addition, western blot results showed that rTFPI could 
reduce the expression of pyroptosis-related proteins, 
decrease the release of inflammatory factors, and inhibit 
the release of the NLRP3 inflammasome. Therefore, we 
speculated that rTFPI might inhibit Ang II-induced VSMC 
pyroptosis by inhibiting NLRP3 inflammasome expression, 
thereby interfering with vascular remodeling due to VSMC 
proliferation in hypertension.

Conclusions

In conclusion, our findings demonstrated that Ang II could 
promote pyroptosis in VSMCs by activating the NLRP3 
inflammasome. Furthermore, rTFPI could inhibit Ang II-
induced VSMC pyroptosis, and we found that it may play a 
role in this process by inhibiting the NLRP3 inflammasome. 
By exploring the effect of TFPI on vascular smooth muscle 
and its possible mechanism, our research may provide a 
new direction for the prevention and treatment of vascular 
remodeling in hypertension in the future.
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