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A B S T R A C T   

Diet High in salt content have been associated with cardiovascular disease and chronic inflam
mation. We recently demonstrated that transient receptor potential canonical 3 (TRPC3) channels 
regulate myofibroblast transdifferentiation in hypertrophic scars. Here, we examined how high 
salt activation of TRPC3 participates in hypertrophic scarring during wound healing. In vitro, we 
confirmed that high salt increased the TRPC3 protein expression and the marker of myofibroblast 
alpha smooth muscle actin (α-SMA) in wild-type mice (WT) primary cultured dermal fibroblasts 
but not Trpc3− /− mice. Activation of TRPC3 by high salt elevated cytosolic Ca2+ influx and 
mitochondrial Ca2+ uptake in dermal fibroblasts in a TRPC3-dependent manner. High salt acti
vation of TRPC3 enhanced mitochondrial respiratory dysfunction and excessive ROS production 
by inhibiting pyruvate dehydrogenase action, that activated ROS-triggered Ca2+ influx and the 
Rho kinase/MLC pathway in WT mice but not Trpc3− /− mice. In vivo, a persistent high-salt diet 
promoted myofibroblast transdifferentiation and collagen deposition in a TRPC3-dependent 
manner. Therefore, this study demonstrates that high salt enhances myofibroblast trans
differentiation and promotes hypertrophic scar formation through enhanced mitochondrial Ca2+

homeostasis, which activates the ROS-mediated pMLC/pMYPT1 pathway. TRPC3 deficiency an
tagonizes high salt diet-induced hypertrophic scarring. TRPC3 may be a novel target for hyper
trophic scarring during wound healing.   

1. Introduction 

A high salt (NaCl) diet has been implicated in cardiac hypertrophy, chronic inflammation and noninflammatory innate immune cell 
activation [1–3]. More than 50% of people globally are salt-sensitive, and high salt intake is a significant etiological factor [4]. 
Long-term high salt intake sodium ions accumulate within the skin independent of the kidney [5,6]. Hypertrophic scar formation by 
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collagen-1 (Col1a1) and fibronectin mediates extracellular matrix (ECM) remodeling, and α-smooth muscle actin (α-SMA)-expressing 
myofibroblasts play central roles [7,8]. Extracellular environment alterations and ECM tension-activating myofibroblasts considerably 
influence the degree of scarring [9,10]. Cellular sensors such as Ca2+ channels and actin filaments are associated with wound scarring 
[11,12]. Many studies have shown that the contractility of fibroblasts is positively correlated with the level of a-SMA expression [13, 
14]. However, it remains unknown whether a high salt diet regulates myofibroblast differentiation associated with hypertrophic scar 
formation during wound healing. 

Transient receptor potential channel canonical 3 (TRPC3) is a mitochondrial membrane component that influences the uptake of 
calcium and generation of reactive oxygen species (ROS). We have recently shown that TRPC3 activation could result in the release of 
elevated endoplasmic reticulum (ER) Ca2+ reserves and mitochondrial Ca2+ uptake in VSMCs [15]. Fibroblasts, as nonexcitable cells, 
are mainly regulated by store-operated calcium entry for intracellular Ca2+ signaling [16]. Recent studies revealed that Ca2+-binding 
proteins were elevated in fibroblasts related to scarring in burn-wounded skins [17]. Activation of Ca2+ occurred in fibroblasts 
originating from hypertrophic scars but not in keloid-originating fibroblasts [18]. Our recent study demonstrated that increased 
TRPC3-mediated Ca2+ signaling regulated myofibroblast differentiation in hypertrophic scars of dermal skin [19]. TRPC3 is a 
salt-sensitive ion channel. The mechanism of how high salt activation of TRPC3 participates in hypertrophic scarring during wound 

Fig. 1. Effect of high NaCl on TRPC3 and the myofibroblast marker α-SMA in cultured dermal fibroblasts. (A) Schematic representation of 
primary dermal fibroblast culture protocols. (B) Western blot analysis of TRPC3 protein expression in dermal fibroblasts under treatment with NaCl 
(20 mmol/L, 12 h and 24 h) or control conditions without NaCl treatment (Cont) from WT mice and Trpc3− /− mice. **P < 0.01, ***P < 0.001 vs. 
control (Cont). Two-tailed Mann‒Whitney test. (C and D) Immunofluorescence staining of myofibroblast differentiation and αSMA+ (red), TRPC3 
(green) and nucleic acid staining (blue) in dermal fibroblasts from WT mice or Trpc3− /− mice. (E) Western blot analysis of α-SMA and TRPC3 
expression was quantified over the control in dermal fibroblasts from WT mice or Trpc3− /− mice. **P < 0.01 vs. control (Cont). #P < 0.05 vs. NaCl 
group (NaCl). NS, no significant difference. Unpaired 2-tailed t-test. Data are the mean ± SEM, n = 3. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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healing is still unknown. 
Mitochondrial Ca2+ homeostasis is the basis for the regulation of mitochondrial ROS production [20,21]. Furthermore, in fibro

blasts and keratinocytes, myosin light chain (MLC) and myosin phosphatase target subunit 1 (MYPT1) are key mediators of cell 
proliferation, survival, and motility [22,23]. In vascular smooth muscle, Rho kinase (ROCK) activates the myosin binding subunit of 
MLC phosphatase of phosphorylation, leading to elevation in myosin phosphorylation as well as contraction [24]. We previously 
reported that TRPC3-mediated mitochondrial Ca2+ uptake regulated myofibroblast transdifferentiation in dermal fibroblasts involved 
in hypertrophic scars [19]. However, it is unknown whether high salt intake through TRPC3-mediated calcium disturbance promotes 
hypertrophic scar formation during wound healing. We aimed to elucidate the mechanism of TRPC3 activation by high salt in hy
pertrophic scars. TRPC3 may represent a novel prevention target for hypertrophic scars in wound healing. 

2. Results 

2.1. High NaCl increases TRPC3 and the myofibroblast marker αSMA in primary dermal fibroblasts 

First, we examined the effect of high NaCl on TRPC3 protein expression in primary cultured dermal fibroblasts from WT and 

Fig. 2. Effect of high salt on TRPC3 promotes myofibroblast differentiation in vivo. (A) WT mice or Trpc3− /− mice were fed a normal diet 
(0.25% NaCl, ND) or an 8% high salt diet (HS) for 2 months, and then two cutaneous wounds were applied to the backs of mice that were fed an ND 
or HS for 21 days. (B) Immunohistochemical staining of TRPC3 and α-SMA in wound tissue sections after injury (7, 14, 21 days). The right-up panel 
is high magnification. Scale bars: 50 and 100 μm. (D-G) Quantification of TRPC3 and α-SMA protein expression in wound tissue sections after injury 
(7, 14, 21 days). *P < 0.05, **P < 0.01, ***P < 0.001. NS, no significant difference. Unpaired 2-tailed t-test. Data are the mean ± SEM, n = 3. 
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Trpc3− /− mice. Western blotting confirmed that high NaCl treatment significantly increased TRPC3 protein expression in primary 
dermal fibroblasts of WT but not Trpc3− /− mice (Fig. 1A–B). Moreover, high NaCl treatment significantly elevated myofibroblast 
differentiation by increasing the protein expression of the myofibroblast marker α-SMA. These effects could be inhibited by the TRPC3 
inhibitor Pyr3 in primary dermal fibroblasts from WT but not Trpc3− /− mice (Fig. 1C–D). In addition, high NaCl treatment significantly 
elevated the protein expression of TRPC3, α-SMA, Col1a1 and fibronectin in cultured primary dermal fibroblasts from WT mice but not 
Trpc3− /− mice, and the effect of high NaCl could be inhibited by Pyr3 (Fig. 1E, Supplemental Figs. 1A–1B). In order to excluded the 
influence of osmotic pressure increase caused by high salt treatment. We used mannitol as control group. Quantitative real-time PCR 
(RT‒PCR) demonstrated that only high concentrations of NaCl but not mannitol significantly elevated the mRNA levels of TRPC3 and 
α-SMA in cultured primary dermal fibroblasts from WT but not Trpc3− /− mice (Supplemental Figs. 1C–1D). A high concentration of 
NaCl did not reduce dermal fibroblast viability (data not shown). Altogether, these results indicate that high NaCl concentrations 
upregulate TRPC3 and α-SMA expression in dermal fibroblasts in a TRPC3-dependent manner. 

2.2. A high salt diet promotes myofibroblast differentiation and exaggerated wound fibrosis in vivo 

Next, we further investigated the effect of a long-term high salt diet on myofibroblast differentiation and collagen deposition in 
vivo. Two wounds 8 mm in diameter were created on the backs of the mice (Fig. 2A). The protein expression of TRPC3 and α-SMA 
showed significant enhancement in wound granulation tissues of WT mice fed an HS compared to ND. More importantly, these effects 

Fig. 3. High salt promotes skin wound fibrosis in a TRPC3-dependent manner. (A) Schematic indicating the measurements derived from 
histology at 21 days after injury. The dotted line indicates the border between the unwounded skin and granulation tissue. Scale bars: 500 μm. (B 
and C) Immunofluorescence staining and analysis of CD31 (revascularization) in wound tissue sections at 21 days after injury. Scale bars: 100 μm (D 
and E) Trichrome staining of the collagen index (%) and epidermal thickness in the wound bed at 21 days after injury. The right panel is high 
magnification of the black boxes in the left panel. Scale bars: 100 and 25 μm. (F and G) H&E staining of WT and Trpc3− /− mouse wounds used for 
analysis of scar width and granulation tissue area at 21 days after injury. The right panel is high magnification of the black boxes in the left panel; 
black dotted lines, the wound granulation tissue areas; black arrows, original wound edges. Scale bars: 500 and 25 μm. (H and I) Quantitative data 
of fibronectin and Col1a1 protein were analyzed. *P < 0.05, *P < 0.01 vs. their ND. n = 3.*P < 0.05, **P < 0.01. NS, no significant difference. 
Unpaired 2-tailed t-test. Data are the mean ± SEM. 
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were absent in Trpc3− /− mice (Fig. 2B–G). Furthermore, we tested dermal myofibroblast differentiation by immunofluorescence 
staining in vivo. The results showed that a chronic high salt diet significantly increased α-SMA+ and TRPC3+ cell in wounded skin 
tissues of WT mice fed an HS compared to ND. However, this effect was not detected in Trpc3− /− mice fed an HS diet (Supplemental 
Figs. 2A–C). To analyze the effect of high salt intervention on skin fibrosis, we collected skin wounds for morphological examination at 
21 days after injury (Fig. 3A). Masson and HE staining analysis revealed that a high salt concentration diet significantly increased the 
collagen index, epidermis thickness, scar width and granulation tissue area (Fig. 3D–G). However, Trpc3− /− mice significantly 
attenuated these effects of high salt. In particular, the wound bed in WT mice on an HS showed disorganized and misaligned 
arrangement in collagen fibers and clusters of fibroblasts and myofibroblasts, which represent active fibroproliferative reactions at 21 
days after injury (Fig. 3D and F). Meanwhile, the vascular density was significantly elevated in the granulation tissue from WT mice fed 
an HS compared to ND (Fig. 3B–C), and protein expression of Col1a1 and fibronectin in granulation tissues also showed a similar trend 
at 21 days after injury (Fig. 3H–I). Meanwhile, we detected the coexpression of the fibroblast marker Vimentin and the myofibroblast 
marker α-SMA in wound skin tissues at 7 days after injury, and the data indicated that the coexpression of Vimentin and α-SMA 
proteins was significantly elevated at the wound edges from WT mice fed an HS compared to ND. However, TRPC3 deficiency 
significantly attenuated these effects of high salt (Supplemental Figs. 3A–3B). These findings indicate that a long-term high salt diet 
enhances fibroblast differentiation into myofibroblasts, leading to hypertrophic scar formation during wound healing. TRPC3 defi
ciency may attenuate this effect of high salt. 

Fig. 4. TRPC3 deficiency improves high salt inhibition of mitochondrial respiratory function. Mitochondrial oxygen consumption was 
measured in dermal fibroblasts under control conditions (Cont) or under NaCl alone (20 mmol/L) or with NaCl (20 mmol/L) plus Pyr3 (10 μmol/L) 
for 24 h by Oxygraph-2k high-resolution respirometry. (A and B) Oxygen consumption capacity in dermal fibroblasts from WT mice or Trpc3− /−

mice. n = 3. (C and D) Original fluorescence traces of thapsigargin (TG)-induced store-operated calcium influx in primary cultured fibroblasts from 
WT or Trpc3− /− mice. Summary data of changes in SOCE Ca2+ influx. (E and F) Original fluorescence traces of ATP-induced mitochondrial calcium 
uptake in primary cultured fibroblasts from WT or Trpc3− /− mice. *P < 0.05, **P < 0.01, Cont versus NaCl; #P < 0.05, NaCl versus NaCl + Pyr3; 
unpaired 2-tailed t-test. Data are the mean ± SEM. n = 6. 
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2.3. High salt activation of TRPC3 attenuates mitochondrial respiratory function and alters mitochondrial ultrastructure 

Mitochondrial energy metabolism contributes significantly to the differentiation of cells. These related parameters were tested to 
determine how high salt affects mitochondrial respiratory function. The results showed that respiratory parameters of mitochondria, 
including CI OXPHOS, CI + II OXPHOS, CI + II ETS and CII ETS, were significantly decreased in dermal fibroblasts treated with high 
NaCl concentrations compared to the control group from WT mice. However, Pyr3 significantly reduced these effects of high NaCl in 
WT mice but not in Trpc3− /− mice (Fig. 4A–B, Supplemental Figs. 4A–4B). Moreover, high NaCl significantly elevated [Ca2+]cyt and 
[Ca2+]mito uptake, and TRPC3 inhibitor Pyr3 treatment significantly reduced these effects of high NaCl in WT but not in Trpc3− /− mice 
(Fig. 4C–F). Furthermore, high NaCl concentration treatment also significantly elevated ROS generation (Fig. 5A–F) and hydrogen 
peroxide (H2O2) production but reduced ATP production in primary cultured fibroblasts of WT mice. In contrast, Pyr3 significantly 
reduced the effects of high NaCl concentrations in WT but not Trpc3− /− mice (Supplemental Figs. 4A–5D). Specifically, high salt 

Fig. 5. High salt activation of TRPC3 elevates ROS production and alters the mitochondrial ultrastructure. (A and B) The effect of high NaCl 
(20 mmol/L) or Pyr3 (10 μmol/L) on cellular ROS levels by DHE staining or mitochondrial ROS levels by MitoSOX staining in wound tissue sections 
from WT and Trpc3− /− mice. Scale bar: 50 μm. (C–F) Summarized data of DHE and MitoSox staining in dermal fibroblasts of WT mice and Trpc3− /−

mice. **P < 0.01, Cont versus NaCl; #P < 0.05, NaCl versus NaCl + Pyr3; n = 5. (G) Representative images of mitochondrial ultrastructure were 
analyzed by transmission electron microscopy (TEM) in skin tissues of WT mice and Trpc3− /− mice fed a ND or HS. Scale bar: 50 nm or 200 nm. 
Mitochondria are indicated by yellow arrows. (H and I) Quantitative data of mitochondrial relative length and ratio of length to width. *P < 0.05, 
**P < 0.01, ND versus HS; NS, NS, no significant difference. n = 5. Unpaired 2-tailed t-test. Data are the mean ± SEM. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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significantly upregulated the ratio of phosphorylated pyruvate dehydrogenase E1a subunit (phospho-PDHE1a) to total PDHE1a in WT 
but not Trpc3− /− mice. Meanwhile, Trpc3− /− significantly attenuated the effect of high NaCl (Supplemental Figs. 5E and 5F). 

Mitochondrial ultrastructure is important for maintaining proper mitochondrial function. We further observed mitochondrial 
morphology in skin tissues by transmission electron microscopy (TEM). In skin tissues of WT mice fed an ND, mitochondria presented a 
bilayer membrane ultrastructure and wrinkled cristae, with the inner membrane folded into cristae. However, the skin tissues of WT 
mice fed an HS featured swollen mitochondria, cristae effacement and vacuolization. In addition, mitochondria exhibited a significant 
reduction in mitochondrial length and aspect ratio in WT mice fed an HS. These changes did not significantly differ in skin tissues from 
Trpc3− /− mice fed a ND or HS (Fig. 5G–I). Taken together, our data imply that a long-term high salt diet may impair mitochondrial 
respiratory function and alter mitochondrial ultrastructure during wound healing in a TRPC3-dependent manner. 

2.4. High salt leads to delayed wound healing associated with decreased mitochondrial ATP metabolism in a TRPC3-dependent manner 

We further investigated whether high salt affects wound healing. In vitro, analysis of collagen gel contraction showed that high salt 
enhanced fibroblast contraction in WT but not in Trpc3− /− mice. Pyr3 treatment inhibited the effect of high salt (Fig. 6A–C). In vivo, 2 
full-thickness wounds on the back were applied to WT mice and Trpc3− /− mice (Fig. 6D). The results showed that WT mice fed an HS 
had a significantly slower wound healing rate in the early stage (0–3 days) and even in the later stage (3–9 days) than WT mice fed an 
ND. TRPC3 deficiency attenuated the high salt diet, leading to delayed wound healing (Fig. 6E–G). 

Furthermore, chronic high salt treatment significantly increased actomyosin structure organization and response to metal ions but 
decreased mitochondrial respiratory chain complex I assembly and oxidative phosphorylation in wound granulation tissues from WT 
but not Trpc3− /− mice fed an HS (Fig. 7A–B, Supplemental Figs. 6C–6D). These data illustrate that a long-term high salt diet may impair 

Fig. 6. Effect of high salt concentrations on dermal fibroblast contraction and impaired wound healing in vivo. (A) Effect of high salt 
concentrations on collagen gel contraction in dermal fibroblasts from WT mice or Trpc3− /− mice. Primary cultured dermal fibroblasts were treated 
with NaCl alone (20 mmol/L) or NaCl (20 mmol/L) plus Pyr3 (10 μmol/L) (Na + P) for 0 h, 24 h, 48 h and 72 h. (B and C) Summary data of cell 
contraction (residual area of collagen gel, %) in cultured dermal fibroblasts of WT and Trpc3− /− mice. *P < 0.05, Cont versus NaCl; #P < 0.05, NaCl 
versus NaCl + Pyr3; 2-way ANOVA followed by Bonferroni post hoc test. Data are the mean ± SEM, n = 3. (D and E) The cutaneous wounds were 
applied to the backs of mice after feeding on a ND or HS for 2 months, and the closure wounds were monitored at the desired times in this 15-day 
period after being fed a ND or HS. (F and G) The relative size of wounds is plotted, and AUC % of wound healed over time in WT or Trpc3− /− mice 
fed an ND or HS during wound healing. *P < 0.05, **P < 0.01, ND versus HS; 2-way ANOVA followed by Bonferroni post hoc test. Data are the mean 
± SEM. A total of seven mice were tested independently three times, followed by pooling the wound counts from each group (n = 10–13). 
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mitochondrial ATP metabolism in a TRPC3-dependent manner. 

2.5. TRPC3 deficiency attenuates the high salt elevation of hypertrophic scars through inhibition of the pMLC/pMYPT1 pathway 

Differentially expressed genes were selected, and clustering analysis revealed that chronic high salt treatment significantly elevated 
myosin filament, myosin filament-based movement and actin-mediated cell contraction genes, such as Myh1, Myh6, Myh8, Myh9, 

Fig. 7. TRPC3 deficiency reversed the high salt-elevated myosin filament and actin-mediated cell contraction genes but impaired 
mitochondrial ATP metabolism-related genes. (A) Heatmap representation of 2-fold changes or more genes of mitochondrial ATP metabolism- 
related and myosin-related biological processes in granulation tissues from WT mice fed a normal diet (0.25% NaCl, WT-ND), WT mice fed an 8% 
high-salt diet (WT-HS) or Trpc3− /− mice fed an HS (Trpc3-/HS) for 2 months. Then, the cutaneous wounds were applied to the backs of mice, and 
wound granulation tissues were analyzed after injury at 7 days. Each n = 3 (biological). (B) Differentially expressed genes were selected, and 
clustering analysis revealed that chronic high salt treatment significantly elevated myosin filament, myosin filament-based movement and actin- 
mediated cell contraction genes but decreased the regulation of wound healing in wound granulation tissues in WT mice fed HS but not Trpc3− / 

− mice fed HS. 
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Myl1, Myl9, Mylpf and Mylk, but decreased the regulation of wound healing in wound granulation tissues in WT mice fed an HS but not 
Trpc3− /− mice (Supplemental Figs. 6A–6B). Chronic high salt provided significant elevation in protein expression of αSMA, TRPC3, 
fibronectin, collagen-1 (Col1a1), pMYPT/MYPT and pMLC/MLC in wound granulation tissues from WT mice fed an HS but not Trpc3− / 

− mice (Fig. 8A–C). Furthermore, hypertrophic scar skin tissues also demonstrated these protein expression changes compared with 
normal skin tissues in patient samples (Fig. 8D–F). In summary, these data indicate that chronic high-salt diets activate TRPC3- 
mediated Rho kinase pathways, promoting hypertrophic scar formation. TRPC3 deficiency may prevent hypertrophic scarring dur
ing wound healing. 

3. Discussion 

This study is the first to provide important evidence that high salt treatment enhances TRPC3 expression and function, which 
contributes to mitochondrial dysfunction and excessive ROS generation in dermal fibroblasts. High salt treatment increases myofi
broblast differentiation and collagen deposition by activation of TRPC3-mediated pMLC/pMYPT1 pathway. TRPC3 deficiency at
tenuates high salt diet-induced hypertrophic scarring. The study highlights TRPC3 as a high salt sensitiveness controller of 
hypertrophic scar during wound healing. 

TRP channels play key roles in proliferation, dermal fibrosis and wound healing [25,26]. TRP channel regulation of angiogenesis, 
nerve growth, cell proliferation and excessive collagen production associated with skin scarring. TRPV2 expressed within the 
epidermis and keratinocyte layers regulates intracellular Ca2+ homeostasis [27]. TRPV3 regulates dermal fibrosis in heat-induced oral 
epithelial proliferation and wound healing by decreasing ECM production [28]. Intracellular Ca2+ performs a major function in 

Fig. 8. TRPC3 deficiency attenuates high salt-induced myofibroblast transdifferentiation and hypertrophic scarring by inhibiting pMLC/ 
pMYPT1. (A) Western blots and (B and C) quantitative analysis of α-SMA, TRPC3, Col1a1, fibronectin, pMYPT1 and pMLC in wound granulation 
tissues from WT mice or Trpc3− /− mice fed an ND or HS for 2 months. Then, the cutaneous wounds were applied to the backs of mice and wound 
granulation tissues. *P < 0.05, WT-ND versus WT-HS; #P < 0.05, WT-HS versus Trpc3− /− HS; NS, no significant difference. One-way ANOVA 
followed by Tukey’s post hoc test. Data are the mean ± SEM, n = 4. (D) Western blots and (E and F) analysis of the protein expression of αSMA, 
TRPC3, Col1a1, fibronectin, pMYPT1 and pMLC in normal skin tissues and hypertrophic scars from patients. *P < 0.05. Unpaired 2-tailed t-test. Data 
are the mean ± SEM, n = 4. 
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controlling cell proliferation, differentiation and migration [29]. Calcium-binding proteins related to chronic inflammatory responses 
in keratinocytes of burn-wounded skin. Our previous study indicated that TRPC3 is involved in high salt-induced cardiac hypertrophy 
and high blood pressure [1]. However, it is not clear whether high salt levels regulate intracellular Ca2+ associated with myofibroblast 
differentiation and hypertrophic scarring during wound healing. 

Skin scarring and fibrosis in injured tissue are related to endoplasmic reticulum Ca2+ store release, which disrupts intracellular 
Ca2+ homeostasis [30]. Our previous study demonstrated that elevated TGFβ1-induced store-operated Ca2+ entry was associated with 
myofibroblast differentiation in dermal fibroblasts [19]. In this study, we provide evidence to show that high salt activation of TRPC3 
mediated mitochondrial Ca2+ overload by 1.75-fold, which promoted myofibroblast differentiation. Furthermore, long-term high salt 
intake elevated collagen deposition and delayed wounded healing in WT mice but not Trpc3− /− mice. Therefore, targeting TRPC3 may 
prevent high salt-mediated hypertrophic scarring during wound healing. 

Mitochondrial oxidative respiration of keloid skin fibroblasts was impaired compared with that of normal skin fibroblasts. We 
provide evidence that high salt significantly increased the phosphorylation of PDHE1ɑ by 90% compared to that in the control group, 
resulting in impaired mitochondrial respiratory function and promotion of ROS production in the electron transfer chain. TRPC3 
deficiency significantly blunted the effect of high salt in dermal fibroblasts. Furthermore, another study showed that a high-salt diet for 
15 days delayed wound healing by reducing noninflammatory innate immune cell activation [3]. Our study demonstrated that a 
chronic high-salt diet delayed wound healing related to TRPC3-mediated ROS activation of the RhoA/Rho kinase pathway. 

Rho kinase (ROCK) and Rho A coordinate myosin II activity and promote actin filament aggregation to produce contractile forces 
[31], resulting in increased wound fibrosis [32]. Inhibition of Rho-associated signaling decreases collagen synthesis in cardiac fi
broblasts and pulmonary fibrosis [33]. Furthermore, Rho-associated kinase inhibitors prevented excessive scarring by reducing wound 
contracture in rat models [34]. MLC and pMYPT1 are key mediators of cell proliferation in fibroblasts and keratinocytes [22,23]. In 
this study, long-term excessive salt consumption enhanced TRPC3-mediated excessive ROS generation, which activated MYPT1 
phosphorylation at Ser695 in dermal fibroblasts. Long-term high salt diet attenuates mitochondria function and ultrastructural al
terations involved in hypertrophic scar formation in a TRPC3-dependent manner. Inhibition of TRPC3-mediated Rho signaling may 
prevent hypertrophic scarring. 

In summary, the study demonstrates a potential mechanism by which high salt activates TRPC3-mediated mitochondrial Ca2+ and 
excessive ROS generation in dermal fibroblasts. A chronic high-salt diet promotes dermal myofibroblast differentiation and hyper
trophic scarring. TRPC3 acts as a salt-sensitive regulator to prevent hypertrophic scarring during wound healing. 

4. Methods 

4.1. Patients and ethics statement 

Normal skin (NS, n = 6) and hypertrophic scar (HS, n = 6) tissues were collected from patients. Prior to surgery, participants were 
told about the objective and methods of the study and accepted to participate in this study. All participants who took part in the trial 
signed an informed agreement, and The Ethics Committee at Daping Hospital, Army Military Medical University, accepted the trial. 

4.2. Animal care and open wound creation 

Male TRPC3 knockout mice (Trpc3− /− ) and their wild-type littermates (WT) at the age of eight weeks were provided as a gift from 
Dr. Birnbaumer (Laboratory of Neurobiology, National Institute of Environmental Health Sciences, National Institutes of Health, 
Research Triangle Park, USA). According to our previous publication, homozygotes, heterozygotes, and WT littermates were recog
nized [19]. The animals were kept in a regulated temperature (21◦C–23 ◦C) environment with a 12/12-h light-dark cycle and unre
stricted access to food and water. Briefly, Trpc3− /− mice (n = 12) and WT mice (n = 12) were divided into randomized groups and 
given either a normal diet (ND, 0.25% NaCl) or a high salt concentration diet (HS, 8% NaCl) for 60 days. Then, on the back skin of the 
mice, open incisions were made. The mice were under anesthesia with 2.5% sevoflurane and kept with 2% sevoflurane. (Matrx VIP 
3000, Isoflurane Vaporizer). The back hair of the mice was neatly removed and sanitized with lodophor. The dorsal area was dis
infected with iodophor and 75% ethanol, and each mouse was subjected to two 8-mm circular excision wounds made with scissors 
above the fascia layer. The postoperative diets of the mice were maintained on an HS as the experimental group and an ND as the 
control group. Wound area measurements were performed at 0, 3, 6, 9, 12, and 15 days after injury, and samples were obtained at 7, 14 
and 21 days after injury. The wound healing rate was determined utilizing ImageJ software (NIH). W0 was defined as the initial area of 
the wound, and Wt was defined as the residual wound area. The wound healing rate was measured as follows: W% (% of wound size) =
Wt/W0 × 100%. All animal research was authorized by the Animal Ethics Committee of the Third Military Medical University. 

4.3. Cell culture 

Primary dermal fibroblasts were collected from the skin of 1- to 2-day-old Trpc3− /− and WT mice and grown in DMEM with low 
glucose (Gibco) culture media supplemented with 10% FBS (Corning) and 1% streptomycin/penicillin. Briefly, the epidermis was 
enzymatically digested with 0.25% Dispase II (Roche) and physically separated from the dermis using tweezers, and the dermal layers 
were sliced into small pieces and placed in digesting medium (5 mL DMEM supplemented with 10% FBS and 0.2% collagenase II, 
Diamond) in a rotating hybridization room at 37 ◦C for 8 h. Filtrated single-cell suspensions were created by spinning them down for 5 
min at 500 rcf, followed by two PBS washes. Every three days, the cells were passaged, and 3.75 × 105 cells were injected into each 25 

W. Xia et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e18629

11

cm2 culture container. 

4.4. Immunohistochemistry and immunofluorescence staining 

Briefly, Trpc3− /− mice (n = 6) and WT mice (n = 6) were randomly assigned to two groups and fed either a 0.25% NaCl diet or an 
8% NaCl diet for eight weeks. Afterward, two 8-mm full-thickness incisions were made on the backs of the mice, and wound skin 
samples were taken at 7, 14 and 21 days after injury. Fixation of all specimens was conducted with 4% paraformaldehyde, followed by 
dehydration, paraffin embedding, and sectioning into 5 μm sections. Immunohistochemistry or immunofluorescence staining was 
performed. The primary antibodies applied were anti-αSMA (1:150, Abcam, ab7817), anti-TRPC3 (1:200, Alomone, ACC-016), anti- 
CD31 (1:100, Abcam, ab222783) and anti-vimentin (1:200, Abcam, ab8978), and the secondary antibody with fluorescent label was 
purchased from Beyotime (China). Microscopy (D80, Nikon) was used to examine and photograph all sections. Confocal images were 
captured using an A1R + Nikon confocal microscope and quantified by ImageJ software (NIH). The results were then presented as the 
mean optical density and were normalized to control group. Mean optical density = integrated optical density/area (mm2). The 
vascular objects (CD31+) were counted to determine vascular density (vessel/mm2). A random sample of five high-power field views 
was chosen from each slice for calculation and statistical analysis. 

4.5. Western blot 

Western blot assays were performed as described earlier [19]. A buffer was used to lyse cells or tissues, followed by 20 min of 
freezing at − 20 ◦C. Insoluble debris from the sample was removed by centrifuging it at 12000×g at 4 ◦C for 20 min. Next, the su
pernatant samples were collected, and protein levels were calculated by the Bradford method (Bio-Rad Protein Assay). The gray value 
of Western blot was quantified and normalized to the internal reference (GAPDH or Actin) with ImageJ software (NIH). We utilized the 
following primary antibodies: anti-α-smooth muscle actin (1:1000, ab7817); anti-TRPC3 (1:1000, Alomone, ACC-016); anti-collagen I 
(1:1000, Cell Signaling Technology, #84336); anti-MLC (1:1000, Cell Signaling Technology, #3675); anti-pMLC (1:1000, Cell 
Signaling Technology, #3672); anti-MYPT1 (1:1000, Santa Cruz Biotechnology, Sc-51426); anti-pMYPT1 (Santa Cruz Biotechnology, 
Sc-33360); anti-Fibronectin (1:1000, Abcam, ab268020); anti-phosphorylated Ser695 pyruvate dehydrogenase E1a subunit (PDHE1a) 
anti-pPDHE1a (1:1000, Merck-Millipore) and anti-GAPDH from Santa Cruz Biotechnology. 

4.6. Transmission electron microscopy (TEM) 

TEM was performed in the Third Military Medical University. The wound edge was dissected and cut into small pieces, approxi
mately 1 mm3 in volume. Tissue pieces were fixed in 2.5% glutaraldehyde for 1.5 h at 4 ◦C, postfixed 1% osmium tetroxide for 2 h, 
dehydrated in a graded ethanol series and then embedded in epoxy resin. Ultrathin sections (80 nm) were cut using an ultramicrotome 
with a diamond knife (Leica). TEM images were obtained on JEM-1400plus TEM (JEOL). Mitochondrial length and width were 
quantified using ImageJ (NIH). 

4.7. High-resolution mitochondrial respiratory 

Mitochondrial respiratory function was investigated by a fluorospectrometer with two channels for titration injection respirom
eters (Oxygraph-2k; Oroboros Instruments). The fibroblasts were pretreated with NaCl (20 mmol/L) or NaCl plus Pyr3 (10 μmol/L) for 
24 h, while an equivalent amount of PBS was added to the control group. Trypsin digestion was used to extract fibroblasts, which were 
then centrifuged for 6 min at room temperature at 600 rpm. The fibroblast suspension was injected separately into the oxygraph 
chambers at a density of ≈2*106 cells/mL. After equalizing respiration, routine respiration (without additives) was measured. Then, a 
titration of digitonin (100μg/106 cells) was applied to cause permeabilization of the plasma membrane. When glutamate (5 mmol/L) 
and malate (2 mmol/L) were titrated without ADP, the respiratory leak state of complex I (CI leak) was identified. After adding 5 
mmol/L ADP, the oxidative phosphorylation capacity of CI was exhibited (CI OXPHOS). The addition of succinate (100 mmol/L) 
triggered the oxidative phosphorylation function of CI and CII (CI + CII OXPHOS). Afterward, carbonyl cyanide 4-trifluoromethoxy 
phenylhydrazone (FCCP) injection up to 1.5 μmol/L was instantly titrated to attain the maximum uncoupled respiratory capacity 
of the electron transfer system (CI + CII ETS). After adding rotenone (0.5 mol/L), the uncoupled respiratory capacity of CII (CII ETS) 
was analyzed. 

4.8. Measurement of ROS levels 

The cytosolic ROS levels were determined by the fluorescent probe dihydroethidium (DHE, Thermo Fisher Scientific), and mito
chondrial ROS levels were assessed with MitoSOX Red (Thermo Fisher Scientific). Concentrations of ROS were normalized based on 
the fluorescence intensity of control cells. The glass slides were viewed under an inverted fluorescence microscope (TE2000; Nikon) 
equipped with a PlanFluor objective lens of 10X. Using NIS-Elements 3.0 software (Nikon Instruments), photographs were obtained, 
and the fluorescence intensity was assessed. 
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4.9. Intracellular and mitochondrial Ca2+ measurement 

Fura-2AM and Rhod-2AM (Thermo Fisher Scientific) were utilized to determine the concentrations of cytosolic Ca2+ ([Ca2+]cyt) 
and mitochondrial Ca2+ ([Ca2+]mito) as previously described [19]. Briefly, for [Ca2+]cyt, a 30-min dark incubation with Fura-2 AM and 
F-127 was performed on cells. Afterward, the cells were resuspended in Ca2+-free Hank’s balanced salt solution (HBSS) after three 
washings. The fluorescence intensity was determined at 510 nm for emission and 340 and 380 nm for excitation. For [Ca2+]mito, cells 
were incubated with Rhod-2 AM (5 μmol/L) and F-127 (0.025%) for half an hour in the dark at 37 ◦C. Afterward, an extracellular 
solution was used three times to wash them. The fluorescent intensity was measured at an emission wavelength of 581 nm and 
excitation wavelength of 552 nm. 

4.10. Cell contraction test 

A solution of NaOH (0.1 mol/L) was employed to modify the pH of commercial rat tail type I collagen (Solarbio, China) to neutral. 
Fibroblasts (1 × 105) were treated with NaCl (20 mmol/L), NaCl plus Pyr3 (10 μmol/L) or without NaCl as a control group for 24, 48 
and 72 h. Then, harvested fibroblasts were resuspended in culture medium with a mixed pH neutral rat tail collagen solution con
taining 1 mg/mL collagen. Each well of 24-well plates was filled with 1 mL of rat tail collagen solution containing fibroblasts, and the 
plates were kept at room temperature for 20 min to enable coagulation of the solution into a gel. Each group of plates was cultured at 
37 ◦C in a 5% CO2 incubator after adding appropriate volumes of culture medium and stimulants. Every 12 h, images were taken, and 
collagen gel areas were measured using ImageJ software (NIH). 

4.11. RT‒PCR 

Total RNA was isolated from fibroblasts using TRIzol (Invitrogen, Carlsbad, CA). First strand cDNA was synthesized using Evoscript 
Universal cDNA Master Mix. PCRs were performed according to the instructions of the manufacturer (Light Cycler 96, Roche) using the 
QuantiTect SYBR Green RT‒PCR Kit (QIAGEN). Using the second derivative method, crossing points were determined with Light 
Cycler analysis software (Life Technologies, Norwalk, CT). Normalized data were collected using housekeeping genes (GAPDH). The 
primer sequences for the target gene α-SMA were CCC AGA CAT CAG GGA GTA ATG G (forward) and TCT ATC GGA TAC TTC AGC GTC 
A (reverse). For TRPC3: CAA GAA TGA CTA TCG GAA GC (forward) and GCC ACA AAC TTT TTG ACT TC (reverse). For GAPDH, the 
primers were AAC TGC TTA GCA CCC CTG GC (forward) and ATG ACC TTG CCC ACA GCC TT (reverse). 

4.12. Statistical analysis 

All findings are displayed as the mean ± SEM. Statistical analysis was performed by GraphPad Prism 8.0 (GraphPad Software) or 
SPSS 17.0. A Kolmogorov‒Smirnov test was applied to assess the data normality, and Student’s t tests or Mann‒Whitney U tests were 
employed, depending on whether the data were parametric or nonparametric. For analysis of more than 2 groups, 1-way or 2-way 
ANOVA was performed, and for all significant outcomes, Tukey’s or Bonferroni’s post hoc comparison was performed. A value of 
P < 0.05 was considered statistically significant. 

5. Study approval 

Animal research was carried out according to protocols authorized by the Army Medical University’s Animal Ethics Committee. 
Patients submitted written informed permission for human trials, and the protocol was approved by local ethics committees. 
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