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Abstract: Vascular smooth muscle cells (VSMCs) can dynamically change their phenotype between 

contractile and synthetic forms in response to environmental stress, which is pivotal in maintaining 

vascular homeostasis and mediating pathological remodeling of blood vessels. We previously 

reported that suppression of canonical transient receptor potential 6 (TRPC6) activation by Ca2+ 

entry sustains VSMCs contractile phenotype and promotes the blood flow recovery after hindlimb 

ischemia. In contrast, a metal biomolecule, Zn2+ mobilized by TRPC6 channel activation, is revealed 

to exert a potential beneficial effect on cardiac contractility. However, the role of TRPC6-mediated 

Zn²⁺ influx in VSMCs phenotypic switching is still unknown. Here we found the involvement of 

Zn²⁺ influx through TRPC6 channels in TGFβ-induced contractile differentiation of rat aorta-origin 

smooth muscle cells (RAoSMCs). Using wild type (WT)- and Zn2+ permeation-dead TRPC6 (KYD) 

mutant-expressing RAoSMCs, we revealed that pharmacological TRPC6 activation by PPZ2 

enhanced the intracellular Zn2+ amounts which overcame TGFβ-induced intracellular Zn2+ depletion 

and contractile differentiation in RAoSMCs (WT), but failed in RAoSMCs (KYD). There is no 

significant difference in TRPC6 currents of both RAoSMCs (WT) and (KYD) cells with or without 

TGF stimulation. In addition, PPZ2 attenuated the progression of vascular remodeling caused by 

chronic angiotensin II treatment in mice. These data suggest that Zn2+ influx through TRPC6 

channels will be a therapeutic potential for vascular diseases characterized by maladaptive 

phenotypic switching. 

Keywords: Zn²⁺ influx; TRPC6 channel; phenotypic switching; vascular smooth muscle cells 

 

1. Introduction 

Arterial reconfiguration denotes the structural and functional modification in the vessel wall in 

response to pathological conditions, injury, or aging process [1,2]. Vascular smooth muscle cells 

(VSMCs), a major cell type in the middle layer of arterial vessel wall that alternate with rings of elastic 

lamellae, play a pivotal role in maintaining vascular stability and regulating vascular tone [3-5]. 

VSMCs show significant plasticity, enabling the phenotypes to dynamically transition between 

highly proliferative synthetic and fully differentiated contractile phenotypes, predominantly 

preserved in mature cardiomyocytes [6]. Thus, phenotypic switching is crucial for sustaining 

vascular homeostasis and the poor synthesis ability exhibited in VSMCs [7]. However, in response to 
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pathogenesis of various human cardiovascular diseases, the contractile phenotype is induced to 

transform into the dedifferentiated synthetic state [8]. For example, in pathological condition of 

atherosclerosis, the alteration of contractile phenotype in VSMCs leads to narrow vessel diameter and 

vascular stiffness [5,9-14].  

Canonical subfamily members of transient receptor potential (TRPC) proteins are phospholipase 

C–linked receptor-operated non-specific Ca2+-permeable non-selective cation in vertebrates [15]. In 

cultured pulmonary arterial smooth muscle cells (PASMCs), TRPC6 expression is up-regulated after 

treatment with platelet-derived growth factor (PDGF) through the increase of store-operated Ca2+ 

entry, involved in cell proliferation, resulting in phenotype switching from contractile to synthetic 

phenotype [16,17]. Activation of TRPC6 negatively regulates the promotion of vessel maturation after 

hindlimb ischemia, potentially contributing peripheral arterial disease [18]. Thus, VSMCs remodeling 

is likely inferred by the expression pattern of TRPC6 and can alter their associated functions. As our 

group previously reported, reduced Ca2+ entry by TRPC6 activation in ischemia stress-induced 

VSMCs could make it more switchable to contractile phenotype and maintain the interaction between 

TRPC6 and phosphatase and tensin homolog deleted on chromosome 10 (PTEN) [19]. However, 

TRPC6 is a non-specific cation channel not only for Ca2+, Na+ and K+, but also is a specific characteristic 

in Zn2+ permeability channel, compared with TRPC3 and TRPC7 channels [20-24]. 

Zn²⁺ permeates from extracellular (approximately 19 nM) into the cells through transport and 

ion channels, most Zn²⁺ is believed to be tightly bound to intracellular molecules. While Zn2+ binds 

with protein in a labile form, it remains about 0.2 mM mobile intracellular Zn²⁺ to play the second 

intracellular message function [25-27]. Now, the pooled Zn²⁺ and mobile Zn²⁺ provide a different 

view of the physiological significance of Zn2+ binding protein interactions. The critical functions of 

cellular zinc signaling and underscores potential molecular pathways linking zinc metabolism to 

disease progression [28]. The importance of Zn2+-permeable ion channels, especially in intracellular 

Zn2+ dynamics and Zn2+ mediated in physiological and pathophysiological processes, is now more 

widely appreciated [29]. Treatment with 2,2ʹ-dithiodipyridine (DTDP) oxidizes Zn2+-binding proteins 

and induces Zn2+ release from the intracellular Zn2+ pool [30], utilized to evaluate Zn2+ capability. Zn2+ 

regulates the growth factor control of cell division, especially in cells regulated by insulin-like growth 

factor-I (IGF-I) [31] or nerve growth factor (NGF) [32], which plays a positive function role in 

Adipose-derived mesenchymal stem cells proliferation and neuronal differentiation [33]. Thus, in the 

mechanism investigation of the TRPC6 negatively mediated the differentiation of VSMCs, the specific 

Zn2+ influx through TRPC6 channel could be a potential target in TRPC6-mediated phenotype 

regulation in pathologic VSMCs. 

In this study, we use TRPC6 (WT) and TRPC6 zinc pore dead mutant (KYD)-expressing rat aortic 

smooth muscle cells (RAoSMCs) [23] to investigate the role of TRPC6-mediated Zn2+ influx in VSMC 

phenotypic switching and whether it has a beneficial effect on vascular remodeling. We evaluated 

that pharmacological activation of TRPC6-mediated Zn2+ influx negatively regulates differentiation 

in TGFβ-stimulated TRPC6 (WT) or (KYD)-expressing RAoSMCs. 

2. Materials and Methods 

2.1. Animals 

All protocols using mice were reviewed and approved by the Animal Care and Use Committee 

at Kyushu University and performed according to Institutional Guidelines Concerning the Care and 

Handling of Experimental Animals (approval no. A24-167-1, A24-252-1). 

We obtained 129/Sv mice from the Comparative Medicine Branch, National Institute of 

Environmental Health Sciences (Research Triangle Park, NC, USA). All mice were group-housed in 

individually ventilated cages (three or four animals per cage), with aspen wood chip bedding and 

kept under controlled environmental conditions (specific-pathogen-free area, 12 h light/dark cycle, 

room temperature 21–23 °C, and humidity 50–60%) with free access to standard laboratory food 

pellets (CLEA Rodent Diet CE-2, CLEA Japan, Tokyo, Japan) and water. 
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2.2. Vascular Injury Mice Model 

Vascular injury model mice were induced with continuous administration of Angiotensin (Ang) 

II (PEPTIDE, Cat# 4001, Japan). A micro-osmotic pump (Alzet, Cat# 1002) filled with Ang II (2 

mg/kg/day) with or without 2-[4-(2,3-dimethylphenyl)-piperazin-1-yl]-N- (2-ethoxyphenyl) 

acetamide (PPZ2, 2.5 mg/kg/day) [34], a TRPC3/6/7 channel activator, was embedded 

intraperitoneally into 129/Sv mice (8-9 weeks old) for 14 consecutive days. Control mice were 

administered with the normal saline (NS). 

2.3. Immunocytochemistry 

TRPC6 (WT) and TRPC6 (KYD)-expressing RAoSMCs were made by using retrovirus, and 

positive cells were selected with puromycin [23]. RAoSMCs were cultured in culture medium 

(Dulbecco’s modified Eagle’s medium (DMEM, low glucose) supplemented with 10% FBS, 1% 

penicillin and streptomycin, and 2 μg/ml Puromycin) at 37 °C in a humidified atmosphere (5% CO2, 

95% air) [23]. TRPC6 (WT) and TRPC6 (KYD)-expressing RAoSMCs were seeded at 3 × 103 cells/200 

μL on 4-well glass-bottom dishes. The cells were treated with 1‰ DMSO, 3 μM PPZ2, 10 ng/mL TGFβ 

and PPZ2 pretreated with TGFβ in culture medium adding 10 μM ZnCl2 culture medium for 24 h, 

then fixed with 4% paraformaldehyde in PBS (Fujifilm Wako, Cat# 045-29795, Japan) for 15 min. After 

washing with PBS for 10 min three times, cells were blocked with blocking-permeabilization solution 

containing 0.2% Triton X-100, 10% FBS in PBS for 1 h at room temperature. Cells were overnight 

incubated with the primary antibodies at 4 ℃: anti-α-smooth muscle actin (α-SMA)(1:500 dilution; 

eBioscience, Cat# 14-9760-82, US), anti-smooth muscle 22 α (SM22α)(1:500 dilution; Abcam, Cat# 

14106, Cambridge, United Kingdom), and anti-TRPC6 (extracellular) (1:300 dilution; Thermo Fisher 

Scientific, Cat# ACC-120, US). Alexa Fluor 488-conjugated anti-mouse IgG or 488-conjugated anti-

rabbit IgG (1:500 dilution; Thermo Fisher Scientific, Cat# A11029 or Cat# A11034, US) secondary 

antibodies were applied for 2 h at room temperature in blocking-permeabilization solution. The 

nuclei were stained with 4’-6’-diamidino-2-phenylindole (DAPI, 1:10000 dilution; DOJINDO, Cat# 

340-7971, Japan). The fluorescence images were acquired using a fluorescence microscope (BZ-X800; 

Keyence, Japan) or a confocal microscope (LSM 900; ZEISS, Germany) and the mean fluorescence 

intensity/pixel of each cell was analyzed with ImageJ2 (Version: 2.14.0/1.54f) software (National 

Institutes of Health, Bethesda, MD, USA). 

2.4. Cell Proliferation Assay 

Cell proliferation was assessed by Cell Counting Kit (CCK)-8 (DOJINDO, Cat# 347-07621, 

Kumamoto, Japan). TRPC6 (WT) and TRPC6 (KYD-expressing RAoSMCs were seeded at 5 × 103 cells 

in 100 μL each well on 96-well-plate. One day after plating, cells were treated with 1‰ DMSO, 3 μM 

PPZ2, 10 ng/mL TGFβ and PPZ2 pretreated with TGFβ in culture medium adding 10 μM ZnCl2 for 

24 h to determine cell proliferation. The value of wells with 1‰ DMSO was normalized as a control. 

2.5. RAoSMCs Transfection 

RAoSMCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM, low glucose) 

supplemented with 10% FBS, 1% penicillin and streptomycin at 37 °C in a humidified atmosphere (5% 

CO2, 95% air). A fraction of RAoSMCs were plated in 35-mm culture dishes and transfected with 

plasmid DNAs (TRPC6 (WT) and TRPC6 (KYD) mutant) [35] using X-tremeGENE9 (Roche). The cells 

were treated with 1‰ DMSO, 3 μM PPZ2, 10 ng/mL TGFβ and PPZ2 pretreated with TGFβ in culture 

medium adding 10 μM ZnCl2 for 24 h, then reseeded cells onto glass coverslips (3 × 5 mm2) in 35-mm 

culture dishes for patch-clamp. 

2.6. Zn2+ Imaging 

For measurement of Zn2+ influx, TRPC6 (WT) and TRPC6 (KYD)-expressing RAoSMCs were 

reseeded onto coverslips (3 × 5 mm2) in 6-well-plate with 2 mL culture medium. The cells were treated 

with 1‰ DMSO, 3 μM PPZ2, 10 ng/mL TGFβ and PPZ2 pretreated with TGFβ in medium adding 10 
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μM ZnCl2 for 24 h, then washed with 1× HBSS (10× HBSS, Thermo Fisher Scientific, Cat# 14065-056) 

and loaded with FluoZin-3 (2 μM) (Thermo Fisher Scientific, Cat# F24195) for 30 min at 37℃ [23]. 

After loading, the dye solution was replaced with 1× HBSS. 50 μM DTDP (Sigma, Cat# 2127-03-9, 

Germany) was applied 2 min after starting measurement, then N,N,Nʹ,Nʹ-tetrakis(2-

pyridylmethyl)ethylenediamine (TPEN, 50 μM; Zn2+ chelator)(DOJINDO, Cat# 340-05411, Japan) was 

applied 5 min after adding DTDP. Fluorescence images were recorded every 10 seconds and analyzed 

using a video image analysis system (Aquacosmos 2.6, Hamamatsu Photonics, Japan).  

2.7. Whole-Cell Patch-Clamp Techniques 

The conventional whole-cell patch-clamp technique was used to record resting membrane 

potential and ion currents in the voltage-clamp models at room temperature with an EPC-10 patch-

clamp amplifier (HEKA, Lambrecht, Germany). Patch electrodes with a resistance of 3–4 MΩ were 

made from G-1.5-mm borosilicate glass capillaries (Sutter Instrument). In this study, TRPC6 current 

[36] was measured by the whole-cell patch-clamp technique on TRPC6 WT and KYD mutant 

overexpressing RAoSMCs which were treated with 1 μM DMSO, 10 ng/mL TGFβ with or without 3 

μM PPZ2 for 24 h in 10 μM ZnCl2 supplied culture medium and pre-reseeded on glass coverslips. 

Cells were allowed to settle in the perfusion chamber in the external solution. TRPC6 was recorded 

in K+-free bathing solution including (in mM): 140 NaCl, 5.4 CsCl, 1 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 5 

HEPES and 5.5 glucose (pH 7.4, adjusted with NaOH). The pipette solution contained (in mM) 120 

CsOH, 120 aspartate, 20 CsCl, 2 MgCl2, 5 EGTA, 1.5 CaCl2, 10 HEPES and 10 glucose (pH 7.2, adjusted 

with CsOH). Voltage ramps (−100 to +100 mV) of 250 ms were recorded every 2 s from a holding 

potential of −60 mV. 

2.8. Immunohistochemical Analysis of Mouse Aortas 

The aortas removed from mice were embedded in an optimal cutting temperature compound 

(Sakura finetech) and frozen in liquid nitrogen. Frozen tissues were sliced at 10 μm slices by Leica 

CM1100 (Leica Biosystems). Sections were fixed with 4% paraformaldehyde in PBS for 15 min, then 

washed with PBS for three times. Blocking of the sections was performed with blocking-

permeabilization solution containing 0.2% Triton X-100, 10% FBS in PBS for 1 h at room temperature. 

Sections were stained overnight at 4℃ with primary anti-mouse α-SMA (1:500 dilution, eBioscience, 

Cat# 14-9760-82, CA, US) and anti-mouse CD31 (1:200 dilution, BioLegend, Cat# 102401) antibodies, 

incubated 2 h with secondary Alexa Fluor 488-conjugated anti-mouse IgG or Alexa Fluor 568-

conjugated anti-rat IgG (1:500 dilution; Thermo Fisher Scientific, Cat# A11077) at room temperature 

in blocking-permeabilization solution. The specimens were observed with a fluorescence microscope 

(BZ-X800; Keyence, Osaka, Japan). For the analysis of α-SMA and CD31 expression in aortas, 

fluorescence signal intensity within the region of interest (ROI) being made based on α-SMA 

fluorescence images was quantified, which was further normalized and represented as a fold increase 

from before chronic Ang Ⅱ  administration. ImageJ2 (Version: 2.14.0/1.54f) software (National 

Institutes of Health, Bethesda, MD, USA) was used for all the image analysis. 

2.9. Statistical Analysis 

All results are presented as the mean ± SEM from at least three independent experiments. 

Statistical comparisons were carried out by one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc test. P < 0.05 was considered statistically significant. Statistical analysis was 

performed using GraphPad Prism 9.0 (GraphPad Software, LaJolla, CA). 

3. Results 

3.1. Activated TRPC6 Channel Prevents TGFβ-Induced Differentiation on TRPC6 (WT)-Expressing 

RAoSMCs 

TGFβ is a key cytokine implicated in vascular remodeling, has been shown to drive VSMCs 

toward differentiation state [37-41]. Ca2+ entry through up-regulated TRPC6 expression also affects 
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VSMC phenotypic switching in pathological conditions [18,19]. To determine if pharmacological 

activation of TRPC6 is involved in the maintenance of contractile phenotype. Firstly, we found that 

activation of TRPC6 by PPZ2 markedly decreased TGFβ-induced contractile phenotype intensity 

fluorescence and quantification level of VSMCs early marker, including α-SMA (Figure 1a,b) and 

SM22α (Figure 1c,d). Moreover, we confirmed that TRPC6 (WT)-expressing level was not affected by 

pharmacological treatment with PPZ2 with or without TGFβ in RAoSMCs (Figure 1e,f). These results 

demonstrate that activated TRPC6 regulates phenotypic switching in TRPC6 (WT)-expressing 

RAoSMCs. 

 

Figure 1. Pharmacological activation of TRPC6 prevents TGFβ-induced contractile phenotype in TRPC6 (WT)-

expressing RAoSMCs: (a, b) Representative images and quantification of α-SMA (green) immunofluorescence 

analysis in TRPC6 (WT)-expressing RAoSMCs. Scale bars = 50 μm. (c, d) Representative images and 

quantification of SM22α (green) immunofluorescence analysis in TRPC6 (WT)-expressing RAoSMCs. Scale bars 

= 50 μm. (e, f) Representative images and quantification of TRPC6 (extracellular) (green) immunofluorescence 

analysis in TRPC6 (WT)-expressing RAoSMCs. Scale bars = 30 μm. Nuclei were counter stained with DAPI (blue). 

These experiments were performed in independent three (N = 3). Data are shown as mean ± SEM. P < 0.05 using 

one-way ANOVA followed by Tukey’s post-hoc test. 

3.2. Involvement of Depriving of Zn2+ Influx by TRPC6 in Phenotypic Switching of TRPC6 (KYD)-

Expressing RAoSMCs 

To investigate whether Zn2+ influx through activated-TRPC6 prevents VSMCs differentiation, 

we utilized zinc-pore deficiency mutant plasmid constructed TRPC6 (KYD)-expressing RAoSMCs, 

as previously reported [23]. The contractile markers of α-SMA (Figure 2a,b) and SM22α (Figure 2c,d) 

intensity fluorescence and quantification level were analyzed in TRPC6 (KYD)-expressing RAoSMCs. 

However, the contractile marker intensity level under treatment of PPZ2 was consistent with the 

TGFβ-induced contractile state. We found that TRPC6 (WT)-expressing intensity level was also not 

affected by pharmacological treatment with PPZ2 with or without TGFβ in TRPC6 (KYD)-expressing 

RAoSMCs, either (Figure 2e,f). Simultaneously, CCK-8 assay results emphasized that all 

pharmacological treatment did not impact cell viability in TRPC6 (WT)- and TRPC6-(KYD)-
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expressing RAoSMCs (Figure 2g,h). These data indicate that suppressing Zn2+ influx elicited by 

TRPC6 maintained the contractile states of TRPC6 (WT)-expressing RAoSMCs. 

 

Figure 2. The involvement of Zn2+ influx through TRPC6 in sustaining the contractile state in TRPC6 (KYD)-

expressing RAoSMCs: (a, b) Representative images and quantification of α-SMA (green) immunofluorescence 

analysis in TRPC6 (KYD)-expressing RAoSMCs. Scale bars = 50 μm. (c, d) Representative images and 

quantification of SM22α (green) immunofluorescence analysis in TRPC6 (KYD)-expressing RAoSMCs. Scale bars 

= 50 μm. (e, f) Representative images and quantification of TRPC6 (extracellular) (green) immunofluorescence 

analysis in TRPC6 (KYD)-expressing RAoSMCs. Scale bars = 30 μm. Nuclei were counter stained with DAPI 

(blue). (g, h) Cell viability was determined with CCK-8 assay, which showed normalized to the DMSO treatment 

group in TRPC6 (WT)- and TRPC6 (KYD)-expressing RAoSMCs. These experiments were performed in 

independent three (N = 3). Data are shown as mean ± SEM. P < 0.05 using one-way ANOVA followed by Tukey’s 

post-hoc test. 
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3.3. Pharmacological Activated TRPC6 Reverse Intracellular Pooled Zn2+ Amount in TGFβ-Induced 

Contractile State 

Next, we investigated the relationship between Zn2+ pool capability and phenotypic switching 

in VSMCs. Our results showed the release of the pooled Zn2+ amount by DTDP was reduced in TGFβ-

induced contractile states TRPC6 (WT)-expressing RAoSMCs, whereas this reduction was reversed 

by pretreatment with PPZ2 group (Figure 3a,b). Interestingly, even though under pharmacologically 

activated TRPC6 in TRPC6 (KYD)-expressing RAoSMCs, Zn2+ deficiency maintains TGFβ-induced 

differentiation (Figure 3c,d). These data suggest that the pooled Zn2+ amount, stored by Zn2+ influx 

from extracellular, plays a crucial role in regulating VSMCs phenotype switching. 

 

Figure 3. TRPC6 activation to maintain the proliferative synthetic phenotype in VSMCs is accompanied by 

increased intracellular Zn2+ pool: (a, b) Time courses and peak intensities of FluoZin-3 fluorescence evoked by 

DTDP in TRPC6 (WT)-expressing RAoSMCs. TPEN chelates intracellular free Zn2+. DMSO n = 184 cells; PPZ2 n 

= 242 cells; TGFβ n = 189 cells; TGFβ+PPZ2 n = 267 cells. (c, d) Time courses and peak intensities of FluoZin-3 

fluorescence evoked by DTDP in TRPC6 (KYD)-expressing RAoSMCs. TPEN chelates intracellular free Zn2+. 

DMSO n = 267 cells; PPZ2 n = 265 cells; TGFβ n = 245 cells; TGFβ+PPZ2 n = 245 cells. Data are shown as mean ± 

SEM. P < 0.05 using one-way ANOVA followed by Tukey’s post-hoc test. 

3.4. Effect of Electrophysiological Property Changes of TRPC6 in RAoSMCs Differentiation 

Our data showed that the property of TRPC6 for Na+ and Ca2+ permeability was not changed 

under PPZ2 activated TRPC6 in 10 M ZnCl2 culture medium after 24 h treatment in TRPC6 (WT)-

expression RAoSMCs (Figure 4a,b). Otherwise, unchanged electrophysiological property was 

evaluated in Zn2+ pore deficiency TRPC6 (KYD) RAoSSMCs during 24 h with pharmacological 

treatment in 10 M ZnCl2 culture medium (Figure 4c,d). It demonstrated that the character change of 

Zn2+ pore deficiency TRPC6 affects the VSMCs differentiation through the pooled Zn2+ amount. 
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Figure 4. The electrophysiological properties changes of TRPC6 (WT) and TRPC6 (KYD) under pharmacological 

activation. (a, c) Representative leak-subtracted I-V relationships of TRPC6 currents were recorded on 

overexpression TRPC6 (WT) and (KYD) RAoSMCs and treated with DMSO or PPZ2 (3 μM) with or without 

TGFβ (10 ng/mL), n = 5 cells respectively. (b, d) The amplitude of TRPC6 current at -90 mV. Data are shown as 

mean ± SEM. P < 0.05 using one-way ANOVA followed by Tukey’s post-hoc test. 

3.5. PPZ2 Attenuates Ang II-Induced VSMCs Switching to a Contractile Phenotype in Mice Aortas 

Ang II regulates the expression or function of TGFβ receptors on VSMCs to modulate cell growth 

[42]. We finally examined whether PPZ2-activated TRPC6 regulates phenotypic switching of VSMCs 

in chronic Ang II treated mice aorta. We performed double immunofluorescence staining with 

antibodies to α-SMA and CD31 and found that α-SMA fluorescence was upregulated in aortas in the 

chronic Ang II treated group, while this upregulation was reversed upon PPZ2 treatment (Figure 5). 

Therefore, TRPC6 channel activity makes VSMCs more switchable back to the synthetic phenotype. 

 

Figure 5. PPZ2 attenuates Ang II-induced VSMCs switching to a contractile phenotype in mice aorta: (a) 

Representative images of α-SMA (green) and CD31 (red) double immunofluorescence staining in mice aortas. 

(b) Quantification of α-SMA (green) immunofluorescence analysis. (c) Quantification of CD31 (red) 
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immunofluorescence analysis. Nuclei were counterstained with DAPI (blue). Scale bars = 200 μm. These 

experiments were performed in independent five (N = 5). Data are shown as mean ± SEM. P < 0.05 using one-

way ANOVA followed by Tukey’s post-hoc test. 

4. Discussion 

Our study uncovers the pivotal role of TRPC6-mediated Zn²⁺ influx in regulating VSMCs 

phenotypic switching and its broader implications in vascular remodeling. We observed Zn²⁺ influx 

through the activated-TRPC6 channel by PPZ2, which negatively regulated TGFβ-induced 

differentiation, transforming VSMCs into the synthetic phenotype and accelerating VSMCs to process 

in pathological conditions (such as hypertension or arteriosclerosis). These findings provide new 

insights into vascular plasticity and remodeling mechanisms, with significant implications for 

cardiovascular disease management. 

The specific Zn²⁺ permeability of TRPC6, as compared to other TRPC channels, adds a new 

dimension to its regulatory role in cellular homeostasis. Previous studies primarily focused on 

TRPC6-mediated Ca²⁺ influx in vascular pathological conditions. TRPC6 deficiency impairs the 

maintenance of the contractile phenotype in atrial VSMCs, as evidenced by reduced expression of 

contractile biomarkers and enhanced VSMCs proliferation and migration, as well as exacerbated 

neointimal hyperplasia and luminal stenosis in the common carotid arteries (CCA) of TRPC6(-/-) mice 

[32]. In addition, our previous research, TRPC6 channels mediate Ca²⁺ influx, playing a pivotal role 

in VSMCs. PTEN, a lipid phosphatase, plays a role in repressing downstream PI3K/Akt pathways 

activated by interaction with phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) phosphatase. Our 

group’s previous research showed that activation of TRPC6 channels by diacylglycerol (DAG) 

induces Ca²⁺ entry, promoting phenotypic modulation in the synthetic states of VSMCs, which is 

associated with membrane depolarization coupling the interaction with PTEN [19]. However, mobile 

Zn2+ inhibited the negative regulator PTEN to stimulate the PI3K/Akt pathway of interleukin (IL)-2 

signaling in T-cells, human airway epithelium and neurodegeneration. Additionally, Zn²⁺ deficiency 

reduces the proliferation of transplanted tumors in host animals [43] and decreases proliferation in 

rat aorta-origin VSMCs (A7r5 VSMCs) and aorta VSMCs under non-calcifying and calcifying 

condition [44]. It is the primary contributor to the forming smooth muscle cell hyperplasia of 

atherosclerotic plaques. 

Our findings highlight Zn²⁺ as a critical second messenger in TRPC6-mediated regulation of 

VSMCs. However, the causal relationship between Zn2+ dynamics and vascular plasticity has been 

obscure. Therefore, beyond Ca2+ signaling, we utilized DPDT to release the intracellular zinc pool to 

evaluate the interaction of Zn2+ and phenotype regulation in VSMCs and patch clamp to investigate 

the characters of TRPC6 changes after phenotypic plasticity. Our data suggested that pharmacologic 

activity of TRPC6 with PPZ2 alleviated TGFβ-induced differentiation and increased intracellular Zn2+ 

amount in TRPC6 (WT) stable RAoSMCs but not in TRPC6 (KYD) Stable RAoSMCs. These differences 

indicated that TRPC6-mediated Zn2+ influx maintained the synthetic phenotype of VSMCs. 

Vascular injury, characterized by endothelial dysfunction, structural remodeling, inflammation 

and fibrosis, significantly contributes to the progression of cardiovascular diseases. Cellular processes 

underlying vascular injury include imbalanced VSMC plasticity, which results in maladaptive 

phenotypic switching [6]. Ang II signaling pathways become activated with age and contribute to 

developing arteriosclerosis and vascular senescence. Ang II is one of the numerous factors implicated 

in vascular injury, it can be converted into smaller, functionally active peptides and play a role in 

regulating vascular tone and structure [45]. To analyze the possibility that Zn2+ influx by TRPC6-

mediated VSMCs phenotype regulation plays a role in pathologic VSMCs, we utilized Ang II 

treatment as an in vivo disease model, pump embedded with or without PPZ2. We showed that 

activation of TRPC6 channel by PPZ2 attenuates Ang II-induced aortic fibrosis in mice. Further 

analyses of TRPC6 protein function are required to determine the pathological significance of TRPC6 

in VSMC plasticity.  
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5. Conclusions 

Our findings highlight the pivotal role of TRPC6-mediated Zn²⁺ influx in modulating VSMC 

phenotypic plasticity and vascular remodeling, providing novel insights into its potential as a 

therapeutic target for cardiovascular diseases. These results not only expand the understanding of 

Zn²⁺ signaling in vascular biology but also underscore the clinical significance of TRPC6 in regulating 

vascular function. Future investigations should focus on elucidating the molecular mechanisms 

underlying TRPC6-mediated Zn²⁺ signaling, exploring its role across various vascular cell types to 

fully realize its therapeutic potential. 
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