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Background: As a keratolytic, salicylic acid (SA) can be topically applied in various formulations and doses in dermatology. 
Supramolecular SA hydrogel, a new SA formulation with higher bioavailability, is developed and commercially available nowadays. 
However, there still remain concerns that the long-term and continual application of SA at low concentrations may jeopardize the 
cutaneous barrier properties.
Aim of the Study: To reveal the long-term effects of 0.5–5% supramolecular SA hydrogel on the skin barrier in normal mice models.
Materials and Methods: The 0.5%, 1%, 2%, and 5% supramolecular SA hydrogel or hydrogel vehicle without SA was applied to 
mice’s shaved dorsal skin once per day respectively. Tissue samples of the dorsal skin were harvested on day 14 and 28 of the serial 
application of SA for histopathological observation and transcriptomic analysis.
Results: Following topical supramolecular SA hydrogel therapy with various concentrations of SA (0.5%, 1%, 2%, and 5%) for 14 
days and 28 days, there were no obvious macroscopic signs of impaired cutaneous health and no inflammatory or degenerative 
abnormalities were observed in histological results. Additionally, the transcriptomic analysis revealed that on day 14, SA dramatically 
altered the expression of genes related to the extracellular matrix structural constituent. And on day 28, SA regulated gene expression 
profiles of keratinization, cornified envelope, and lipid metabolism remarkably. Furthermore, the expression of skin barrier related 
genes was significantly elevated after the application of SA based on RNA-seq results, and this is likely to be associated with the 
PPAR signaling pathway according to the enrichment analysis.
Conclusion: Our findings demonstrated that the sustained topical administration of the 0.5–5% supramolecular SA hydrogel for up to 
28 days did no harm to normal murine skin and upregulated the expression of genes related to the epidermal barrier.
Keywords: supramolecular salicylic acid hydrogel, skin barrier, PPAR signaling pathway, transcriptomic analysis

Introduction
The skin barrier, which is essential for preserving homeostasis, enables the skin to resist hazardous substances from the 
external environment (i.e., the outside-in barrier) and to prevent excessive loss of water and electrolytes from the body 
(i.e., the inside-out barrier).1 Maintaining the integrity and wellness of the body requires a well-balanced cutaneous 
barrier. A vicious cycle of inflammation and the emergence of skin illnesses like atopic dermatitis may arise if the 
barrier system is disrupted and not compensated for.2,3

In terms of function levels, the cutaneous barrier can be divided into the physical barrier, the chemical barrier, and the 
immune barrier.4 The physical barrier, also known as the permeability barrier, mainly consists of the stratum corneum 
(SC) and the system of cell-cell junctions.5 The SC architecture is usually compared to the “bricks and mortar model”.6 
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Corneocytes are the ‘bricks’, while the “mortar” refers to the inter-corneocyte lipid lamellae.6 Especially, the cornified 
envelope (CE), a highly insoluble layer of densely cross-linked proteins, replaces the plasma membrane of corneocytes.7 

And cell-cell junctions, including desmosomes, adherens junctions, tight junctions, and gap junctions, are crucial for 
enhancing the skin’s mechanical strength.1 Furthermore, the ‘natural moisturizing factors’ (NMFs) and substances that 
contribute to the acidic surface pH make up the chemical barrier.5 Additionally, antimicrobial peptides (AMPs), which 
are produced in the epidermis to defend against invading pathogens, form an important part of the immune barrier.4

Salicylic acid (SA), a naturally occurring beta-hydroxy acid, has both cosmetic and medicinal benefits.8 With various 
formulations and concentrations, SA is applied topically for its keratolytic, anti-inflammatory, bacteriostatic, fungicidal, 
and photoprotective characteristics.8,9 However, there are some limitations in SA applications, such as poor water 
solubility and easy recrystallization in skin-irritating organic solvents. And it is not uncommon that certain acute side 
effects occur when applying SA topically, such as prolonged erythema, stinging sensation, intense exfoliation, crusting, 
dryness, pigmentary dyschromia, and contact sensitization.10–13 Furthermore, salicylic acid toxicity (salicylism), which is 
typically associated with high concentrations, takes place due to systemic absorption of SA when applied to a large area 
of skin.14 To enhance the bioavailability and lessen complications of SA, a novel formulation of SA, namely supramo
lecular SA hydrogel, is developed and commercially available nowadays. It is a kind of reversely thermo-reversible 
hydrogel, having an adjustable solution-to-gel transition temperature in the range of 4–45° C.15 The term “reversely 
thermo-reversible” means that the process of gelation takes place upon an increase in temperature rather than a decrease 
in temperature.15 The hydrogel form contributes to preventing the possible re-crystallization or settling of active 
ingredients during storage, easy and uniform spreading during application, prolonged residence time, and controlled or 
sustained release of active ingredients.15 Furthermore, with the aid of supramolecular technology, SA can be adminis
tered without alcohol or any other irritant solvents by selectively self-assembled into water-soluble organized entities in 
the form of intermolecular complexes. Under the action of skin temperature, the non-covalent bonds between molecules 
break so that SA can be slowly and continuously released to exert its pharmacological effects.15

Additionally, as a keratolytic, the mechanism of SA is not fully elucidated, which might be relevant to the disruption 
of the inter-corneocyte cohesion and the facilitation of desquamation.10,16 For superficial chemical peeling of the face, 
which is often performed 4–6 times at intervals of 2–4 weeks, high SA concentrations of up to 20–30% are 
recommended.17 Meanwhile, because of its anti-inflammatory and comedolytic effects, the long-term and continual 
application of 0.5–5%SA is suggested for the entire process of treating acne, including maintenance therapy to prevent 
relapses and the formation of scars.8,18 However, there remain concerns that the long-term use of SA may jeopardize the 
cutaneous barrier properties due to its capacity to weaken intercellular cohesion and remove the SC.19,20 Therefore, in our 
study, we assessed the safety of supramolecular SA hydrogel on normal murine skin at a concentration of up to 5% for 28 
days, as well as whether and how it influenced epidermal permeability barrier homeostasis and the possible underlying 
mechanisms.

Materials and Methods
Animals and SA Topical Treatment
Female C57BL/6 mice (7 weeks old) were acquired from Shanghai SLAC Laboratory Animal Co., Ltd and kept in 
a specific pathogen-free environment at the Zhejiang University Laboratory Animal Center. All animal experiments were 
authorized by Zhejiang University’s Animal Care and Use Committee and carried out in accordance with their rules. The 
Zhejiang University School of Medicine’s Sir Run Run Shaw Hospital’s Ethics Committee gave its permission to this 
work (approval no 20220103–01).

Supramolecular SA hydrogel with different concentrations was obtained from Broda Company (Broda, Shanghai Rui 
Zhi Medicine Technology, Shanghai, China). It is composed of de-ionized water, poloxamer 407, polyethylene glycol, 
and salicylic acid. The hydrogel vehicle consists of de-ionized water, poloxamer 407, and polyethylene glycol.

The mice were divided into 5 groups, a hydrogel vehicle group without SA as control, and four SA-applied groups 
with concentrations of 0.5%, 1%, 2%, and 5%. The supramolecular SA hydrogel or vehicle was applied to mice’s shaved 
dorsal skin at 20 mg/cm2 once per day. Each group had six mice, three of which were executed on day 14 of the serial 
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application of SA and the other three on day 28. Tissue samples of the dorsal skin were harvested for histopathological 
observation and transcriptomic analysis.

Histopathology and Immunohistochemistry Staining
The dorsal skin tissue samples from mice were fixed in formalin and dehydrated before being embedded in paraffin. 
Hematoxylin-eosin (H&E) or an anti-Ki67 antibody were utilized to stain paraffin sections taken from paraffin-embedded 
tissues after they had been deparaffinized by xylene and rehydrated through a graduated series of ethanol. Olympus 
Image Viewer was used to quantify the epithelial thickness after images were taken with an Olympus microscope (IX73).

RNA Extraction, Library Construction, and Sequencing
Total RNA from mice’s dorsal skin tissues was extracted utilizing TRIzol (Takara). Following the vendor-recommended 
protocol, LC-Bio Technology Company (Hangzhou, China) produced the library and conducted the transcriptome 
sequencing using NovaseqTM 6000. DESeq2 software was used to analyze gene expression differences between SA- 
treated and control groups. The parameters of false discovery rate (FDR) below 0.05 and absolute fold change ≥ 2 were 
used to identify the genes that were differentially expressed.

Short Time-Series Expression Miner (STEM) Analysis
Genes with comparable expression patterns for various groups (at least 3 in a specific time point, space, or treatment dose 
size order) were clustered via gene expression pattern analysis. Each sample’s expression data were standardized and 
then clustered by STEM program (STEM, v1.3.11) to examine the expression patterns in the order of concentration size. 
Each profile has a unique number that STEM assigned to it. Significant clustered profiles were those with a p-value less 
than 0.05.

Enrichment Analysis
Molecular function, cellular component, and biological process are the three components of Gene Ontology (GO), 
a worldwide standardized classification system for genes. GO terms with p < 0.05 were defined as significantly enriched 
GO terms in DEGs. When compared to the backdrop of the total genome, DEGs have significantly enriched metabolic or 
signal transduction pathways, according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis. A value of p < 0.05 was considered statistically significant. Software GSEA (v4.1.0) and MSigDB were used to 
conduct Gene Set Enrichment Analysis (GSEA) to determine whether a set of genes in certain GO keywords or KEGG 
pathways exhibits appreciable differences between the two groups. GO terms and KEGG pathways that met the 
requirement that |NES|>1, NOM p-value<0.05, and FDR q-value<0.25 were thought to differ between the two groups.

Results
Effects of Topical SA with Different Concentrations on the Mice’s Skin Morphology
To investigate the SA’s impacts on murine skin, SA with various concentrations (0.5%, 1%, 2%, and 5%) or hydrogel 
vehicle without SA was administered to the back skin of mice (Figure 1A). The dorsal skin did not show erythema, 
scaling, or other macroscopic lesions after smearing different concentrations of SA for 14 days and 28 days (not shown). 
Besides, the results of hematoxylin and eosin (H&E) staining revealed that there were no discernible degenerative or 
inflammatory abnormalities after the application of SA as well (Figure 1B). However, 5%SA induced transient 
morphological alterations on day 14 that the epidermal thickness of mice dorsal skin increased compared with the 
vehicle group under the optic microscope. While after 28 days of exposure to 5% SA, the epidermis was restored to 
normal thickness (Figure 1B and C). Correspondingly, immunohistochemical analysis showed an increased level of 
proliferation marker Ki67 in mice treated with 5%SA for 14 days but a normal level on day 28 (Figure 1D). And the 
quantification of epidermal thickness preliminarily demonstrated that other concentration groups represented no increase 
over the normal range (Figure 1C).

Drug Design, Development and Therapy 2023:17                                                                             https://doi.org/10.2147/DDDT.S397541                                                                                                                                                                                                                       

DovePress                                                                                                                       
1595

Dovepress                                                                                                                                                            Zhou et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 1 Effects of SA with different concentrations on the skin morphology of mice. (A) Protocol for evaluating the effect of SA on the dorsal skin of normal murine. The 
murine skin was treated with vehicle control or 0.5%, 1%, 2%, and 5% SA for 28 consecutive days. At the end of day 14 and 28, the samples were harvested and subsequently 
analyzed. (B) H&E staining of the back skin on day 14 and day 28. Each picture is representative of data from three different individuals. Scale Bars= 50µm. (C) Quantitative 
evaluation of epidermal thickness in mice skin specimens treated with SA for 14 days and 28 days. Values are expressed as the mean ± SD (n = 3). (D) Immunohistochemistry 
for Ki67 in dorsal skin sections obtained from the control group and 5%SA group on day 14 and 28. 
Abbreviations: SA, salicylic acid; H&E, hematoxylin and eosin.
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Expression Patterns Clustering of Genes Regulated by Topical SA on Day 14 and 28
To comprehend the pattern of gene expression alterations as SA concentration rises, we conducted STEM analysis on the 
basis of entire gene sets. Each profile had a profile number that STEM allocated to it which was represented on the upper- 
left corner of the profile box, and a black line inside each box symbolized the trend in gene expression variance by 
dosage size. The three most significant co-expression modules on day 14 together with the corresponding enriched GO 
terms were displayed in Figure 2A. Module 37 was the most abundant profile, in which gene expression rose after SA 
application compared to the control group while changing inappreciably as SA concentration fluctuated. Genes in this 
module were enriched for extracellular matrix (GO:0031012), cell adhesion (GO:0007155), and extracellular matrix 
structural constituent (GO:0005201). Module 40, which presented continuous upregulation patterns, was the second 
significant pattern. Genes in this module were enriched for cornified envelope (GO:0001533), keratinization 
(GO:0031424), and lipid metabolic process (GO:0006629) (Figure 2A and C).

The three most significant co-expression modules on day 28 were the same as the modules on day 14, and their 
respective enriched GO terms were displayed in Figure 2B. The most significant profile on day 28 was module 40, which 
was closely related to keratinization (GO:0031424), lipid metabolic process (GO:0006629), and establishment of skin 
barrier (GO:0061436) (Figure 2B and D). And genes in module 37 were associated with keratin filament (GO:0045095), 
intermediate filament (GO:0005882), and intermediate filament organization (GO:0045109) (Figure 2B). Taken together, 
our results revealed that the expression patterns of genes regulated by topical SA on day 14 and 28 were similar and 
dominated by upward trends.

Topical SA Regulated the Gene Expression Profiles of Extracellular Matrix on Day 14
Next, we looked into the gene expression profiles influenced by SA for 14 days in the mice’s dorsal skin by GO analysis. 
Considering the morphology of murine skin and the findings of the STEM analysis, we decided on the 5%SA group as 
the primary research area where alterations in the majority of gene expression levels would manifest. As shown in the 
heat map, 534 significant DEGs were found after 14 days of 5%SA treatment, including 461 upregulated and 73 
downregulated genes (Figure 3A). A bubble plot showed 20 GO terms with the greatest significant p-value (Figure 3B). 
It appeared that SA had impacts on the constituent of extracellular region since most DEGs were related to extracellular 
region (GO:0005576), collagen-containing extracellular matrix (GO:0062023), extracellular matrix structural constituent 
(GO:0005201), and extracellular matrix structural constituent conferring tensile strength (GO:0030020). Additionally, 
lipid metabolic process (GO:0006629), keratinization (GO:0031424), cornified envelope (GO:0001533), negative reg
ulation of endopeptidase activity (GO:0010951), and response to bacterium (GO:0009617), which all have connections 
with the epidermal barrier function, were enriched noticeably as well (Figure 3B). The 0.5%, 1%, and 2%SA groups 
showed comparable enrichment results on day 14, which altered the expression of the genes related to extracellular space 
as well (Supplementary Figure 1).

There were 37 DEGs between the 5%SA group and control group that clustered to the collagen-containing extracellular 
matrix (GO:0062023) of which expression was increased for 36 genes and decreased for 1 gene (Figure 3C). Moreover, for 
extracellular matrix structural constituent (GO:0005201), SA significantly suppressed the expression of 1 gene and increased 
the expression of 21 genes (Figure 3D). Noticeably, SA upregulated genes associated with collagen fibril organization which 
enhances skin tensile strength. The expression of related genes was shown in Figure 3E. As a result, our findings 
demonstrated that SA controlled the genes which were linked to the extracellular matrix that contains collagen.

Topical SA Regulated the Gene Expression Profiles of Keratin Filament and 
Keratinization on Day 28
Afterwards, we examined the gene expression profiles in the mice’s dorsal skin which were applied with SA for 28 days. 
In 2558 genes, the 5%SA-treated mice’s gene expression profile was significantly different from the vehicle group 
mice’s, with almost equal amounts of up- and down-regulation. The overall dramatic difference in gene expression 
between the 5%SA group and the control group was visible on the heat map (Figure 4A). The top 20 GO terms were 
listed in the bubble plot, showing that a vast majority of DEGs were associated with extracellular region (GO:0005576), 
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Figure 2 Co-expression patterns of genes regulated by SA on day 14 and 28. (A and B) The three most significant co-expression modules on day 14 (A) and day 28 (B) and 
their respective enriched GO terms. The profile number on the top left corner of each red box was assigned by STEM. The black lines in the red profile boxes depict the 
gene expression patterns in dose size order. The p-value of each profile is above the white profile box. Each line in the white box represents the expression pattern of 
a gene. Enriched GO terms for each module, the number of genes for the term, and the corresponding FDR (False discovery rate) are shown at the right. (C and D) Chord 
diagram of enriched GO terms and their genes in profile 40 on (C) day 14 and (D) day 28. 
Abbreviations: SA, salicylic acid; STEM, short time-series expression miner.
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Figure 3 5% SA mainly regulates the gene expression profiles of extracellular matrix on day 14. (A) Heatmap of DEGs in 5%SA group (left) and control group (right) on day 
14. (B) The most significant top 20 GO terms of DEGs. The dot size indicates the number of DEGs enriched in the corresponding GO term. Different p-values are indicated 
by dot colors. The rich factor is the ratio of the DEG number to the total number of genes in the GO term. (C and D) Volcano plots of genes included in GO terms for (C) 
collagen-containing extracellular matrix and (D) extracellular matrix structural constituent. (E) Representation of DEGs related to extracellular matrix structural 
constituent conferring tensile strength. 
Abbreviations: SA, salicylic acid; DEGs, differentially expressed genes; Col, collagen.
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Figure 4 5% SA upregulates genes associated with keratin filament and keratinization on day 28. (A) Heatmap of DEGs in 5%SA group (left) and control group (right) on day 
28. (B) The most significant top 20 GO terms of DEGs. The dot size indicates the number of DEGs enriched in the corresponding GO term. Different p-values are indicated 
by dot colors. The rich factor is the ratio of the DEG number to the total number of genes in the GO term. (C and D) Volcano plots of genes included in GO terms for (C) 
keratin filament and (D) keratinization. (E) Representation of DEGs related to the late cornified envelope. 
Abbreviations: SA, salicylic acid; DEGs, differentially expressed genes; LCE, late cornified envelope.
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intermediate filament (GO:0005882), keratin filament (GO:0045095), keratinization (GO:0031424), and lipid metabolic 
process (GO:0006629) (Figure 4B). Similar enrichment results were found in the SA groups of 0.5%, 1%, and 2% on day 
28, which also significantly changed the expression of genes related to keratin filament and keratinization 
(Supplementary Figure 2).

All 85 DEGs which were associated with keratin filament (GO:0045095) were dramatically increased after applying SA 
(Figure 4C). What’s more, SA treatment also upregulated 28 DEGs which were clustered into keratinization (GO:0031424) 
(Figure 4D). And the top 10 genes with the highest p-value were labeled in the respective volcano plots. Notably, SA increased 
the expression of genes associated with the late cornified envelope which is the composition of the cornified envelope and 
involved in keratinocyte differentiation.21 The expression of related genes was shown in Figure 4E. Hence, our results 
revealed that SA influenced the expression of genes linked to keratin filament and keratinization.

Topical SA Upregulated Genes Associated with Skin Barrier
To gain further insight into the SA’s potential impacts on the skin, we selected 15 GO terms associated with the skin 
barrier function (e.g., keratinization, skin development, and sphingolipid biosynthetic process) to compare their propor
tion of associated DEGs on day 14 and 28. As illustrated in the bidirectional bar graph (Figure 5A), there were more 
DEGs enriched in these barrier-related GO terms on day 28, suggesting that SA may have greater effects on the 
epidermal barrier after 28 days of application than after 14 days. For example, as to the establishment of skin barrier 
(GO:0061436), there were 10 DEGs in this term on day 28 and only 3 DEGs on day 14.

Skin barrier function is multifactorial and is dependent on a tightly controlled keratinocyte differentiation process that 
results in keratinization and desquamation.4 We looked at the expression of genes pertaining to the main categories of 
skin barrier molecules. These main categories included:

(i) Cornified envelope formation: filaggrin (Flg), filaggrin family member 2 (Flg2), and loricrin (Lor);
(ii) Filaggrin metabolism: caspase 14 (Casp14) and aspartic peptidase retroviral like 1 (Asprv1);

(iii) Intercellular lipid lamellae formation: ATP-binding cassette sub-family A member 12 (Abca12), fatty acid 
elongase 1 (Elovl1), fatty acid elongase 4 (Elovl4), arachidonate 12-lipoxygenase 12r type (Alox12b), and 
arachidonate lipoxygenase 3 (Aloxe3);

(iv) Desmosome organization: desmoglein 3 (Dsg3), corneodesmosin (Cdsn), junction plakoglobin (Jup), and 
plakophilin 1 (Pkp1);

(v) Tight junction formation: claudin 23 (Cldn23);
(vi) Serine protease: kallikrein 5 (Klk5);

(vii) Antimicrobial peptides: defensin beta 1 (Defb1), defensin beta 6 (Defb6), defensin beta 14 (Defb14), and 
cystatin A (Csta1).

The expression levels for these genes increased in the 5%SA group versus the control group on day 14 or day 28 or 
both (Figure 5B). These results indicated that SA plays a significant role in affecting the epidermal barrier from diverse 
aspects.

Topical SA Treatment Altered the Expression of PPAR Signaling Pathway Associated 
Genes
To investigate the mechanisms of SA on the skin barrier in mice, we performed the GSEA analysis of KEGG pathways. 
On day 14, we discovered that 5%SA had the greatest impacts on the gene expression profiles of inflammatory mediator 
regulation of TRP channels (ko04750), aldosterone synthesis and secretion (ko04925), cGMP-PKG signaling pathway 
(ko04022), calcium signaling pathway (ko04020), ECM-receptor interaction (ko04512), vascular smooth muscle con
traction (ko04270), biosynthesis of unsaturated fatty acids (ko01040), cortisol synthesis and secretion (ko04927), PPAR 
signaling pathway (ko03320), and linoleic acid metabolism (ko00591) (Figure 6A). The enriched KEGG pathways were 
comparable on day 14 after applications of 0.5%, 1%, 2%, and 5%SA (Supplementary Figure 3).
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Figure 5 SA upregulates genes associated with the skin barrier. (A) Barrier-related significantly enriched GO terms between the 5%SA group and the control group. Green 
bars represent day 14, and red bars represent day 28. (B) Barrier biomarkers show greater differential expression across 5% SA vs the control group. 
Abbreviation: SA, salicylic acid.
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Figure 6 KEGG pathway analysis on day 14. (A) Multiple GSEA analysis of the KEGG pathway which achieved the top 10 highest enrichment scores. (B) The volcano plot 
shows the expression of PPAR signaling pathway associated genes. (C) Heatmap of PPAR signaling pathway associated genes between 5%SA and vehicle on day 14. (D) The 
FPKM values of genes associated with the PPAR signaling pathway. (E) The volcano plot shows the expression of cGMP-PKG signaling pathway associated genes. (F) 
Heatmap of cGMP-PKG signaling pathway associated genes between 5%SA and vehicle on day 14. (G) The FPKM values of genes associated with the cGMP-PKG signaling 
pathway. 
Abbreviations: SA, salicylic acid; FPKM, fragments per kilobase million.

Drug Design, Development and Therapy 2023:17                                                                             https://doi.org/10.2147/DDDT.S397541                                                                                                                                                                                                                       

DovePress                                                                                                                       
1603

Dovepress                                                                                                                                                            Zhou et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 7 KEGG pathway analysis on day 28. (A) Multiple GSEA analysis of the KEGG pathway which achieved the top 10 highest enrichment scores. (B) The volcano plot 
shows the expression of PPAR signaling pathway associated genes. (C) Heatmap of PPAR signaling pathway associated genes between 5%SA and vehicle on day 28. (D) The 
FPKM values of genes associated with the PPAR signaling pathway. (E) The volcano plot shows the expression of NOTCH signaling pathway associated genes. (F) Heatmap of 
NOTCH signaling pathway associated genes between 5%SA and vehicle on day 28. (G) The FPKM values of genes associated with the NOTCH signaling pathway. 
Abbreviations: SA, salicylic acid; FPKM, fragments per kilobase million.
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On day 28, the KEGG pathways with the top 10 highest enrichment scores were as follows: PPAR signaling pathway 
(ko03320), spliceosome (ko03040), steroid hormone biosynthesis (ko00140), axon guidance (ko04360), Notch signaling 
pathway (ko04330), retinol metabolism (ko00830), estrogen signaling pathway (ko04915), ribosome biogenesis in 
eukaryotes (ko03008), endocrine resistance (ko01522) and cell cycle (ko04110) (Figure 7A). Applications of 0.5%, 
1%, and 2%SA resulted in similar enrichment results compared with the vehicle group on day 28 (Supplementary 
Figure 3).

Notably, the PPAR signaling pathway was significantly enriched following different concentrations of SA hydrogel 
application for 14 days and 28 days (Figure 7A and B). Peroxisome proliferator-activated receptors (PPARs) are ligand- 
activated nuclear receptors, whose activation is associated with the improvement of the epidermal barrier.22 There were 
12 DEGs of the 5%SA group versus the control group associated with the PPAR signaling pathway on day 14, consisting 
of 11 upregulated genes and 1 downregulated gene (Figure 6B). According to the heatmap and the bar graph, the 
expression of genes related to the PPAR signaling pathway was dramatically changed by 5%SA on day 14 (Figure 6C 
and D). As for 28 days, there were 20 DEGs associated with the PPAR signaling pathway, including 18 upregulated 
genes and 2 downregulated genes (Figure 7B). And the expression of these related genes which varied between the 5% 
SA group and the vehicle group was shown in Figure 7C and D.

We also found that 5%SA affected the gene expression profile of the cGMP-PKG signaling pathway on day 14, 
including 10 upregulated DEGs (Figure 6E). The expression level of these related genes was displayed in Figure 6F and G. 
In addition, the Notch signaling pathway was enriched markedly on day 28, including 3 upregulated DEGs (Figure 7E). In 
the skin, the Notch signaling pathway is a well-established regulator of keratinocyte differentiation that promotes and 
maintains the differentiated state.23 The heatmap and bar graph revealed that the gene expression related to the Notch 
signaling pathway was significantly modulated by 5%SA on day 28 (Figure 7F and G). Taken together, our results 
suggested that SA may enhance the epidermal barrier homeostasis through various pathways.

Discussion
SA is a kind of lipid-soluble organic acid that is widely used in dermatology. Numerous studies have revealed that SA is 
effective for acne vulgaris, rosacea, seborrheic dermatitis, psoriasis,24–27 and solar-induced skin aging.28,29 SA has 
previously been demonstrated to disrupt intercellular cement that is covalently attached to the CE without breaking or 
lysing intracellular keratin filaments.16,20 This property of SA results in the desquamation of the SC, which has the 
potential to impair the epidermal barrier.20 Clinical investigations have already revealed that transepidermal water loss 
(TEWL), a measure of skin barrier impairment, either decreased or showed no statistical difference after 30% supra
molecular SA chemical peeling 4 times with 2-week intervals.12,24 However, there is little research on the safety 
evaluation of long-term consecutive SA application with relatively low concentration and its impacts on the epidermal 
barrier. In our study, we discovered that following topical SA treatment with doses ranging from 0.5% to 5% for 14 days 
and 28 days, there were no prominent alterations in the gross appearance of murine dorsal skin. However, the epidermal 
thickness of the dorsal skin, as determined in the H&E sections, increased after smearing 5%SA for 14 days and returned 
to normal on day 28. Meanwhile, the expression of skin barrier related genes was considerably elevated after the 
application of SA based on RNA-seq, and this is likely to be associated with the activation of the PPAR signaling 
pathway according to the enrichment analysis.

In the study of Reeder et al,19 they evaluated the epidermis’s acute proliferation response to SA therapy at various 
doses using the hairless SKH-1 mouse. For 3.5 weeks, 4, 8, and 10% SA-treated groups showed an increase in epidermal 
thickness, which was accompanied by a dose-dependent rise in epidermal proliferation as determined by BrdU staining. 
These findings are in agreement with other studies.30,31 Other researchers, however, have not seen a rise in cell division 
after SA therapy.20,32 And an anti-hyperplastic effect of SA was noticed in animal models with pathological proliferation 
as well.33,34 The reason for this discrepancy is still not clear. In our study, the temporal epidermal thickness might be 
ascribed to keratinocytes proliferation irritated by 5%SA, which was verified by Ki67 staining. This indicated that there 
may exist transitory perturbation of the skin barrier because early research connected the exfoliation process to moderate 
inflammation and injury.20,35 Nonetheless, the anti-inflammatory property of SA is well-known,36 therefore, the effects of 
SA on epidermal proliferation still need to be further studied.
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The previous study reported that incomplete expression of Flg and Ivl in UVB-irradiated mice skin was improved 
after the application of SA and immature CEs were replaced with mature CEs after 4 weeks of SA treatment in photo- 
exposed human facial skin.37 According to our findings, following the SA application, Flg, Lor, and Lce, which are all 
components of the CE,7 showed significantly higher expression levels compared with vehicle groups. What’s more, we 
discovered that there was a dose-dependent elevation in the expression of Asprv1 and Casp14, which are linked to the 
process of filaggrin metabolism and NMFs production.3 It is reported that mutations in Asprv1 contribute to dominantly 
inherited ichthyosis38 and patients with psoriasis39 and AD40 have lower expression level of Casp14. Furthermore, 
Geertrui et al41 found that the epidermis of caspase-14-deficient mice exhibited reduced skin-hydration levels, increased 
water loss, and vulnerability to UVB photodamage. Therefore, it is conceivable that SA enhances epidermal permeability 
homeostasis by encouraging CE formation and NMFs production. However, further analysis is still required to determine 
whether the induction of filaggrin-degrading enzymes occurred as a consequence of the up-modulation of filaggrin 
expression.

The cohesion between adjacent corneocytes, which is facilitated by intercellular junction apparatus and lipids, plays 
an imperative role in the epidermal defensive function.42,43 The expression of epidermal junction proteins, which support 
intercellular bonds to establish intact morphogenesis,44 was modulated in murine models in the presence of SA. 
A comparative ultrastructural study has shown that hydroxy acids targeted the central desmosomes in the SC, resulting 
in reduced coherence between corneocytes and excessive desquamation.45 In the current study, mRNA levels for 
desmosome apparatus components (Dsg3, Cdsn, Jup, Pkp1) and tight junction components (Cldn23) were prominently 
elevated after topical treatment of SA in comparison to controls. What’s more, mRNA levels for Klk5, which catalyzes 
the degradation of junction proteins and is believed to be the cascade initiator of desquamation,46 increased remarkably 
as well. Therefore, it is possible that SA accelerates the decomposition of epidermal junction proteins by raising Klk 
expression, which then likely causes an increase in the synthesis of junction components as a result of negative feedback. 
Besides, in the transition from the stratum granulosum to the SC, a series of lipids (ceramides, cholesterol, and free fatty 
acids) are generated, stored in the lamellar bodies (LB), and released into the extracellular space.42 Some of these 
intercellular lipids are covalently bound to the CE components and form the corneocyte lipid envelope (CLE), which 
contributes to the generation of an intact barrier.47 In the current study, Elovl1, Elovl4, Alox12b, Aloxe3, and Abca12, 
which are essential to lipid synthesis and transport,48 increased significantly following SA treatment based on RNA-seq 
data. Similarly, T-H. Kim et al49 found that a 2-week application of 5% α-hydroxy acid enhanced the number and 
secretion of the LB in the epidermis without increasing TEWL. Nevertheless, due to its potent lipophilic properties, SA 
can easily penetrate into the intercellular spaces of the epidermis and destroy the CLE.20,50 Therefore, it still needs to be 
affirmed whether the synthesis of intercellular lipids that SA induced can be formed in a proper structure.

AMPs are crucial and multifunctional components for the skin’s immunological defense against infection and 
damage. They take part in many different activities, including direct microbial killing, chemotaxis, altering inflammatory 
responses, angiogenesis, and wound healing.51 The process of AMPs induction is significantly reduced in AD patients’ 
lesional skin, which results in the diminished antimicrobial barrier correlated with increased susceptibility to microbial 
superinfections.52 Topical urea, which is known to enhance the SC hydration, has been shown to elevate AMPs 
expression levels together with increased barrier function determined by reduced TEWL.53 And the present study 
revealed that topical SA caused a marked elevation in murine epidermal β-defensins mRNA expression, suggesting 
that it may be conducible to enhancing the antibacterial capacity of the skin.

PPAR signaling pathway, which is involved in a variety of biological activities throughout the body, has been well 
demonstrated to have associations with the improvement of the skin barrier, and it is mainly mediated by promoting 
keratinocyte differentiation,54 epidermal lipids synthesis, and lipid trafficking processes.55,56 It is reported that topical 
administration of PPAR activators to normal murine skin did not affect baseline TEWL.57 While after acute disruption of 
the permeability barrier, recovery of permeability barrier function was hastened in animals treated with PPAR agonists 
topically.57,58 What’s more, 5-aminosalicylic acid (5-ASA), a derivative of SA, is a medication frequently used in the 
management of inflammatory bowel disease. It is confirmed that 5-ASA could exert anti-inflammatory,59 and anti- 
proliferation effects60 and restrict dysbiotic Escherichia coli expansion by activating PPAR signaling in the intestinal 
epithelium.61 As shown in our KEGG enrichment analysis results, SA with various concentrations modulated the gene 
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expression profiles of the PPAR signaling pathway, suggesting that SA treatment may improve the epidermal barrier and 
serve an anti-inflammatory role by triggering the PPAR pathway.

There are still some limitations in our study, for example, protein levels and enzyme activities were not assessed. And 
SA was solely applied to normal animal skin, without examining the impacts on the epidermal barrier in animal models 
with the disturbed barrier. Additionally, the anti-inflammatory mechanisms of SA in the inflammation model as well as in 
clinical patients are worth future investigation.

Conclusion
In summary, we discovered that the topical application of 0.5–5%SA for 14 or 28 days did not induce damage in normal 
murine skin based on gross appearance and histological examination. Furthermore, the transcriptomic results revealed 
that the expression of skin barrier related genes was considerably increased following the application of 5%SA which 
may be attributed to the activation of the PPAR signaling pathway. Thus, the supramolecular SA hydrogel with 
a concentration of up to 5% is safe for prolonged topical administration without impairing skin barrier homeostasis in 
murine models and has the potential to become a preventive or therapeutic approach for the treatment of dermatoses 
accompanied by barrier abnormalities.
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