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SUMMARY

Background: Calcification is an active process where hydroxyapatite crystals deposit in arterial walls or aortic
valves, leading to valvular calcification. This study aimed to identify useful molecular markers for vascular calcifi-
cation and decode the fundamental mechanisms underlying their biological function.

Methods: Two published vascular calcification datasets (GSE136593 and GSE159832) from the Gene Expression
Omnibus database were downloaded and the data were analyzed using Partek Flow and Qiagen IPA software. We
explored the functional expression and pathways of TRPV4 in vascular calcification. A7RS cells were treated with
TRPV4 agonist GSK1016790A (10 nM) and selective TRPV4 antagonist HC067047 (10 pM) for 3 weeks in Dul-
becco's modified eagle medium and calcification medium (induced by pB-glycerophosphoric acid).

Results: The transcriptomes of calcified and non-calcified blood vessels were found to be significantly distinct.
Calcified blood vessels consistently increased TRPV4 expression and regulated the expression of inflammatory
factors. TRPV4 was up-regulated and strongly correlated with calcification both in human carotid plaque and in
mouse carotid artery calcified plaque. TRPV4 promotes osteogenic differentiation and vascular smooth muscle
cell calcification induced by B-glycerophosphorus. Western blot and RT-qPCR experiments revealed that TRPV4
promoted smooth muscle cell calcification and osteogenic differentiation by regulating RUNX2 by upregulating
IL-6.

Conclusions: TRPV4 regulates vascular calcification by activating IL-6 and suggest potential avenues for the de-
velopment of interventions to prevent or treat vascular calcification.
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INTRODUCTION

Calcification is an active pathophysiological process
characterized by the deposition of calcium phosphate
crystals in the form of hydroxyapatite, which occurs in
the media or intima of arteries and aortic valve leaflets,
contributing to valvular calcification. Vascular calcifi-
cation associated with inflammation is the hallmark of
disease progression and a powerful independent risk
marker for adverse coronary events [1]. The mecha-
nisms of atherosclerosis-related vascular calcification
(VC) are complicated and poorly understood [2]. Car-
diovascular calcification is now recognized as an active
process, presenting a potential therapeutic targeting op-
portunity [3]. Numerous studies have demonstrated that
osteogenic differentiation of vascular smooth muscle
cells (VSMCs) in response to various local stimuli is a
key mechanism in the development of vascular calcifi-
cation [4,5].

In recent years, it has been reported that bioinformatics
analysis is effective in detecting the complex network
during the vascular calcification process and in screen-
ing biomarkers for vascular calcification diagnosis and
prognosis. Gene Expression Omnibus (GEO) is an on-
line database containing millions of gene profiles of
various diseases, and the GEO datasets can be used to
identify differentially expressed genes (DEGs). Partek
Flow is a bioinformatics software package designed to
analyze high-throughput genomic data, such as gene ex-
pression data obtained from RNA sequencing (RNA-
seq). Qiagen Ingenuity Pathway Analysis (IPA) soft-
ware is a powerful tool for analyzing high-throughput
genomic data, including pathway enrichment analysis
and comparison analysis of multiple DEGs. In this
study, we used Partek Flow and Qiagen IPA for further
investigation. Dysregulated genes in vascular calcifica-
tion samples were examined to screen vital predictors.
They were analyzed using bioinformatic tools, Gene
Ontology (GO) annotation, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment, pro-
tein-protein interaction (PPI) network, and gene set en-
richment analysis (GSEA). Transient receptor potential
cation channel subfamily V member 4 (TRPV4) has the
highest expression in terms of vascular calcification.
TRPV4 belongs to the TRP superfamily of cation chan-
nels. TRPV4, a Ca2+-permeable mechanosensitive cat-
ion channel, is ubiquitously expressed in various cell
types, such as VSMCs. TRPV4 responds not only to ex-
ogenous and endogenous chemical stimuli, but also to
physical stimuli, such as mild heat and shear stress [6].
Studies have shown that impairment of TRPV4 channel
function is linked to endothelial dysfunction, oxidized
LDL-induced macrophage foam cell formation, and
vascular diseases [7-11]. Although the data are sugges-
tive, it is unclear if TRPV4 plays a role in vascular cal-
cification. Therefore, we examined the TRPV4 inter-
regulation network using bioinformatic methods and
discovered that TRPV4 was up-regulated in vascular
calcification tissues.

The binding and regulation of I11-6 by TRPV4 is excit-
ing, as is the functional expression of TRPV4 in vascu-
lar calcification. In this study, we demonstrate that
TRPV4 is significantly upregulated in vascular calcifi-
cation and that TRPV4 promotes VSMC calcification
and osteogenic differentiation though RUNX2 and
RUNX2 by activating IL-6.

MATERIALS AND METHODS

Bioinformatics analysis

We downloaded the vascular calcification datasets
GSE136593 and GSE159832 from the GEO database
and analyzed the data using Partek Flow and Qiagen
IPA. Partek Flow is a bioinformatics software package
designed to analyze high-throughput genomic data, such
as gene expression data obtained from RNA sequencing
(RNA-seq). The Partek Flow methodology for RNA-seq
data analysis can be summed up as follows:

Data preprocessing

First, the RNA-seq data are preprocessed to remove any
low-quality reads and adapter sequences. Following
this, the reads are aligned to a reference genome or tran-
scriptome.

Quantification

Next, gene expression levels are quantified by counting
the number of reads that map to each gene. Typically,
software such as featureCounts or HTSeq is used for
this purpose.

Normalization

The raw gene expression counts are then normalized to
account for differences in sequencing depth and compo-
sition between samples. This is typically done using
methods such as the trimmed mean of M-values (TMM)
or the upper quartile (UQ) normalization.

Differential gene expression analysis

The normalized gene expression counts are then em-
ployed to determine which genes are differentially ex-
pressed between two or more sample groups. Typically,
statistical methods such as edgeR or DESeq2 are em-
ployed.

Pathway analysis

Finally, a pathway analysis is performed to identify bio-
logical pathways where differentially expressed genes
are enriched. Typically, this is accomplished with soft-
ware such as Gene Set Enrichment Analysis (GSEA).
Qiagen IPA is a powerful tool for analyzing high-
throughput genomic data, including pathway enrich-
ment analysis and comparison analysis of multiple
DEGs. Here is a concise description of the IPA method-
ology for pathway enrichment analysis and comparison
analysis of multiple DEGs:

Data preprocessing

The first step is to preprocess the gene expression data
obtained from RNA-seq or microarray experiments.
This involves normalizing the data and identifying the
DEGs between experimental conditions.
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Pathway enrichment analysis

IPA permits users to identify biological pathways signi-
ficantly enriched in the DEGs identified in step 1. IPA
accomplishes this by comparing the list of DEGs to its
database of manually curated biological pathways and
identifying pathways that are overrepresented among
DEGs. IPA also offers tools for visualizing pathways
and identifying key genes and regulators within each
pathway.

Comparison analysis of multiple DEGs

IPA enables users to compare multiple sets of DEGs to
identify pathways and biological processes that are dif-
ferentially regulated across experimental conditions.
This is accomplished by performing overlap analysis
and creating Venn diagrams to visualize the degree of
overlap between different DEG sets. IPA also provides
tools for creating heat maps and conducting cluster
analysis to identify data patterns.

Human carotid artery specimens

From January 2016 to December 2022, we collected 42
pathological specimens of patients who underwent ca-
rotid plaque removal at the General Hospital of Ningxia
Medical University. They consisted of 29 calcifications
and 13 non-calcifications. The pathology department
created paraffin sections. HE staining, Alizarin Red
staining, and immunohistochemistry were used to ana-
lyze the specimens. The protocol was approved by the
Ethics Committee of General Hospital of Ningxia Medi-
cal University (KYLL-2022-0494) and all patients
signed an informed consent form in accordance with the
Declaration of Helsinki.

Experimental animals

The experimental protocols were approved by the Insti-
tutional Ethics Committee for Animal Experiments of
Ningxia Medical University in accordance with the
animal welfare principles (2021-030). We acquired 20
male ApoE” 8-week-old mice from the Animal Center
of Peking University Health Science Center (Beijing).
ApoE”- mice are a well-established model for athero-
sclerosis. All mice were housed in a controlled environ-
ment (25 + 2°C, 12-hours light-dark cycles) with free
access to water and a standard diet of chow. Mice were
evenly divided into two treatment groups: the control
group (AC group, n = 10) and the high-fat diet group
(HF group, n = 10). Mice in the AC group were fed a
standard rodent maintenance diet as recommended by
the American Institute of Nutrition-93 purified diet
(AIN-93G) for 30 weeks, whereas mice in the HF group
were fed a control diet containing 1.25% cholesterol
(HF) (MD12015, Jiangsu). Random selection and blind-
ing methods were used to select the experimental ani-
mal.

Tissue processing

After 30 weeks of feeding, mice were anesthetized with
isoflurane (China catalog number 55) inhaled at a con-
centration of 2%. The mice carotid artery tissue was
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washed with sterile phosphate-buffered saline (PBS),
fixed for 15 minutes with 4% paraformaldehyde, and
then embedded in paraffin. Sections cut into 4 mm
thickness were stained with Alizarin Red, hematoxylin
& eosin (H&E), and immunohistologically analyzed.
HE staining and artery calcification

Carotid artery sections were stained with hematoxylin
and eosin, used to evaluate the severity of atheroscle-
rotic calcified lesions in carotid artery cross-sections
with a thickness of 10 pm. Calcium deposits in the ca-
rotid artery were detected by staining with Alizarin Red
(Sigma Aldrich) and incubating for 5 minutes in Aliza-
rin Red solution after washing with distilled water [12,
13]. The sections were dehydrated, and cover-slipped
before being examined and photographed under a
microscope. Using Imagel software, the percentage of
positively stained surface area in each section was cal-
culated (NIH; Bethesda, MD, USA).

Immunohistochemical staining

Immunohistochemical staining was performed to deter-
mine protein expression in paraffinized sections. Carot-
id paraffin section was deparaffinized in Histo Clear re-
agent, washed in distilled water, and treated with avidin/
biotin blocking kit to inhibit endogenous biotin activity,
as per the manufacturer's protocol. The sections were
incubated with 0.3% hydrogen peroxide to inhibit endo-
genous peroxidase activity, then blocked with 10% goat
serum at room temperature for 1 hour. Next, specimens
were incubated overnight at 4°C with primary anti-
bodies TRPV4 (Abcam, DF8624), RUNX2 (Abcam,
ab23981), and BMP2 (Absin, abs159224). The sections
were incubated with diluted biotinylated secondary anti-
body (Cell Signaling, 7075) for 1 hour at 37°C, then
treated for 20 minutes with horseradish peroxidase-la-
beled streptavidin solution at 37°C. Finally, the sections
were counterstained with hematoxylin and then stained
with diaminobenzidine (DAB kit, ZSGB-BIO, Beijing,
China).

VSMC culture

Rat aortic smooth muscle cells (A7r5) were purchased
from the American Type Culture Collection for in vitro
experiments (ATCC, USA). The cells were cultured at
37°C in a 5% CO2-humidified atmosphere and were
grown to reach the desired confluence. The growth me-
dium consisted of Dulbecco's modified eagle's medium
(DMEM, high glucose, Hyclone), 10% fetal bovine se-
rum (FBS, C2810-0500, BI, USA), 100 mg/mL strepto-
mycin, and 100 unit/mL penicillin. The cells were used
between the 4th and 7th passage. The media was replac-
ed daily. For the preparation of an in vitro calcification
model, 10 mmol/L B-sodium glycerophosphate was ad-
ded to the growth medium and the cells were cultured
for 3 weeks [13]. DMEM and B-sodium glycerophos-
phate medium were supplemented with TRPV4 agonist
GSK 1016790A (10 nM) and selective TRPV4 antago-
nist HC067047 (10 uM), respectively [14,15]. GSK
1016790A (10 nM) and HC067047 (10 pM) were dis-
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solved in DMSO. The doses and administration sched-
ules were chosen based on previous studies and pilot
experiments, and methods for minimizing side effects
were also considered [16,17].

In vitro calcification

For calcification staining in vitro, the cells were cul-
tured in a medium containing 10 mmol/L B-sodium gly-
cerophosphate. After washing with PBS, cell samples
were fixed with paraformaldehyde for 45 minutes at
4°C, then stained for 5 minutes at room temperature
with Alizarin Red (Sigma Aldrich), washed with dou-
ble-distilled water, dehydrated, and cover slipped. The
section was microscopically examined and photograph-
ed. We used Image] software (NIH; Bethesda, MD,
USA) to calculate the percentage of positively stained
surface area in each section.

Reverse-transcriptase quantitative PCR (RT-qPCR)
Total RNA was extracted from vascular tissues or cells
using a Total RNA kit (TIANGEN, Beijing, CHN) as
per the manufacturer’s instructions. The RNA was used
to synthesize cDNA using PrimeScriptTM RT Master
Mix kit (Takara, Tokyo, JPN). The mRNA levels of
SM-actin, SM MHC, RUNX2, and GAPDH were de-
tected using real-time quantitative PCR with the Quanti-
Nova® SYBR® Green PCR Kit (Qiagen, Hilden, GER)
on a 7500 Multicolour Realtime PCR Detection System
(ThermoFisher Scientific, CA, USA). GADPH mRNA
levels were used for normalization. The relative expres-
sion of mRNA was computed using the formula 2-
AACT. The RT-qPCR primers were acquired from
Sangon Biotech (Shanghai) Co., Ltd, and following
are the particular primers:

TRPV4, 5'-GGAGTCCTGTTCTTCTTTACC-3'
(forward) and

5'-ACCAGCACTGAGTAGATGAA-3' (reverse);
BMP2, 5'-AAGCGTCAAGCCAAACACAAC-3’
(forward) and
5'-ACATCACTGAAGTCCACATACA-3' (reverse);
RUNX2, 5'-CCACCACTCACTACCACACG-3’
(forward) and

5'-GGACGCTGACGAAGTACCAT-3' (reverse);

IL-6, 5'-CAGAGTCATTCAGAGCAATAC-3’
(forward) and

5'-ATGGTCTTGGTCCTTAGCCAA-3' (reverse);
TNF-a, 5'-ATGGGCTCCCTCTCATCAGT-3’
(forward) and

5'-GCTTGGTGGTTTGCTACGAC-3' (reverse);

IL-1B, 5'-GCTATGGCAACTGTCCCTGA-3' (forward)
and

5'-GGGCTTGGAAGCAATCCTTAAT-3' (reverse);
a-SMA, 5'-CCACCAACCCCCAAAGAGAA-3'
(forward) and

5'-GGGCAAAGAACGAGGGATCA-3' (reverse);
GAPDH, 5-AGACTGGCAGTGGTTTGCTT-3’
(forward) and

5'-CTCTCTGCATGGTCTCCGTC-3' (reverse)

Western blot analysis

Cells were lysed with lysis buffer, then centrifuged for
30 minutes at 12,000 rpm, 4°C, to extract total protein
from the lysate (KeyGEN BioTECH, Jiangsu, China).
The BCA protein assay kit was employed for protein
concentration (KeyGEN BioTECH, JiangSu, China).
On a 10% SDS-PAGE gel, approximately 40 pg of pro-
tein samples were separated and electrophoretically
transferred to a nitrocellulose membrane. The mem-
brane was treated with 5% skim milk for 1 hour at room
temperature, and the blot was incubated with the fol-
lowing primary antibody overnight at 4°C: anti-SMa-
actin (Abcam, ab5694, 1:2,000), TRPV4 (Abcam,
DF8624, 1:1,000), antiRUNX2 (Abcam, ab23981,
1:1,000), anti-BMP2 (Absin, abs159224, 1:1,000), anti-
IL-1B (Absin, abs135607, 1:500), anti-IL-6 (Rockland,
56166, 1:1,000), anti-TNF-a (Absin, absl110635,
1:1,000), and anti-GAPDH (Cell Signaling, 97166,
1:1,000) antibodies for normalization. The blot mem-
brane was washed with TBST and incubated with HRP-
conjugated antibody for 1 hour at room temperature,
then detected by ECL test.

Statistical analysis

All experimental results were analyzed using GraphPad
Prism 8.0 (USA) and displayed as mean + standard de-
viation or median. The in vitro data came from a mini-
mum of three separate experiments. All data were eval-
uated for normality and equal variance. We used the
Student’s f-test to compare differences between two
groups, whereas we used one-way or two-way ANOVA
for multiple comparisons, followed by a Student-New-
man-Keuls test. The Mann-Whitney test was used for
non-normally distributed data, p < 0.05 was set as the
threshold for significance.

RESULTS

Transcriptomes of calcified and non-calcified blood
vessels in diseases differ significantly

To identify diagnostically useful biomarkers for vascu-
lar calcification and decode the fundamental biological
mechanisms underlying their function, we downloaded
the published vascular calcification datasets GSE136
593 and GSEI159832 from the GEO database and
analyzed the data using Partek Flow. For GSE136593,
PCA analysis revealed significant differences in the
transcriptional profiles of calcified and non-calcified
groups (Figure 1A). Differential gene analysis revealed
1,362 upregulated and 445 downregulated genes using
the criteria [logFC| > 1 and FDR p < 0.05 when com-
pared to the non-calcified group, with no changes in
19,230 genes (Figure 1B). The genes with differential
expression between the two groups were depicted using
a heatmap (Figure 1C). For GSE159832, the transcrip-
tomes of intimal calcification, medial calcification, and
non-calcification were distinct (Figure 1D). Differential
gene analysis revealed 970 upregulated and 410 down
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Figure 1. The transcriptomes of calcified and non-calcified blood vessels are significantly different.

A) For GSE136593, PCA analysis showed significant differences in transcriptional profiles between calcified and non-calcified groups. B)
Differential gene analysis showed 1,362 upregulated genes and 445 downregulated genes under the criteria of [logFC| > 1 and FDR p < 0.05
when compared to the non-calcified group, with 19,230 genes showing no change. C) Heatmap displays the differentially expressed genes
between the two groups. D) For GSE159832, the transcriptomes of intimal calcification, medial calcification, and non-calcification are
different. E) Differential gene analysis revealed 970 upregulated genes and 410 downregulated genes under the criteria of [logFC| > 1 and FDR
p < 0.05 when compared to the non-calcified group, with 11,679 genes showing no change. F) Heatmap displayed the differentially expressed

genes between the three groups.

regulated genes based on the criteria |logFC| > 1 and
FDR p < 0.05 when compared to the non-calcified
group, with 11,679 genes showing no change (Figure
1E). Heatmap displayed the differentially expressed
genes between the three groups (Figure 1F).

Calcified blood vessels consistently increased TRPV4
expression and controlled the expression of inflam-
matory factors

We analyzed data to determine the biological character-
istics of vascular calcification. TRPV4 had the most sig-
nificant and consistent upregulation in calcification and
non-calcification groups (Z score > 2) (Figure 2A);
TRPV4 had statistically significant differential upregu-
lation in calcification and non-calcification groups
(-logB-H p-value > 1.3) (Figure 2B); in the calcification
model, TRPV4 may regulate the inflammatory pathway
by activating IL-6 (Figure 2C-2E). In comparison to
non-calcification, the HIF-la signaling pathway was
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consistently and significantly activated in calcification,
as determined by an IPA analysis. The samples were
analyzed using the Z score > 2 and a criteria of (-logB-
Hp>1.3).

HIF-1a signaling pathway was significantly and con-
sistently activated in calcification compared to non-
calcification

IPA comparative analysis showed that differentially ac-
tivated signaling pathways between the calcification and
non-calcification groups were analyzed using the Z
score > 2 criterion (Figure 3A); differentially activated
signaling pathways between the calcification and non-
calcification groups were analyzed using the criterion of
(-logB-H p > 1.3) (Figure 3B).
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Figure 2. Calcified blood vessels consistently upregulated TRPV4 expression and regulated the expression of inflammatory

factors.

A) IPA summary analysis revealed that the TRPV4 gene had the most significant and consistent upregulation in calcification and non-calcifi-
cation groups (Z score > 2). B) TRPV4 gene had statistically significant differential upregulation in calcification and non-calcification groups
(-logB-H p > 1.3). C - E) In the calcification model, TRPV4 may regulate the inflammatory pathway by activating 1L6.

TRPV4 is upregulated and strongly associated with
calcification in human carotid arteries

To identify calcified blood vessels with increased
TRPV4 expression, we initially detected TRPV4 ex-
pression in human carotid arteries. A total of 42 patho-
logical specimens were collected from patients under-
going carotid plaque stripping (statistics of patients
from January 2016 to December 2022 in Ningxia Medi-
cal University Hospital). HE and alizarin red staining
were used to evaluate vascular calcification in human
carotid arteries (Figure 4A). The alizarin red staining
demonstrated that the alizarin red staining positive area
in the calcification group (n = 29) was significantly
greater than that in the non-calcification group (n = 13)
(Figure 4B) (**** p < 0.0001). Using immunohisto-
chemistry analysis (Figure 4C), we determined that the
level of TRPV4 in the calcification group was signifi-

cantly higher than that in the non-calcification group
(Figure 4D). Also, we observed an increase in RUNX2
(Figure 4E) and a decrease in a-SMA expression in the
calcification group (Figure 4F).

In addition, correlation analysis revealed a positive rela-
tionship between TRPV4 and vascular calcification
markers (Figure 4G, 4H).

TRPV4 is upregulated in calcification plaque in mice
carotid artery

To investigate the effects of TRPV4 on vascular calci-
fication in vivo, we created a calcification model in
ApoE-/- mice which were fed a high-fat diet for 30
weeks. Based on HE and Alizarin Red staining, high fat
diet-fed mice showed a significant increase in calcifica-
tion area after 30 weeks compared to ApoE-/- mice fed
a control diet (Figure 5A, 5B). Immunohistochemical
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Figure 3. IPA comparative analysis showed that HIF-1o signaling pathway was significantly and consistently activated in the
calcification compared to non-calcification groups.

A) The differentially activated signaling pathways between the calcification and non-calcification groups were analyzed using a criterion of Z

score > 2. B) The differentially activated signaling pathways between the calcification and non-calcification groups were analyzed using a
criterion of (-logB-H P > 1.3).
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Figure 4. TRPV4 is upregulated and strongly associated with calcification in human carotid artery biopsy.

A) The representative vascular calcification plaque by HE and Alizarin Red staining of human carotid arteries. B) Statistical analysis of calci-
fication area by Alizarin Red staining (calcification group n = 29, non-calcification group n = 13). C) Representative immunohistochemistry
staining of TRPV4, RUNX2, and a-SMA in carotid arteries (n = 6). D - F) Comparison of TRPV4, RUNX2, and a-SMA between the calcifica-
tion group and non-calcification group. G - H) Correlation analysis of TRPV4 and vascular calcification biomarkers RUNX2 and a-SMA in
human carotid arteries (calcification group n = 6, non-calcification group n = 6).
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Figure 5. TRPV4 is upregulated in calcification plaque in mice carotid arteries.

A) Representative vascular calcification plaque by HE and Alizarin Red staining in mice carotid arteries. B) Statistical analysis of calcification
area by Alizarin Red staining (n = 6). C) Representative immunohistochemistry staining of TRPV4, RUNX2, and a-SMA in mice carotid
arteries (n = 6). D - F) Comparison of TRPV4, RUNX2, and a-SMA between the calcification group and non-calcification group. G - H)
Correlation analysis of TRPV4 and vascular calcification marker RUNX2 and a-SMA in mice carotid arteries (calcification group n = 6, non-
calcification group n = 6).
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Figure 6. TRPV4 promoted p-GP-induced VSMC calcification and osteogenic differentiation.

A) Representative images of Alizarin Red staining of A7r5 VSMC with a TRPV4 agonist GSK1016790A (10 nM) and a selective TRPV4
antagonist HC067047 (10 pM) in DMEM and osteogenic medium (B-GP-induced). B) Statistical analysis of calcifying area of Alizarin Red
staining with GSK1016790A (10 nM) and HC067047 (10 pM) in DMEM and osteogenic medium (B-GP-induced). C) Representative western
blot analysis of TRPV4, BMP2, RUNX2, and a-Sma. D) Relative protein expression and quantification of TRPV4, BMP2, RUNX2, and a-Sma
in A7r5 VSMCs with GSK1016790A (10 nM) and HC067047 (10 pM) in DMEM and osteogenic medium (n = 3). E) qPCR analysis of RUNX2,
BMP2, a-Sma, and TRPV4 in VSMCs; VSMC genes expression at control conditions (first bar in each group) is defined as 1 (n =3, * p < 0.01
relative to control conditions).
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Figure 7. TRPV4 promoted p-GP-induced VSMC calcification by activation of inflammation.

A) Representative western blot analysis of IL-6, IL-1p, and TNF-o. B) Relative protein expression and quantification of IL-6, IL-1p, and TNF-
o in A7rS VSMCs with GSK1016790A (10 nM) and HC067047 (10 pM) in DMEM and osteogenic medium (n = 3). C) qPCR analysis of IL-6,
IL-1B, and TNF-0 in VSMC, VSMC gene expression at control conditions (first bar in each group) is defined as 1 (n =3, * p <0.01 relatives to

control conditions).

staining (Figure 5C) revealed that TRPV4 was highly
expressed in the calcified region of the carotid artery of
mice compared to the non-calcified region (Figure 5D).
In addition, compared to the non-calcification group,
the calcification group demonstrated a higher expres-
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sion of RUNX2 (Figure 5E) and a lower expression of
o-SMA (Figure 5F) in the carotid artery of mice. In
mice carotid artery, relative analysis revealed that
TRPV4 was positively correlated with RUNX2 (Figure
5@G), but negatively correlated with a-SMA (Figure 5H).
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These findings imply that TRPV4 may play a crucial
role in vascular calcification.

TRPV4 promotes B-glycerophosphoric acid-induced
VSMC calcification and osteogenic differentiation
To determine whether TRPV4 increases vascular calci-
fication in vitro, we treated A7r5 VSMC for 3 weeks
with TRPV4 agonist GSK1016790A (10 nM) and selec-
tive TRPV4 antagonist HC067047 (10 uM) in DMEM
and osteogenic medium (induced by B-glycerophos-
phoric acid) for 3 weeks (Figure 6A). Alizarin Red
staining demonstrated that GSK1016790A could signi-
ficantly increase the calcification area of A7RS
VSMCS, whereas HC067047 could significantly de-
crease the calcification area (**** p < 0.0001) (Figure
6B). The results confirmed that GSK1016790A sup-
pressed the expression and mRNA level of smooth mus-
cle marker genes alpha smooth muscle actin (a-SMA),
while elevating the expression and mRNA level of
bone-associated markers, RUNX2 and BMP2. Expres-
sion and mRNA levels of TRPV4, BMP2, and RUNX2
were downregulated by treatment, whereas expression
and mRNA levels of a-Sma were upregulated in con-
trast to the control (Figure 6C, 6D, 6E), indicating that
TRPV4 promotes osteogenic differentiation and VSMC
calcification induced by B-glycerophosphoric acid.

TRPV4 promotes B-glycerophosphoric acid-induced
VSMC calcification and osteogenic differentiation by
activation of inflammation

To further confirm the role of TRPV4 in mediating the
inflammatory pathways, we measured the levels of pro-
inflammatory factors using western blot (Figure 7A)
and PCR. GSK1016790A increased the protein expres-
sion and mRNA level of IL-6, IL-1p and TNF-a signifi-
cantly, while HC067047 reduced the protein expression
and mRNA level of IL-6 (Figure 7B, 7C). These find-
ings suggest that TRPV4 may mediate the inflammatory
pathways and that TRPV4 inhibition may have an anti-
inflammatory effect.

DISCUSSION

In this study, we downloaded published vascular calcifi-
cation datasets GSE136593 and GSE159832 from the
GEO database and analyzed them using Partek Flow
and Qiagen IPA software. Using Partek Flow analysis,
we discovered significant differences in transcriptional
profiles between calcified and non-calcified groups. In-
timal calcification, medial calcification, and non-calcifi-
cation have distinct transcriptomes. We then analyzed
the data using the Qiagen IPA software. The TRPV4
gene had the most significant and consistent upregula-
tion in calcification and non-calcification groups, as de-
termined by an IPA summary analysis. In the calcifica-
tion model, we discovered that TRPV4 may regulate in-
flammatory pathway by activating IL6, which may be
the most important factor in the pathogenesis of vascu-

12

lar calcification. Moreover, IPA comparative analysis
revealed that the HIF-1a signaling pathway was consis-
tently and significantly activated in calcification relative
to non-calcification. TRPV4 emerged as our primary
concern after careful consideration and was investigated
using in vivo and in vitro methods.

TRPV4 proteins are ubiquitously expressed in numer-
ous cell types including VSMCs, and TRPV4 activity is
known to be regulated by both mechanical and soluble
factors [18]. Previous research demonstrated that the
TRPV4 channel plays a pivotal role in the maintenance
of cardiovascular homeostasis and promotes vascular
smooth muscle cell proliferation and migration [19,20,
7]. Recent research shows that TRPV4 plays a protect-
ive role against atherosclerosis by inhibiting monocyte
adhesion to endothelial cells and activating eNOS in en-
dothelial cells [21,22]. Previous research has shown that
the TRPV4 channel plays a crucial role in the mainte-
nance of cardiovascular homeostasis and promotes vas-
cular smooth muscle cell proliferation and migration [7,
19,20]. In contrast, impairment of TRPV4 channels has
been linked to endothelial dysfunction, reduced macro-
phage foam cell generation, and vascular diseases [8,9,
11,23]. TRPV4 channels play a crucial role in the Por-
phyromonas gingivalis lipopolysaccharide-induced ex-
acerbation of macrophage foam cell generation by mod-
ulating oxLDL uptake [24]. In this study, IPA summary
analysis revealed that the TRPV4 gene had the most
consistent and significant upregulation in both the calci-
fication and non-calcification groups. For further confir-
mation, human carotid artery biopsies revealed that
TRPV4 is upregulated and strongly associated with cal-
cification. Immunohistochemistry analysis revealed in-
creased RUNX2 and decreased a-SMA expression in
the calcification group. Also, correlation analysis re-
vealed a positive relationship between TRPV4 and vas-
cular calcification markers. As anticipated, an in vivo
experiment revealed that mice who were fed a high-fat
diet had a higher level of TRPV4 expression in the cal-
cified region compared to the non-calcified region.
Meanwhile, comparative analysis revealed that TRPV4
was positively correlated with the biomarker RUNX2
and negatively correlated with a-SMA in the mice caro-
tid artery. These findings imply that TRPV4 plays a
crucial role in vascular calcification. Importantly, we
confirmed in vitro that GSK1016790A can significantly
increase the calcification area of A7R5 VSMCs by tar-
geting TRPV4, while HC067047 can significantly de-
crease the calcification area. GSK1016790A simulta-
neously decreased the level of the smooth muscle mark-
er gene a-SMA while increasing the level of the bone-
associated markers RUNX2 and BMP (Figure 2D, 2E).
Our findings indicate that TRPV4 promotes VSMC cal-
cification and osteogenic differentiation induced by B-
glycerophosphoric acid. Our hypothesis is supported by
these results.

Vascular calcification accompanied by inflammation is
a hallmark of disease progression and a strong indepen-
dent risk marker for adverse coronary events [25-28].
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Phenotypic shifts of arterial endothelial cells and
VSMCs promote pathogenic inflammation [29,30].
TRPV4 channels are sensitized by alterations in biome-
chanical stimuli [1,10,31,32,33]. Scheraga et al. recently
demonstrated that TRPV4 activation is necessary for
LPS-induced macrophage phagocytosis and stimulation
of inflammatory cytokines 33TRPV4, as a potential me-
diator of inflammatory/proatherogenic responses associ-
ated with the pathogenesis of periodontitis-induced ath-
erosclerosis [34]. By regulating the release of IL-1p and
IL-6, P2X7 contributes to the development of hyperal-
gesia in CCD mediated by TRPV4 [35]. Research has
also identified IL-1 and IL-6 expression as critical cyto-
kines [36].

CONCLUSION

The above studies indicate a link between TRPV4 and
inflammation. In this study, IPA summary analysis in-
dicated TRPV4 may regulate the inflammatory pathway
by activating IL-6 in the calcification model. We ob-
served the expression and mRNA level of IL-6, IL-18,
and TNF-a in response to the application of GSK1016
790A and HC067047. GSK1016790A significantly in-
creased IL-6, IL-1B, and TNF-a protein expression and
mRNA levels, while HC067047 significantly decreased
the protein expression and mRNA level of IL-6, howev-
er there was a less obvious decrease in IL-1 and TNF-
o levels. The results of our study suggest that the activa-
tion of TRPV4 promotes osteogenic differentiation of
VSMC:s, contributing to an increased vascular calcifica-
tion in atherosclerosis. Furthermore, we uncovered the
connection between TRPV4 and IL-6 in VSMCs, and
the crucial role that they play in VSMC calcification.
Consequently, our findings suggest that TRPV4 may
mediate the inflammatory pathways through IL-6, and
TRPV4 inhibition may have an anti-calcification effect.

In conclusion, we found that TRPV4 promotes VSMC
osteogenic differentiation and vascular calcification in
atherosclerosis. TRPV4 promotes B-glycerophosphoric
acid-induced VSMC calcification and osteogenic differ-
entiation via I1-6 activation. To determine the role of
TRPV4 in regulating atherosclerotic vascular calcifica-
tion in vivo, additional studies with SMC-specific
TRPV4 knockout mice are warranted. However, a cru-
cial molecular mechanism by which TRPV4 induces
VSMC calcification by activating 11-6 has been un-
covered. This provides new targets for vascular calcifi-
cation management.
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