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A B S T R A C T   

Reactive oxygen species (ROS)-activated proinflammatory signals in keratinocytes play a crucial role in the 
immunoregulation of inflammatory skin diseases, including rosacea and psoriasis. Nav1.8 is a voltage-gated 
sodium ion channel, and its abnormal expression in the epidermal layer contributes to pain hypersensitivity 
in the skin. However, whether and how epidermal Nav1.8 is involved in skin immunoregulation remains unclear. 
This study was performed to identify the therapeutic role of Nav1.8 in inflammatory skin disorders. We found 
that Nav1.8 expression was significantly upregulated in the epidermis of rosacea and psoriasis skin lesions. 
Nav1.8 knockdown ameliorated skin inflammation in LL37-and imiquimod-induced inflammation mouse 
models. Transcriptome sequencing results indicated that Nav1.8 regulated the expression of pro-inflammatory 
mediators (IL1β and IL6) in keratinocytes, thereby contributing to immune infiltration in inflammatory skin 
disorders. In vitro, tumor necrosis factor alpha (TNFα), a cytokine that drives the development of various in-
flammatory skin disorders, increased Nav1.8 expression in keratinocytes. Knockdown of Nav1.8 eliminated 
excess ROS production, thereby attenuating the TNFα-induced production of inflammatory mediators; however, 
a Nav1.8 blocker did not have the same effect. Mechanistically, Nav1.8 reduced superoxide dismutase 2 (SOD2) 
activity by directly binding to SOD2 to prevent its deacetylation and mitochondrial localization, subsequently 
inducing ROS accumulation. Collectively, our study describes a central role for Nav1.8 in regulating pro- 
inflammatory responses in the skin and indicates a novel therapeutic strategy for rosacea and psoriasis.   

1. Introduction 

Chronic inflammatory skin diseases, such as rosacea and psoriasis, 
are incurable and associated with considerable morbidity [1,2], causing 
a to physical, social, and emotional burden [2–4]. Although their 
pathogenesis remains poorly defined, inflammation and immune 
disturbance are central processes in these disorders, which is partly 
attributed to the production of proinflammatory mediators in kerati-
nocytes [5,6]. 

Reactive oxygen species (ROS) are highly reactive, oxygen-containing 
molecules generated during cellular metabolism. ROS function as 

signaling molecules involved in various biological processes and play a 
significant role in cellular homeostasis [7,8]. Excessive ROS levels have 
been reported to contribute to physiological and pathophysiological 
conditions by mediating inflammatory signaling pathways [9]. ROS are 
mainly generated by the mitochondria and are regulated by antioxidant 
enzymes [10]. Superoxide dismutase 2 (SOD2), an important antioxi-
dant enzyme, is a natural defense against oxidative stress. It eliminates 
ROS and is, therefore, anti-inflammatory [11,12]. SOD2 is synthesized 
in the cytosol and imported into the mitochondria, where it is activated 
to scavenge ROS [13]. Moreover, deacetylation at lysine K68 is essential 
for SOD2 activity [14]. Recently, oxidative stress was reported to play an 
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important role in the pathogenesis of inflammatory skin diseases, 
including rosacea and psoriasis [15,16]. Various risk factors induce 
excess ROS production in keratinocytes, which subsequently activates 
the proinflammatory signaling cascade, resulting in immune cell 
recruitment and activation across multiple skin disorders [17,18]. 
Several therapeutic strategies have proven beneficial for these skin 
disorders owing to their antioxidant characteristics [18–20]. 

Nav1.8, encoded by the SCN10A gene, is a tetrodotoxin-resistant 
(TTX-R) voltage-gated sodium ion channel. It is mainly expressed in 
sensory neurons and is closely associated with inflammatory and 
neuropathic pain [21]. Abnormal activation of Nav1.8 has been linked 
to heart rhythm disorders, cerebellar dysfunction, and peripheral neu-
ropathy [21]. Nav1.8 generates an inward sodium current, responsible 
for initiating and propagating action potentials in nerves and muscles 
[22]. NaV1.8-specific blocking agents, including A803467, inhibit the 
electrophysiological properties of Nav1.8 currents and have been stud-
ied for their therapeutic implications [23,24]. Recent studies have 
revealed the Nav1.8 expression in non-neural cells, including keratino-
cytes [25]. Elevated Nav1.8 levels in the epidermal layer of the skin may 
contribute to pain sensitivity in complex regional pain syndrome type 1 
and post-herpetic neuralgia [25,26]. However, whether and how Nav1.8 
regulates the inflammatory response in keratinocytes in the skin remains 
unclear. 

In this study, we focused on determining the role and potential 
mechanism of epidermal Nav1.8 in the pathogenesis of inflammatory 
skin disorders. We found that the expression of Nav1.8 was significantly 
increased in the epidermal of rosacea and psoriasis skin lesions. Func-
tionally, the knockdown of Nav1.8 improved skin inflammation in LL37- 
and IMQ-induced inflammatory skin mice models. Mechanistically, 
Nav1.8 could induce ROS-mediated inflammatory signal in keratinocyte 
by binding SOD2 directly with a channel-independent mechanism. 
Collectively, our study sheds light on the pivotal role of Nav1.8 in skin 
inflammation and reveals a promising therapeutic target for inflamma-
tory skin disorders, including rosacea and psoriasis. 

2. Materials and methods 

2.1. Datasets 

We downloaded the gene expression data of the epidermis 
(GSE166388, profiled using array) from psoriasis lesions and healthy 
controls from the GEO database (https://www.ncbi.nlm.nih.gov/gds/? 
term=). RNA sequencing (RNAseq) data of the epidermis from rosacea 
lesions and healthy controls were downloaded from HRA000809 
(http://bigd.big.ac.cn/gsa-human/browse). 

2.2. Reagents 

The amino acid sequence of the antimicrobial peptide LL37 was 
LGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES. LL37 was purified to 
>95% purity using high-performance liquid chromatography (HPLC) 
and synthesized by Sangon Biotech. Small interfering RNAs (siRNAs) for 
Nav1.8 (siNav1.8) and the negative control (NC-siRNA, siRNA with 
nonsense sequences) were synthesized by RiboBio (Guangzhou, China). 
The sequences of the probes were as follows: siNav1.8-1: CCA-
CUGCCCUAAUGAUUAUTT, siNav1.8-2: GCGAGUGUGUGAUGAA-
GAUTT, and NC-siRNA: TTCTCCGAACGTGTCACGTdTdT. 

A803467 was purchased from Selleck Chemical (California, USA). 
Resiniferatoxin (RTX) was purchased from Sigma-Aldrich. 

2.3. Human skin tissue samples 

For rosacea, human skin tissues were collected from the central face 
region of patients with rosacea (n = 20) and age-matched volunteers 
healthy volunteers (n = 15). For psoriasis, human skin tissues were 
further collected from patients with psoriasis (n = 11) and healthy age- 

matched volunteers (n = 11). All human skin tissues were collected from 
the Department of Dermatology in Xiangya Hospital, Central South 
University. Informed consent was obtained from all participants, and the 
study protocol was approved by the ethical committee of the Xiangya 
Hospital of Central South University (IRB number 201703212). 

2.4. Experimental animals 

Eight-week-old female BALB/c were used in the experiments (Slac 
Laboratory Animal Co., Shanghai, China). During the experiments, the 
mice were provided with water and food ad libitum and housed under 
specific pathogen-free conditions under a 12-h light/dark cycle at 24 ◦C. 
For the experiments, the mice were randomly allocated to different 
groups. All experiments were approved by the Ethics Committee of 
Xiangya Hospital, Central South University, Hunan Province, China (IRB 
number 201611610). All animal experiments comply the National 
Research Council’s Guide for the Care and Use of Laboratory Animals. 

2.5. Animal treatment 

Various skin disorder mouse models were used in this study. To 
establish rosacea-like dermatitis mouse models, 40 μl of LL37 (320 μM) 
was intradermally injected into mice twice a day for two days. To obtain 
Nav1.8-knockdown mice, siNav1.8 was Injected subcutaneously before 
the LL37at a dose of 10 μg/day for three consecutive days in the back of 
mice (Fig. 2A). 

A803467 was used to inhibit Nav1.8 currents. A803467 was dis-
solved in DMSO to reach a 50 mg/ml concentration, and 1 μl of the 
A803467 solution was intradermally injected along with LL37 into mice 
(Fig. S7). We measured the area of redness, the redness score, and the 
thickness of rosacea-like lesions as previously described [27]. 

The psoriasis-like skin inflammation mouse model was developed by 
applying a topical dose of 25 mg of commercially available IMQ cream 
(Aldara, 3 M Pharmaceuticals) on the mouse ear daily for six days. To 
achieve local Nav1.8 knockdown in the skin of mice, siNav1.8 was pre- 
injected subcutaneously in the mouse ears at doses of 5 μg/day. The first 
dose was administered one day before IMQ treatment and after every 
two days for six days (Fig. 3A). We detected erythema, scaling, and skin 
thickness every day. 

To induce sensory nerve ablation, RTX was dissolved in methanol 
and injected subcutaneously into the backs of 4–5-week-old mice at 
doses of 30, 70, and 100 mg/kg for three consecutive days as previously 
described [28]. Intradermal injection of LL37 in mice at eight weeks of 
age was used to investigate the role of sensory fibers in the development 
of rosacea-like dermatitis (Fig. S3B). 

All mouse experiments were repeated three times, and 5–8 mice were 
included in each group. 

2.6. Histology and immunohistochemistry (IHC) 

For histopathology, skin tissue samples were fixed, paraffin- 
embedded, and cut into 3-μm sections. The sections were stained with 
hematoxylin and eosin (H&E) and evaluated using light microscopy 
(OLYMPUS, Japan). For IHC, the sections were stained with a rabbit 
anti-Nav1.8 antibody (1:100, Sangon Biotech, D161110) or a rabbit 
anti-SOD2 antibody (1:100, Proteintech, 24127-1-AP) and DAB chro-
mogen. The histopathology of the tissues was observed under a light 
microscope (OLYMPUS, Japan). Four representative areas of each 
sample were collected to evaluate the intensity of the epidermal staining 
on a scale of 0–4 (0 = absent, 1 = weak or low, 2 = moderate, 3 = strong, 
and 4 = very strong). 

2.7. Cell culture and treatment 

The HaCaT keratinocyte cell line was obtained from the NTCC 
(Laboratory of Biological Carrier Science, Beijing, China) and cultured in 
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calcium-free DMEM containing 10% fetal bovine serum, penicillin- 
streptomycin, and 2 mM glutamine (Invitrogen). Prior to drug treat-
ment, the medium was replaced with DMEM containing 1.8 M calcium 
ions. Transfections with siRNA and plasmids were performed using 
Lipofectamine 2000 (Invitrogen) at a cell density of approximately 70%, 
according to the manufacturer’s instructions. Two siRNAs (RiboBio, 
Guangzhou, China) were used for the Nav1.8 knockdown: si-h-Nav1.8-1 
(GAGTGTTGTCAGTATCATA) and si-h-Nav1.8-2 (GCTTGCTGCG 
CGTATTCAA). NC-siRNA (TTCTCCGAACGTGTCACGTdTdT) was pur-
chased from RiboBio (Guangzhou, China). For tumor necrosis factor 
alpha (TNFα) treatment, HaCaT cells were treated with TNFα (10 ng/ml 
or 100 ng/ml) for 12 h. To inhibit Nav1.8 currents, we pre-incubated 
cells with A803467 (100 nM) for 12 h and then treated them with 
TNFα for 12 h. The levels of phosphorylated proteins and associated 
total proteins were assessed immediately after half an hour of stimula-
tion. In addition, mRNA levels were measured 12 h after TNFα stimu-
lation and protein levels 24 h after TNFα stimulation. All experiments 
were performed at least three times (reagents not marked with the 
company were purchased from Thermo Fisher Scientific, USA). 

2.8. RNA extraction, real-time PCR (qPCR), and RNAseq 

Total RNA was extracted from mouse skin tissues and keratinocytes 
using TRIzol (Thermo Fisher Scientific). RNA (1 μg) was reverse- 
transcribed to cDNA using the Maxima H Minus First Strand cDNA 
Synthesis Kit with dsDNase (Thermo Fisher Scientific). qPCR was per-
formed on an Applied Biosystems 7500 machine (Life Technologies), 
and the program was set up according to the instructions of the iTaq™ 
Universal SYBR Green Supermix (Bio-Rad, California, USA). The delta- 
delta CT method was used to calculate the relative gene expression 

compared to that of GAPDH. The expression data were further normal-
ized to the control group for ploidy changes. The PCR primers used in 
this study are listed in Table 1. 

For RNAseq of mouse skin samples, 1 μg of RNA was used for the 
library preparation, and transcriptome sequencing was performed using 
Illumina HiSeq X Ten (Novogene, Beijing, China). Differentially 
expressed genes (DEGs) were identified with |logFC| >0.5 and adjust. p 
< 0.05, using the DESeq R package. GO and KEGG enrichment analyses 
were performed using “clusterProfiler,” “enrichplot,” and “ggplot2” R 
packages. The PPI network was used for hub gene analysis using STRING 
(https://cn.string-db.org/) and Cytoscape (version 3.8.2). 

2.9. Construction of the overexpression Nav1.8 plasmid 

The plasmids used to overexpress Nav1.8 were cloned by inserting 
the Nav1.8 C-terminal and N-terminal (Nav1.8-C and Nav1.8-N) cDNA 
fragments into the pCMV-myc vector (GenePharma, Shanghai, China) 
using EcoR1 and KpnI restriction enzymes. The empty pCMV-myc vector 
was used as a negative control (myc). 

Nav1.8-C F (EcoR1) “3-GGGAATTCTGTACATTGCAGTGATTCTG 
GAGA-5” 

Nav1.8-C R (KpnI) “3-GGGGTACC CTAGGGCCCAGGGGCAATCA-5” 
Nav1.8-N F (EcoR1) “3-GGGAATTCCAATGGAgTTCCCCATTGGATC- 

5” 
Nav1.8-N R (KpnI) “3-GGGGTACCCTATCATACGCCATGGTGACTA-

CAG-5” 

2.10. Immunoprecipitation mass spectrometry (IP-MS) 

HEK293T cells were transfected with the Nav1.8-C-myc, Nav1.8-N- 

Fig. 1. Nav1.8 expression in rosacea and psoriasis. A, Immunohistochemistry (IHC) of Nav1.8 on skin tissues from HS (healthy individuals) and rosacea patients. 
Data represents the mean ± SEM. *P < 0.05, one-way ANOVA was used. B, IHC of Nav1.8 on skin tissues from HS and psoriasis patients. Data represents the mean ±
SEM. *p < 0.05. Two-tailed unpaired Student’s t-test was used. C, The immunofluorescence of Nav1.8 on skin tissues from PBS and LL37-induced mice. D, The 
immunofluorescence of Nav1.8 on skin tissues from control and IMQ-induced mice. E, qPCR analysis of Nav1.8 in skin tissues from PBS and LL37-induced mice. F, 
qPCR analysis of Nav1.8 in skin tissues from control and IMQ induced mice. n = 5 for each group, Data represents the mean ± SEM. ***p < 0.001. Two-tailed 
unpaired Student’s t-test was used. 
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Fig. 2. Nav1.8 knockdown block rosacea-like development. A, Schematic diagram of intradermal injection of Nav1.8 for continuous 3 days before intradermal 
injection of LL37 in mice. B, The mRNA levels of Nav1.8 by siRNA in LL37-induced mice. C, The back skins of NC (negative control siRNA) and Nav1.8 knockdown 
(Nav1.8 siRNA) mice injected with LL37 or PBS. D, The reduced redness score, area of erythema and skin thickness of skin tissues in PBS/LL37-induced mice. Data 
represents the mean ± SEM. **p < 0.01, ***p < 0.001.2-way ANOVA test was used. E, HE staining of lesional skin of NC and Nav1.8 knockdown mice injected with 
LL37 or PBS. F, The mRNA levels of IL1β, IL-6, TLR2 and MMP-9 in mice skin lesion. Data represents the mean ± SEM. **p < 0.01, ***p < 0.001.2-way ANOVA test 
was used. G, The CD4+ T cells infiltration in mice skin lesion. H, The CD31+ microvascular in skin visualized by immunofluorescence. (n = 6 for each group). 
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myc, and pCMV-myc vectors. Twenty-four hours after transfection, cell 
lysates were collected and pre-cleared with appropriate control IgG and 
Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology). The beads 
were removed and incubated with Protein A/G PLUS-Agarose beads and 
an anti-myc antibody (1:1,000, Proteintech, 60003-2-Ig) overnight. The 
protein was then digested with trypsin. The peptides were separated 
using an Ultimate 3000 RSLCnano system and analyzed using the Q 
Exactive (Thermo Fischer Scientific, San Jose, CA, USA). Proteome 
discoverer version 1.4 (PD1.4; Thermo Fisher Scientific) and the search 
algorithm Masccot were used for protein identification. 

2.11. Immunofluorescence (IF) analysis 

Human and mouse skin lesions and mouse dorsal root ganglions 
(DRGs) were embedded in O.C.T. (Tissue Tek). Tissue sections (8 μm) 
and HaCaT cells were fixed in 4% paraformaldehyde and blocked with a 
blocking solution (5% NDS(Normal Donkey Serum), 0.3% Triton X-100 
in PBS). Primary antibodies were incubated overnight at 4 ◦C. The 
following primary antibodies were used in this study: rabbit anti-Nav1.8 
(1:200, Sangon Biotech, D161110), anti-Nav1.8 (1:100, Alomone Lab, 
ASC-016), rat anti-CD4 (1:100, eBioscience, 14-0042-85), rat anti-CD31 
(1:100, BD Biosciences, 558736), mouse anti-SOD2 (1:200, Santa Cruz, 
sc-137254), rabbit anti-SOD2 (1:200, Proteintech, 24127-1-AP), rabbit 
anti-IL1β (1:200, Proteintech, 16806-1-AP), and mouse anti-IL6 (1:200, 
Proteintech, 66146-1-Ig). Alexa Fluor 488- or 594-coupled secondary 
antibodies (1:500, Thermo Fisher Scientific) were incubated for 1 h at 
room temperature (RT). Sections were stained with 4′,6-diamidino-2- 
phenylindole (DAPI). All photographs were captured using a Zeiss Axio 
Scope A1 microscope (Zeiss, Germany). 

2.12. Mitochondrial fluorescence 

Fifty microliters of lyophilized MitoTracker® Red CMXRos (Cell 
Signaling Technology, 9082) were dissolved in DMSO to a 1 mM stock 
solution. The stock solution was diluted directly in the cell culture me-
dium to a concentration of 50 nM, and the cells were incubated for 30 
min at 37 ◦C. After incubation, the cells were fixed in pre-cooled 
methanol for 15 min at − 20 ◦C and washed with PBS for 15 min. The 
samples were then used for immunofluorescent staining. 

2.13. Mitochondrial protein extraction 

Cytosolic and mitochondrial proteins were isolated according to the 
method described by Demet Candas et al. [29]. Briefly, cells were 
collected and homogenized in ice-cold IBc buffer, and centrifuged at 
600×g for 10 min at 4 ◦C. The supernatant was collected and centrifuged 
at 7000×g for 10 min at 4 ◦C. At this point, cytoplasmic lysine was 
present in the supernatant and mitochondria in the precipitate. The 
supernatant was removed, and the precipitate was resuspended in RIPA 
buffer (Thermo Fisher Scientific) containing a protease inhibitor 
(Thermo Fisher Scientific) to lyse the mitochondrial proteins. Total 
protein extraction was done by direct lysing the cells in RIPA buffer. 

2.14. Immunoblotting 

Protein concentrations were determined using the bicinchoninic acid 
assay (Thermo Fisher Scientific). Proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride or polyvinylidene difluoride membranes. The 
membranes were blocked with 5% skim milk for 1 h at RT and then 
incubated with the primary antibody overnight at 4 ◦C. The following 
primary antibodies were used: rabbit anti-p38 (1:1,000, Abcam, 
ab170099), rabbit anti-p38-phospho-t180 (1:1,000, Abcam, ab178867), 
rabbit anti-p65 (1:1,000, Cell Signaling, #8242s), rabbit anti-phospho- 
p65 (1:1,000, Cell Signaling, #3033s), rabbit anti-Nav1.8 (1:1,000, 
Alomone Lab, Israel), rabbit anti-SOD2 (1:2,000, Proteintech, 24127-1- 
AP), rabbit anti-SOD2/mnsod-acetyl-k68 (1:1,000,Abcam, ab137037), 
mouse anti-Myc (1:1,000, Proteintech, 60003-2-Ig), mouse anti-β-actin 
(1:5,000, Proteintech, 66009-1-Ig), mouse anti-β-Tubulin (1:5,000, 
Proteintech, 10094-1-AP), and rabbit anti-GAPDH (1:5,000, Bioworld, 
AP0066). The next day, the samples were incubated with an HRP- 
coupled secondary antibody (Santa Cruz Biotechnology). Immunoreac-
tive strips were visualized on a ChemiDoc TM using HRP substrate 
(Luminata, Millipore) on the XRS + system (Bio-Rad). The expression 
levels of β-actin, β-tubulin, and GAPDH were used as controls. 

2.15. Co-immunoprecipitation (Co-IP) assay 

The interaction between Nav1.8 and SOD2 was verified by Co-IP 
analysis. Cells were lysed using IP lysis buffer (Beyotime, Shanghai, 

Fig. 3. Knockdown Nav1.8 attenuated psoriasis-like development in mice. A, Schematic diagram of NC/Nav1.8 siRNA-injected mice treated with IMQ or control. B, 
The mRNA levels of Nav1.8 silenced by siRNA in the skin tissues from IMQ-induced inflammation mice. Data represents the mean ± SEM. and *p < 0.05, **p <
0.01.2-way ANOVA test was used. C, The ears of NC and Nav1.8 knockdown mice treated with IMQ or control. D, The erythema score, scales score and ear thickness 
of psoriasis-induced inflammation mice. For statistical analysis, siRNA-IMQ group was compared with NC-IMQ group, *p < 0.05, **p < 0.01, ***p < 0.001.1-way 
ANOVA test was used. E, HE staining of lesional skin of WT and Nav1.8 knockdown mice treated with IMQ. F, The Ki67 expression visualized by immunofluo-
rescence. G, The mRNA levels of IL1β, IL-6, IL17-A, IL-17F, IL-22, IL23A in IMQ-induced inflammation mice. H, The flow cytometry analysis revealed the immune 
cells infiltration in the skin lesion of IMQ-induced inflammation mice. 

Table 1 
List of primers used for Real-time PCR.  

Target gene Forward primers Reverse primers 

Mouse GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
Mouse Nav1.8 AATCAGAGCGAGGAGAAGACG CTAGTGAGCTAAGGATCGCAGA 
Mouse IL1β GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 
Mouse IL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 
Mouse TLR2 TCTAAAGTCGATCCGCGACAT CTACGGGCAGTGGTGAAAACT 
Mouse MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG 
Mouse TNF-α CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA 
Mouse IL17A TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC 
Mouse IL17F TGCTACTGTTGATGTTGGGAC CAGAAATGCCCTGGTTTTGGT 
Mouse IL22 ATGAGTTTTTCCCTTATGGGGAC GCTGGAAGTTGGACACCTCAA 
Mouse IL23A AGCCAACTCCTCCAGCCAGAG CGCTGCCACTGCTGACTAGAAC 
Human GAPDH TGTTGCCATCAATGACCCCTT CTCCACGACGTACTCAGCG 
Human IL6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA 
Human IL1β AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA  
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China) and incubated with specific antibodies (rabbit anti-Nav1.8 
(Alomone Lab, Israel), rabbit anti-SOD2 (Proteintech, 24127-1-AP) 
and mouse anti-Myc (Proteintech, 60003-2-Ig)) or IgG overnight at 
4 ◦C. The complexes were then incubated with protein A/G beads (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) and analyzed by protein 
blotting. 

2.16. Flow cytometry 

To isolate single cells, tissue samples were minced and incubated in 
DMEM containing collagenase, type 4 (2 mg/ml, Worthington 
Biochemical, LS004188) and dispase II (1 mg/ml, SIGMA, D4693) for 
100 min, with shaking at 37 ◦C. The digestion was stopped with DMEM 
containing 10% FBS and filtered through a 70-μm cell filter (BD). The 
cells were then diluted 1:100 with Zombie Aqua™ dye in PBS, resus-
pended, and incubated for 15 min at RT in the dark. The single-cell 
suspension was incubated with Fc Block for 15 min at 4 ◦C. After 
washing, a mixture of cell surface antibodies was added, followed by 
incubation for an additional 30 min at 4 ◦C in the dark. We used the 
following antibodies: anti-CD45-FITC (eBioscience, California USA), 
anti-CD3-PerCP-Cy5.5 (eBioscience, California, USA), anti-CD11b- 
Pacific Blue (eBioscience, California, USA), anti-CD11c-PE-Cy7 (eBio-
science, California, USA), anti-F4/80-PE (eBioscience, California, USA), 
and anti-ly6G-PerCP-Cy5.5 (eBioscience, California, USA). Cells were 
then fixed and permeabilized using the BD Cytofix/Cytoperm kit (BD 
Biosciences, San Jose, CA, USA) according to the manufacturer’s in-
structions and detected using flow cytometry (FACSCalibur, BD, San 
Jose, CA). 

2.17. ROS detection 

Intracellular ROS levels were detected using the Reactive Oxygen 
Species assay kit (DCFH-DA, Beyotime Institute of Biotechnology). The 
DCFH-DA was diluted 1:1000 in serum-free medium to a final concen-
tration of 10 μM. The diluted DCFH-DA was added to the culture dish to 
adequately cover the cells, and the culture was incubated for 20 min in a 
37 ◦C cell incubator. Cells were washed three times with serum-free 
medium to sufficiently remove the extra DCFH-DA that had not 
entered the cells. The cells were collected, and the fluorescence intensity 
was measured at an excitation wavelength of 488 nm and an emission 
wavelength of 525 nm using a Zeiss Axio Scope A1 (Zeiss, Germany). For 
mitochondrial ROS scavenging, cells were pretreated with MitoTEMPO 
(10 μM, SML0737, Sigma-Aldrich) for 24 h and transfected with Nav1.8- 
C. Sixteen hours later, cells were collected for ROS detection and qPCR 
analysis. 

2.18. Dihydroethidium (DHE) staining 

Superoxide anion levels and ROS production in frozen sections/cells 
were evaluated using DHE staining. The frozen tissue sections (8 μm) 
were incubated with 5 μmol/l DHE (Beyotime, China) in PBS at 37 ◦C for 
30 min in the dark. The sections were washed three times with PBS for 5 
min to remove extracellular DHE. All photographs were captured using a 
Zeiss Axio Scope A1 microscope (Zeiss, Germany). 

2.19. SOD assay 

After the overexpression or knockdown of Nav1.8 in cells by trans-
fection with siRNA or Nav1.8 plasmid, cells were stimulated with 10 ng/ 
ml TNFα for 24 h. The total SOD activity was subsequently measured 
using a water-soluble tetrazolium salt (WST-8) kit (total superoxide 
dismutase assay kit with WST-8, Beyotime). One unit of SOD activity 
was defined as the amount of enzyme that reduced WST-8 methanogen 
formation by 50%. 

2.20. Statistical analyses 

Statistical analyses were performed using GraphPad 7.0. Data are 
shown as the mean ± SEM. Normal distribution and similar variance 
between groups were analyzed. Differences between groups were 
compared using the Student’s t-test. One-way or two-way analysis of 
variance (ANOVA) with a relevant post hoc test was used for multiple 
comparisons (*p < 0.05, **p < 0.01, ***p < 0.001). The two-tailed 
Mann–Whitney U test was performed for data that were not normally 
distributed or if the variances of the two groups were unequal. 

3. Results 

3.1. Nav1.8 expression in the epidermis is increased in rosacea and 
psoriasis 

First, we evaluated the Nav1.8 expression levels in the skin lesions of 
patients with rosacea and psoriasis. The results showed that the mRNA 
levels of Nav1.8 were significantly increased in rosacea and psoriasis 
skin lesions compared to healthy controls (Fig. S1A). To confirm this 
finding at the protein level, we performed IHC to detect Nav1.8 
expression in skin tissues from patients with rosacea or psoriasis and 
healthy individuals. As shown in Fig. 1A and B, Nav1.8 was mainly 
expressed in the epidermis of normal skin, and its expression was 
evidently increased in the skin lesions from patients with rosacea or 
psoriasis. In addition, we detected Nav1.8 expression in two classic skin 
inflammation mouse models, the LL37-induced rosacea-like skin 
inflammation model and the IMQ-induced psoriasis-like skin inflam-
mation model. Consistent with the results in human skin lesions, the skin 
lesions from LL37-induce mice and IMQ-induced mice showed a sig-
nificant upregulation in Nav1.8 expression in the epidermis compared to 
normal skin tissue (Fig. 1C and D). qPCR analysis of full-thickness skin 
showed that the mRNA levels of Nav1.8 were dramatically upregulated 
in skin lesions of both mouse models (Fig. 1E and F). Together, these 
data demonstrate that Nav1.8 expression is upregulated in the epidermis 
of inflammatory skin diseases, including rosacea and psoriasis. 

3.2. Nav1.8 is essential for LL37-induced skin inflammation in mice 

To dissect the role of Nav1.8 in rosacea, we silenced Nav1.8 in the 
skin of the LL37-induced mice (Fig. 2A). qPCR and IF staining results 
showed that siNav1.8 reduced the expression of Nav1.8 in LL37-induced 
inflammatory skin lesions (Fig. 2B and Fig. S2B). Nav1.8 knockdown 
reduced rosacea-like features, including a lower redness score, area of 
erythema, and a decrease in skin thickness, compared with these fea-
tures in the NC mice after LL37 injection (Fig. 2C–D and Fig. S2A). 
Histological analysis revealed that inflammatory cell infiltration was 
significantly reduced in the Nav1.8-knockdown mice (Fig. 2E and 
Fig. S2C). The levels of disease-characteristic factors, including IL6, 
TLR2, MMP-9, and IL1β, were dramatically reduced in the Nav1.8- 
knockdown mice (Fig. 2F). Notably, and in agreement with these find-
ings, the infiltration of CD4+ T cells and the number of CD31+ vessels 
were significantly reduced in the Nav1.8-knockdown group compared to 
the NC group (Fig. 2G and H). These results indicate that Nav1.8 is 
essential for LL37-induce skin inflammation. 

Given the essential role of Nav1.8 in sensory nerve and nerve- 
mediated inflammatory regulation, we used RTX-treated mice with 
sensory nerve ablation to detect the potential role of the Nav1.8+ sen-
sory nerve in the LL37-induced mice. The results showed that RTX 
treatment did not affect the epidermal Nav1.8 expression and rosacea- 
like phenotype (Figs. S3A–F), indicating that sensory nerves did not 
affect LL37-induced skin inflammation in mice. 

3.3. Nav1.8 is involved in IMQ-induced skin inflammation in mice 

We further used the IMQ-induced mice to investigate the role of 
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epidermal Nav1.8 in psoriasis pathogenesis (Fig. 3A). The qPCR and IF 
staining results showed that siNav1.8 reduced the expression of Nav1.8 
in the epidermis of IMQ-induced inflammatory skin lesions (Fig. 3B and 
Fig. S4A). As shown in Fig. 3C and D, Nav1.8 knockdown reduced the 
scaliness, erythema, and thickness of psoriasiform skin lesions. Histo-
logical analysis revealed that severe dermatitis, including pronounced 
acanthosis, parakeratosis, and the number of dermis-infiltrating cells, in 
IMQ-induced psoriasiform skin was improved in the Nav1.8-knockdown 
mice (Fig. 3E and Figs. S4B and D). Keratinocyte proliferation was also 
reduced in Nav1.8-knockdown mice (Fig. 3F). The levels of proin-
flammatory cytokines (IL1β, IL6, IL17a, IL17f, IL22, and IL23a) and 
infiltration of immune cells, especially neutrophils, were significantly 
decreased by Nav1.8 knockdown in psoriasiform skin lesions (Fig. 3G 
and H). Moreover, the spleen in Nav1.8-knockdown mice was reduced in 
size (Fig. S4C). Taken together, these results demonstrate the important 
role of epidermal Nav1.8 in the pathogenesis of psoriasis. 

3.4. Nav1.8 promotes the progression of inflammatory skin disease by 
regulating cytokine expression in keratinocytes 

To reveal the potential mechanism by which Nav1.8 promotes skin 
inflammation, we performed RNAseq to identify genes that were 
abnormally expressed in rosacea-like skin lesions and regulated by 
Nav1.8. Most of the DEGs induced by LL37 were reversed by the Nav1.8 
knockdown. The results showed that 2500 genes were upregulated in 
response to LL37 stimulation (Fig. 4A and Fig. S5A), and 2390 of these 
were rescued by siNav1.8. Many of these genes were enriched in cyto-
kine- and leukocyte migration-related biological processes (Fig. 4C). A 
total of 2600 genes were downregulated in response to LL37 stimulation 
(Fig. 4B and Fig. S5A), of which 2240 were rescued by siNav1.8. The 
effect of the siNav1.8 rescue on LL37-induced expression can be 
observed in the heatmap of DEGs (Fig. S5). Previous studies have re-
ported abnormal expression of genes related to T-cell activation, Th1/ 
Th17 polarization, and macrophage and neutrophil activation in rosacea 
tissues [30]. Consistent with this result, our RNAseq results showed that 
the genes related to T-cell activation, Th1/Th17 differentiation, 
macrophage and neutrophil activation were significantly dysregulated 
in LL37-induced inflammatory skin lesions, and these effects were 
ameliorated by Nav1.8 knockdown (Fig. 4D). Previous studies have re-
ported an important role of keratinocyte-secreted cytokines in immune 
cells infiltration in various inflammatory skin diseases [31]. Among the 
above genes, IL6 and IL1β were identified as hub genes using PPI 
network analysis (Fig. 4E). These genes are involved in the regulation of 
the top five biological processes in rosacea progression (Fig. 4C). 
Moreover, the upregulation of IL6 and IL1β in keratinocytes was also 
verified in previous epidermal transcriptome data of rosacea and pso-
riasis (Fig. 4F). This indicates that epidermal IL6 and IL1β may play a 
key role in Nav1.8-mediated skin inflammation, thereby contributing to 
the pathogenesis of inflammatory skin disorders. Consistent with this 
speculation, the mRNA levels of IL1β and IL6 were increased by LL37 
and IMQ and attenuated by Nav1.8 knockdown (Figs. 2F and 3G). IF 
results revealed that IL1β and IL6 expression was increased in the 
epidermis of LL37-and IMQ-induced inflammatory skin lesions and was 
attenuated by Nav1.8 knockdown (Fig. 4G and H). Collectively, these 
findings suggest that Nav1.8 is vital to skin inflammation partly by 
regulating IL1β and IL6 production in keratinocytes. 

3.5. Nav1.8 induced the pro-inflammatory cytokines production and ROS 
accumulation in keratinocytes 

TNFα is a well-known cytokine that promotes skin inflammation in 
rosacea and psoriasis. We, therefore, addressed the role of Nav1.8 in 
TNFα-induced inflammation in keratinocytes. We found that TNFα 
induced Nav1.8 expression in keratinocytes, which was decreased by 
Nav1.8 siRNAs (Fig. 5A and Fig. S6A). Moreover, Nav1.8 knockdown 
suppressed TNFα-induced expression of IL1β and IL6 (Fig. 5B). The NF- 

κB and MAPK pathways participate in the TNFα-induced production of 
pro-inflammatory cytokines in keratinocytes [19]. Here, phosphorylated 
p38 and p65 levels were increased by TNFα stimulation and reduced by 
Nav1.8 knockdown (Fig. 5C and Fig. S6B). Nav1.8, a voltage-gated ion 
channel, performs its channel function mainly by opening/closing the 
channel structure. Here, we used A803467, a Nav1.8-specific blocker, to 
inhibit the electrophysiological properties of Nav1.8 currents [24]. 
However, A-80367 treatment did not affect IL1β or IL6 expression 
(Fig. 5D). Moreover, the functional inhibition of Nav1.8 by A803467 did 
not affect the LL37-induced rosacea-like inflammation (Fig. S7). These 
results indicate that Nav1.8 is involved in producing pro-inflammatory 
cytokines independent of its conduction role. 

Previous studies have revealed the contribution of ROS in rosacea 
and psoriasis development [32,33]. ROS-activated proinflammatory 
signals in keratinocytes play a crucial role in immunoregulating in-
flammatory skin diseases. Therefore, we investigated the effects of 
Nav1.8 on ROS accumulation in LL37-and IMQ-induced mice and 
TNFα-stimulated keratinocytes. In vivo, DHE staining results showed 
that ROS levels were significantly increased in the keratinocytes of 
LL37-and IMQ-induced skin lesions and decreased in 
Nav1.8-knockdown mice (Fig. 5F). In vitro, ROS levels were increased 
by TNFα stimulation, which was attenuated by siNav1.8 treatment 
(Fig. 5E and Figs. S8A and B). However, TNFα-induced ROS accumula-
tion was not affected by the A803467 treatment (Fig. 5E). Therefore, we 
speculated that upregulated Nav1.8 induced the production of proin-
flammatory cytokines in keratinocytes partly by promoting ROS 
accumulation. 

3.6. The Nav1.8 regulates cytokines production and ROS accumulation 
by targeting SOD2 directly 

As ion channel proteins, cytosolic N- and C-terminals are essential for 
the localization and function of Nav1.8 [34]. To reveal the potential 
mechanism by which Nav1.8 regulates inflammation in keratinocytes, 
we cloned Nav1.8-N and Nav1.8-C into the myc plasmid to identify their 
interaction with proteins using IP-MS. In total, 33 and 69 proteins were 
identified to interact with the Nav1.8-N and Nav1.8-C groups, respec-
tively, compared to the empty vector plasmid. GO analysis showed that 
proteins (such as SOD2, GSTP1, PRDX1) related to antioxidant activity, 
peroxidase activity, and oxidoreductase activity were among the pro-
teins potentially interacting with the Nav1.8-C (Fig. 5I). 

Considering the important role of ROS in skin inflammation, we 
hypothesized that Nav1.8-C affects ROS levels by binding to these pro-
teins, thereby regulating inflammation. Next, we examined the role of 
Nav1.8-C in ROS accumulation and inflammation in HaCaT cells. As 
shown in Fig. 5H, Nav1.8-C induced ROS accumulation and IL1β and IL6 
expression in HaCaT cells. Next, a specific mtROS-targeted antioxidant, 
MitoTempo, was used to reduce the ROS levels in keratinocytes. We 
found that the mtROS scavenger significantly reduced Nav1.8-C- 
induced ROS accumulation and increased IL1β and IL6 expression in 
keratinocytes (Fig. 5H). 

Antioxidant enzymes play a key role in the regulation of cellular 
ROS. We, therefore, selected the antioxidant enzyme SOD2 for further 
analysis and verified the interaction between Nav1.8 and SOD2 using 
Co-IP assay. By transfecting the Nav1.8-C, Nav1.8-N, and myc-vector 
into keratinocytes, exogenous Co-IP revealed the interaction of SOD2 
with Nav1.8-C (Fig. 5J). This result was also confirmed by endogenous 
Co-IP in the DRG cells (Fig. 5K). Moreover, IF showed that SOD2 and 
Nav1.8 co-localized in human skin and DRG cells (Fig. S9). Collectively, 
these results indicate that Nav1.8-C interacts with SOD2 to induce ROS 
accumulation and subsequently leads to cytokine production in 
keratinocytes. 

3.7. Nav1.8 affects SOD2 translocation into mitochondria 

Since Nav1.8 interacted with SOD2, we aimed to determine whether 
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Fig. 4. Nav1.8 promoted the progression inflammatory skin disease by regulating cytokines expression in keratinocytes. A, The upregulated genes in NC_LL37 group 
compared to NC_PBS group. B, The downregulated genes in NC_LL37 group compared to NC_PBS group. C, The GO and KEGG enrichment analysis of the 2390 genes 
upregulated in NC_LL37 group which were attenuated by Nav1.8 siRNA. D, The T cell activation, Th1/Th17 differentiation, macrophage and neutrophils activation- 
related genes expression in NC_LL37 group compared to NC_PBS group and in Si_LL37 group compared to NC_LL37 group. E, PPI network analysis revealed the hub 
genes of these immune-cell related genes. F, The IL1β and IL6 expression in the keratinocytes of rosacea and psoriasis from HRA000809 and GSE166388 datasets. 
Data represents the mean ± SEM. *p < 0.05, **p < 0.01. Two-tailed unpaired Student’s t-test was used. G, The IL1β and IL6 expression in skin lesion from NC and 
Nav1.8 knockdown mice injected with LL37 or PBS. H, The IL1β and IL6 expression in skin lesion from NC and Nav1.8 knockdown mice treated with IMQ or control 
visualized by immunofluorescence. 
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Nav1.8 regulates SOD2 expression. We found that neither a knockdown 
nor overexpression of Nav1.8 affected SOD2 expression (Fig. 6A and E, 
Fig. S10A). We next tested whether Nav1.8 affected the SOD2 function. 
To this end, we tested the SOD2 activity using an SOD assay. We found 
that the Nav1.8 knockdown increased SOD2 activity whereas Nav1.8-C 

and TNFα decreased SOD2 activity in keratinocytes (Fig. 6B). Moreover, 
SOD2 activity was not affected by the A-80367 treatment (Fig. 6B). 

SOD2 only plays a role in ROS clearance when it is translocated from 
the cytoplasm into the mitochondria [13]. We hypothesized that Nav1.8 
could affect the translocation of SOD2 into the mitochondria. To verify 

Fig. 5. Nav1.8 induced ROS accumulation in keratinocyte by interacting with SOD2 directly. A, Nav.18 expression in NC and Nav1.8 knockdown keratinocyte 
treated with TNFα. B, IL-1β and IL-6 expression in NC and Nav1.8 knockdown keratinocyte treated with TNFα. C, P38, p-P38, P65, p-P65 expression in control and 
Nav1.8 knockdown keratinocyte treated with TNFα. D, IL-1β and IL-6 expression in control and A-803467-treated keratinocyte stimulated with TNFα. E, The ROS 
levels of keratinocyte treated with TNFα and Nav1.8 siRNA or A803467. F, The DHE straining of skin lesion from NC and Nav1.8 knockdown mice treated with IMQ 
or control or PBS or LL37. G, GO enrichment analysis of potential interaction proteins of Nav1.8 C-terminal. H, The ROS levels of and mRNA levels of IL-1β and IL-6 in 
Nav1.8-C overexpressed keratinocyte treated with mitoTEMPO. I, Co-IP revealed the interaction between Nav1.8-C and SOD2 in keratinocytes. J, The endogenous 
Co-IP revealed the interaction between Nav1.8 and SOD2 in DRG (Dorsal root ganglion). Data represents the mean ± SEM. and *p < 0.05, **p < 0.01, ***p <
0.001.2-way ANOVA test was used. 
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this hypothesis, mitochondrial and cytoplasmic proteins were extracted 
after Nav1.8-C overexpression or Nav1.8 knockdown. Nav1.8-C over-
expression induced the accumulation of SOD2 in the cytoplasm, and 
Nav1.8 knockdown resulted in the accumulation of SOD2 in the mito-
chondria (Fig. 6C). IF analysis showed that the co-localization of SOD2 
with mitochondria was significantly increased in the Nav1.8-C group but 
decreased in the Nav1.8-knockdown groups (Fig. 6D). Because the 
deacetylation of SOD2 is essential for SOD2 activity, we next determined 
whether Nav1.8 affects the acetylation levels of SOD2. As expected, 
acetylation of lysine 68 (SOD2K68Ac) was increased by Nav1.8-C and 
decreased by siNav1.8 in keratinocytes (Fig. 6E and Fig. S10B). The 
above results indicate that Nav1.8 reduces SOD2 activity by reducing 
mitochondrial transport and increasing the acetylation levels of SOD2 in 
keratinocytes. 

4. Discussion 

Rosacea and psoriasis are common inflammatory skin disorders with 
high global prevalence [1,35]. Despite numerous studies demonstrating 
the important role of disordered keratinocyte signaling in the patho-
genesis of rosacea and psoriasis, the underlying pathological mecha-
nisms remain poorly defined. In this study, we concluded that Nav1.8 is 
upregulated in the epidermis of rosacea and psoriasis, and Nav1.8 
knockdown attenuated rosacea-like and psoriasis-like skin inflammation 

in a mouse model. Mechanistically, Nav1.8 induces ROS-mediated 
proinflammatory signaling in keratinocytes by interacting with SOD2 
to limit its mitochondrial translocation and deacetylation. 

Nav1.8, a member of the voltage-gated sodium channel family, is 
predominantly expressed in excitatory cells, including cardiomyocytes 
and nerve cells. Nav1.8 in the atria is an essential contributor to the late 
Na+ current (INaL), which impacts atrial arrhythmogenesis directly [23]. 
A common gain-of-function variant is associated with heart block and 
ventricular arrhythmias [36]. Nav1.8 contributes to driving action po-
tential conduction in neurons and is involved in pain conditions and 
sensory neuron-driven immune regulation [28,37]. Although several 
studies have demonstrated the important role of sensory neurons in the 
pathogenesis of rosacea [38], nerve ablation and the specific inhibition 
of Nav1.8 current by A803467 did not influence LL37-induced skin 
inflammation in this study. For other skin inflammations, including 
psoriasis [28] and HSV-1 infection [39], it should be noted that sensory 
neuron ablation reduced skin inflammation from day three post-IMQ 
treatment [28] and four days post-HSV-1 infection [39], indicating 
that the neurological effect on immunity is only detectable after a few 
days. Several studies have shown Nav1.8 expression in non-excitatory 
cells, including sperm [40], glia [41], and keratinocytes [25]. 
Dysfunctional keratinocytes play a pivotal role in the development and 
maintenance of inflammation in inflammatory skin disorders [42]. Here, 
we found that Nav1.8expression increased in the epidermis of 

Fig. 6. Nav1.8 affects the translocation and acetylation levels of SOD2. A, SOD2 expression in NC and Nav1.8 knockdown keratinocytes treated with TNFα. B, SOD2 
activity of NC and Nav1.8 knockdown keratinocyte treated with TNFα, or SOD2 activity of Nav1.8C-overexpressed keratinocyte cells, or SOD2 activity of A803467 
treated keratinocyte cells. C, Western blots revealed the effects of Nav1.8-siRNA, Nav1.8-C, or TNFα on the levels of SOD2 in the cytosolic and mitochondrial 
fractions. D, The immunofluorescence revealed the mitochondrial SOD2 localization. E, Western blots revealed the effects of Nav1.8-siRNA, Nav1.8-C, or TNFα on the 
levels of SOD2 K68 acetylation. 
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individuals with rosacea and psoriasis, and its knockdown reduced the 
inflammatory response after two days in IMQ- and LL37-induced mice. 
This finding suggests that Nav1.8 in epidermal keratinocytes may 
initiate inflammation and the development of rosacea and psoriasis. 

Impaired inflammatory signals in keratinocytes are essential for 
driving skin inflammation in rosacea and psoriasis [5,43]. ROS, as key 
signaling molecules, regulate the inflammatory signal in keratinocytes 
by promoting the production of proinflammatory factors and activating 
the MAPK and NF-κB pathways [44]. High levels of ROS have been 
observed in rosacea and psoriasis [32]. Removing excessive ROS reduces 
the expression of pro-inflammatory mediators in keratinocytes and al-
leviates rosacea- and psoriasis-like skin inflammation [44,45]. Here, we 
found that Nav1.8 was upregulated by TNFα and induced ROS accu-
mulation and production of pro-inflammatory factors in keratinocytes. 
The addition of mtROS scavenger significantly reduced 
Nav1.8-C-induced upregulation of pro-inflammatory factors in kerati-
nocytes, indicating that Nav1.8 promoted skin inflammation by driving 
ROS-mediated inflammatory signaling in keratinocytes. Conduction of 
ions is the vital channel function of Nav1.8, which subsequently induces 
action potentials in excitable cells or ATP release in non-excitable cells 
[25]. However, several ion channels have been reported to link bio-
logical progression through a non-conducting mechanism [46]. In this 
study, we found that A803467-inhibited Nav1.8 activation did not affect 
TNFα-induced ROS accumulation and production of pro-inflammatory 
factors in keratinocytes, suggesting that the Nav1.8 involvement in the 
inflammatory response in keratinocytes, is independent of its channel 
function. The C-terminus of ion channels, including the Nav1.8 channel, 
affects channel function by trafficking the channels to the cell surface 
[47,48]. Zhou et al. showed that functional Nav1.8 in non-neuronal cell 
lines is limited, which is attributed to Nav1.8 C-terminus [49]. This 
partly attributed to the C-terminus-limited Nav1.8 function in 
keratinocytes. 

As a non-channel functional mechanism, some channel proteins have 
been reported to be involved in biological processes by interacting with 
functional proteins [46,50]. Using IP-MS, we detected proteins that 
interacted with Nav1.8 and identified SOD2 as a interaction partner of 
Nav1.8-C. SOD2 is a key mitochondrial antioxidant that catalyzes su-
peroxide radical dismutation, thereby protecting cells from oxidative 
damage. Studies have shown that SOD2 expression is downregulated 
after UVB irradiation, which is linked to ROS-mediated inflammation 
during skin photoaging [51]. SOD2-ROS signaling is also involved in 
nitrogen mustard-induced cutaneous inflammation [51]. In this study, 
we found that Nav1.8 did not affect SOD2 expression but regulated 
SOD2 activity. SOD2 is an inactive precursor in the cytosol that is im-
ported into the mitochondria where it scavenges ROS [13]. Hsp70 is 
involved in the mitochondrial import of SOD2 [13], but the precise 
mechanism remains unclear. Moreover, the deacetylation status is 
essential for the activation of SOD2. Lysine 68 (K68) is the critical 
acetylation site regulated by SIRT3 [52,53]. Consistent with these ob-
servations, we found that the interaction of Nav1.8-C with SOD2 limited 
SOD2 activity by preventing SOD2-K68 acetylation and the SOD2 
translocation to the mitochondria. However, the precise interaction 
mechanism needs to be elucidated. 

In summary, our study reveals that the upregulation of Nav1.8 
expression in keratinocytes is responsible for developing inflammatory 
skin disorders. The results indicate that Nav1.8 exerts this effect by 
inducing ROS-mediated proinflammatory signaling by interacting with 
SOD2 to inhibit SOD2 activation in keratinocytes. Our findings suggest a 
pivotal role for Nav1.8 in the pathogenesis of inflammatory skin disor-
ders and provide a new theoretical basis for the clinical treatment of 
these skin disorders, including rosacea and psoriasis. 
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