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Introduction: Environmental factors, including humidity, affect cutaneous functions. The influences of low humidity on epidermal 
gene expression and whether an emollient can attenuate its effects are unknown.
Methods: We employed RNAseq technique to analyze epidermal gene expression in mice exposed to low humidity (15%) with or 
without topical treatment with an emollient (Dr. Yu Skin Barrier Repair Cream®) for 6 months. Mice maintained in normal humidity 
(55±5%) served as normal controls.
Results: Exposure of mice to low humidity down-regulated 159 genes and upregulated 105 genes in the epidermis. Topical 
applications of the emollient upregulated 195 genes and downregulated 280 genes in mice exposed to low humidity. Low humidity 
primarily downregulated genes associated with interaction between viral proteins and cytokines, and cytokine-cytokine interaction 
pathways, while upregulating genes associated with IL-17 and TNF signaling pathways. Topical emollient upregulated signaling 
pathways associated with fatty acid elongation, peroxisome proliferator-activated receptors (PPAR) and fatty acid metabolism in mice 
exposed to low humidity, while down-regulated genes were associated with inflammation.
Conclusion: These results demonstrate that low humidity alters epidermal gene expression, and topical emollient regulates epidermal 
gene expression in mice exposed to low humidity, providing a rationale for utility of emollients in low-humidity environment and the 
management of dry skin.
Keywords: environment, humidity, epidermis, emollient, RNA sequencing, cytokines

Introduction
A number of environmental factors can influence epidermal functions. Alteration in epidermal function can be 
reflected in the changes in epidermal biophysical properties. Previous studies showed that sun-exposure can induce 
dose- and gender-dependent changes in stratum corneum hydration levels and transepidermal water loss rates 
(TEWL).1,2 Air pollution is another common factor negatively impacting epidermal functions. Air pollution can 
trigger and accelerate skin aging and some skin disorders such as atopic dermatitis and psoriasis.3–5 Likewise, 
exposure of skin to particulate matter for 24 hours increases the production of proinflammatory cytokines such as 
IL-1α and IL-8 in vitro, likely via induction of reactive oxygen species, which activate inflammasome.6–8 Moreover, 
several studies have demonstrated that particulate matter regulates multiple epidermal functions, including increases in 
epidermal permeability, decreases in expression levels of differentiation marker-related proteins, as well as reductions 
in keratinocyte proliferation in vivo and in vitro.9,10 Importantly, the levels of urocanic acid (UCA) and cis/trans-UCA, 
the products of filaggrin degradation, in the stratum corneum reversely correlate with levels of air PM2.5.10 

Furthermore, environmental temperature also affects epidermal function. Previous studies showed that epidermal 
permeability barrier recovery is accelerated at temperature ranged 36°C to 40°C by activation of transient receptor 
potential receptor 4, while temperature at either 34°C or 42°C delayed barrier recovery.11 Immersion of hand to either 
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cold (11.13°C) or hot water (41.29 oC) for 10 minutes significantly increases both TEWL and skin surface pH. 
Exposure of skin to cold water also increases stratum corneum hydration levels.12 Although exposure of intact skin to 
4°C does not alter basal TEWL,12 exposure of barrier-disrupted skin to ice for 3.5 hours markedly increased TEWL.13 

Correspondingly, working in low temperature environment (fish processing) increases TEWL along with reduction in 
stratum corneum hydration levels.14,15 Collectively, this line of evidence indicates the regulatory role of environmental 
factors in epidermal functions.

In addition, humidity also affects epidermal function. When relative humidity is under 50%, the water content in the 
stratum corneum will be less than 10%, causing decreases in skin softness and pliability.16 Dry skin, an indicator of 
reduced stratum corneum hydration, is a common phenomenon in dry environment. Denda et al showed that exposure of 
mice to low humidity (relative humidity<10%) for 2 weeks increases stratum corneum lipid content and decreases 
TEWL,17 while exposure of mice to low humidity (relative humidity<10%), not high humidity (relative humidity>80%), 
for 48 hours increases epidermal DNA synthesis, which can be attenuated by topical application of either glycerol or 
petrolatum.18 Forty-eight hours prior to and after barrier disruption, keeping mice in low humidity environment enhances 
epidermal hyperplasia, accompanied by increases in density of mast cells in the dermis.18 Moreover, transferring mice 
from high humidity (relative humidity>80%), not normal humidity (relative humidity 40–70%), to low humidity 
environment for 2 days increases TEWL by 6- to 7-fold, while lowering stratum corneum hydration levels.19 In humans, 
working 12 hours daily in the environment at relative humidity of 1.5% for 2 weeks significantly lowers both TEWL and 
stratum corneum hydration levels.20 Furthermore, studies showed a higher prevalence of pruritus and atopic dermatitis in 
subjects working in low humidity than in normal humidity environment.21,22 However, the impacts of low humidity on 
epidermal gene expression have not been elucidated yet. Additionally, because of the adverse impact of low humidity on 
skin, emollients are often used to improve skin condition, including lowering cytokine levels in the epidermis.23 

However, the influences of low humidity on epidermal gene expression and whether an emollient can attenuate its 
effects are unknown. In the present study, we performed RNA sequencing to elucidate gene expression profile in mice 
exposed to low humidity with or without emollient treatments.

Materials and Methods
Animals
The body’s functions are optimal in young individuals, where a remarkable changes in gene expression may not be easily 
observed upon exposure to low humidity. In humans, the epidermal function such as stratum corneum hydration levels 
declines at age of ≈50 years,24 which is about 12-month-old in mice.25 Therefore, 12-month-old mice were used in this 
study. Female C57BL/6J mice were purchased from and housed at Guangdong Medical Laboratory Animal Center, 
China. One group of mice (n=6) was housed in a humidity chamber at temperature of 22 ± 1°C and relative humidity of 
55 ± 5%, while another group of mice (n=11) was kept in a humidity chamber at temperature of 22°C and relative 
humidity of 15% for 6 months. Mice exposed to low humidity were divided into two groups, ie, a. both flanks were 
treated topically with emollient (n=6) twice daily, and b. untreated controls (n=5). Since Dr. Yu Skin Barrier Repair 
Cream®, containing Olea europaea (olive) fruit oil, Carthamus tinctorius (safflower) seed oil, Butyrospermum parkii 
(shea butter), Persea gratissima (avocado) oil, and Oryza sativa (rice) bran oil (Jahwa United Co. Shanghai, China) has 
shown good efficacy and safety in improving stratum corneum hydration,26,27 we chose it in our study. The cream was 
applied to both flanks with an index finger. Throughout the experiment, the hair was shaved as needed with an electric 
clipper. After 6 months, mice were euthanized with overdose isoflurane, followed by cervical dislocation. Afterward, skin 
samples were collected from both flanks of the mice, followed by heat separation of the epidermis from the dermis, as 
described previously.28 Briefly, the subcutaneous tissue was removed with a surgical scalpel, followed by placing the skin 
on a Petri dish with dermal side facing down. The Petri dish was then transferred to a water bath and incubated at 60°C 
for 60 seconds. Afterward, the epidermis was collected by scraping the epidermis with a surgical scalpel. This study was 
approved by the ethics committee of Guangdong Medical Laboratory Animal Center (D202410-2). All animal procedures 
followed the guidelines for the ethical review of laboratory animal welfare People’s Republic of China National Standard 
GB/T 35892-2018.
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Total RNA Extraction
The epidermis was homogenized with IKA T10 homogenizer in cold. According to the manufacturer’s instruction, total 
RNA was extracted from the epidermis using Trizol (Thermo Fisher Scientific, USA, Lot:252612) Plus RNeasy mini kits 
(Qiagen, Germany; Lot:166012799). RNA concentration and purity were assessed using a Nano Drop and Agilent 2100 
bioanalyzer (Thermo Fisher Scientific, MA, USA).

mRNA Library Construction and Sequencing
About 1 µg of total RNA was incubated with oligo(dT) magnetic beads to bind polyadenylated mRNA. After washing, the 
purified mRNA was eluted from the beads. The enriched mRNA was fragmented at 94°C for 15 minutes in the presence of 
divalent cations to generate fragments of approximately 200–300 nucleotides. First-strand cDNA synthesis was then performed 
using random hexamer primers and ProtoScript II Reverse Transcriptase. A second-strand cDNA was synthesized using 
a master mix containing dUTP in place of dTTP, followed by incubation with A-Tailing Mix and RNA Index Adapters to end 
repair. Afterwards, PCR was used to amplify cDNA fragments obtained from previous step, and PCR products were purified 
with Ampure XP Beads, and dissolved in EB solution. Agilent Technologies 2100 bioanalyzer was used to assess the quality 
and size distribution of the prepared libraries. The double stranded PCR products from previous step were denatured by heat 
and circularized by the splint oligo sequence. The single strand circle DNA was formatted as the final library. The final library 
was amplified with phi29 to make DNA nanoball containing more than 300 copies per molecule. DNA nanoballs were loaded 
into the patterned nanoarray and single-end 50 base reads were read through on BGIseq500 platform (BGI-Shenzhen, China).

Analysis of RNA-Seq Data
SOAPnuke (v1.5.2) was used to filter the sequencing data, including a. removal of reads with sequencing adapter; 
b. removal of reads with low-quality base ratio (base quality less than or equal to 5) >20%; c. removal of reads with 
unknown base (“N” base) ratio >5%.29 Afterwards, clean reads were stored in FASTQ format. The clean reads were 
mapped onto the current Mus musculus genome (GCF_000001635.26_GRCm38.p6) using HISAT2 (v2.0.4).30 Bowtie2 
(v2.2.5) was used to align the clean reads to the reference coding gene set.31 A software package, RSEM (v1.2.12), was 
used to calculate the expression levels of genes.32

Identification of Differentially Expressed Genes (DEGs)
Differentially expressed genes between the groups were determined using the Bioconductor package DESeq2 (v1.4.5).33 

Genes with Q value ≤0.05 were defined as differentially expressed genes. | log2(Fold change) |≥1 in comparison was set 
as the threshold for significantly differentially expressed genes. The software ClustVis 2.0 (https://biit.cs.ut.ee/clustvis/) 
was used to create graphs of heatmap and principal component analysis (PCA) plots. Read counts were normalized using 
the median-of-ratios method in DESeq2. Since the samples were from the same batch of experiments, the data were 
unlikely to be affected by batch effects. No batch effect correction was performed.

Functional Enrichment Analysis of DEGs
In order to reveal the functional significances of DEGs, we performed GO (http://www.geneontology.org/) and KEGG (https:// 
www.kegg.jp/) enrichment analysis of annotated differentially expressed genes using Phyper (https://en.wikipedia.org/wiki/ 
Hypergeometric_distribution) based on Hypergeometric test. Based on physiological roles and functions, pathways and terms 
were grouped into different categories. The enrichment of up- and down-regulated genes was separately analyzed. The 
significant levels of pathways and terms were corrected by a false discovery rate (FDR) adjusted P value (Q value) with 
a threshold of Q value ≤0.05 by Bonferroni.34 Only those GO terms and KEGG pathways with Q value ≤0.05 were defined as 
significant ones.
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Results
Epidermal Gene Expression in Mice Exposed to Low Humidity with or without 
Emollient Treatment
We first assessed whether exposure of mice to low humidity can alter epidermal gene expression. Indeed, exposure of 
mice to low humidity for 6 months altered a whole panel of epidermal gene expression compared to mice living in 
normal humidity environment (Figure 1). To overview the variance of gene expression among the groups, we performed 
principal component (PC) analysis. As seen in Figure 2, PC1 and PC2 explained 44.5% and 11.4% of the total variance, 
respectively, totaling 55.9% of variance. No significant batch effects were observed in the principal component analysis.

Then we identified differentially expressed genes (DEG) (|log2 fold change| ≥1.0, Q value<0.05) between the groups. 
Overall, there were 264 DEGs, including 105 upregulated and 159 downregulated genes, in mice exposed to low 
humidity vs those living in normal humidity environment, and 195 upregulated and 280 downregulated genes in mice 
exposed to low humidity with vs without treatment with emollient (Figure 3). Interestingly, treatments with emollient 
could partially reverse the changes in expression levels of some genes altered by low humidity (Figure S1). For example, 
low humidity markedly upregulatthe expressionion of serum amyloid A2 (saa2) (log2 4.8-fold increase vs normal, 
Q=0.001381), which is linked to inflammation. Treatments with emollient downregulated saa2 expression (log2 5-fold 
decrease vs low humidity alone, Q<0.001). Similarly, low humidity upregulated expression levels of Gm5414 (log2 
3.2-fold increase vs normal). Topical emollient downregulated this gene (log2 2.3-fold decrease vs low humidity alone). 
In contrast, low humidity downregulated expression levels of serpinb1c (log2 1.9-fold decrease vs normal), while topical 
emollient treatment upregulated serpinb1c expression (log2 2.8-fold increase vs low humidity alone). Consistent with 
previous studies,35 the present study demonstrated that low humidity increased expression levels of inflammatory 
cytokines (such as CXCL1, CXCL13, IL-1β, IL-6, IL-24). Topical emollient markedly downregulated the expression 
of these cytokines in mice exposed to low humidity. Another worth noting finding was the increase in epidermal very- 

Figure 1 Heatmap of gene expression. N1-N6 represent date of samples from mice without any treatment and were housed in normal humidity environment; LH1-LH5 
show data of samples from mice exposed to low humidity; LH+E1 – LH+E6 are data of samples from mice exposed to low humidity and treated with emollient.
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long-chain fatty acid elongase 3 (Elovl3) in emollient treated mice (log2=2 fold vs low humidity alone, Q<0.0001). 
Elovl3 is involved in the synthesis of long chain fatty acid, a key component for epidermal permeability barrier.36 

Moreover, emollient upregulated expression of acyl-CoA:diacylglycerol acyltransferase gene 1 (DGAT1) (log2=1.4 fold 
vs low humidity alone, Q<0.0001). Taken together, these results demonstrate that topical emollient can partially reverse 
some epidermal gene expression that are altered by low humidity.

Functional and Pathway Enrichment Analyses of DEGs
To reveal the functional significance of DEGs in the epidermis of mice exposed to low humidity, we performed gene 
ontology (GO) analysis. As seen in Figure 4a, low humidity prominently downregulated genes enriched in regulation of 
transcription and melanin metabolism in comparison to normal controls. Treatments with emollient upregulated genes 
enriched in lipid and sterol biosynthesis in mice exposed to low humidity (Figure 4a). Among the significantly down
regulated genes, the numbers of genes enriched in regulation of transcription and immune response process were 25 and 
11, respectively (Figure 4a). Topical emollient increased expression of 32 genes associated with lipid metabolism. Low 
humidity upregulated genes mainly enriched in GO terms of keratinization (15 genes, rich ratio=0.2459) and keratinocyte 
differentiation (9 genes, rich ratio=0.12) (Figure 4b). Whereas, topical emollient downregulated genes enriched in GO 
terms of keratinization (18 genes, rich ratio=0.295) and keratinocyte differentiation (15 genes, rich ratio=0.2) in mice 
exposed to low humidity. Moreover, topical emollient also downregulated genes enriched in inflammation and immune 
response, including inflammatory response (28 genes, rich ratio=0.074) and immune system process (27 genes, rich 
ratio=0.0515) in the epidermis of mice exposed to low humidity.

We analyzed next the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of DEGs. In comparison to 
normal controls, low humidity downregulated genes associated with signaling pathways of viral protein interaction with 
cytokine-cytokine receptor (7 genes, rich ratio=0.074468), cytokine-cytokine receptor interaction (11 genes, rich 
ratio=0.037801), and herpes simplex virus 1 infection (19 genes, rich ratio=0.042222) (Figure 5a). Treatments with 
emollient significantly upregulated genes enriched in the signaling pathways associated with retinol metabolism (9 genes, 
rich ratio=0.092784), peroxisome proliferator-activated receptor (PPAR) (6 genes, rich ratio=0.067416) and fatty acid 

Figure 2 The results of the principal component analysis. (N) Mice without any treatment were housed in normal humidity environment; LH: Mice were exposed to low 
humidity; Emollient: Mice were exposed to low humidity and treated with emollient.
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metabolism (15 genes, rich ratio=0.086207) in the epidermis of mice exposed to low humidity. Additionally, low 
humidity-upregulated genes were mainly enriched in the signaling pathways linked to IL-17 (11 genes, rich 
ratio=0.120879), TNF (8 genes, rich ratio=0.070796) and cytokine-cytokine receptor (6 genes, rich ratio=0.020619) 
signaling pathways (Figure 5b). Interestingly, treatment with emollient downregulated genes enriched in the signaling 
pathways linked to inflammatory response, which were upregulated by low humidity. For example, emollient down
regulated 17 genes associated with IL-17 signaling pathway in the mouse epidermis exposed to low humidity (Figure 5b). 
These results indicate that low humidity regulates epidermal gene expression, which can be partially reversed by topical 
emollient, in mice, suggesting the importance of emollient in maintaining epidermal functions in low humidity 
environment.

Discussion
Although emollients have been widely used in the management of various cutaneous conditions, influences of emollients 
on epidermal gene expression are poorly understood. We show here that topical applications of an emollient regulated 
a number of gene expression in mice exposed to low humidity. In agreement with previous findings that topical 

Figure 3 Differentially Expressed Genes in the Epidermis of Mice Exposed to Low Humidity. Significantly and differentially expressed genes (DEGs) are defines as those 
genes with log2 ≥1-fold changes and Q≤0.05. (a) Volcano plot of DEGs in mice exposed to low humidity (LH) vs normal controls; (b) Volcano plot of DEGs in mice exposed 
to LH-treated with vs without treatment with the cream; (c) Venn diagram of DEGs in each group. N=6 for normal control and emollient-treated group; N=5 for low 
humidity group. 
Abbreviation: LH, low humidity.
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Figure 4 GO Analyses of Low Humidity-Induced Changes in Epidermal Gene Expression. (a) Gene ontology (GO) analysis of genes downregulated by low humidity 
compared to normal controls and genes upregulated by emollient; (b) Genes upregulated by low humidity compared to normal controls and genes downregulated by 
emollient. Q value <0.05 for all. 
Abbreviations: RTK, Receptor tyrosine kinase; CTE, Cysteins-type endopeptidase; AMP, Antimicrobial peptide; VEGF, Vascular endothelial growth factor.
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Figure 5 KEGG Anayses of Changes in Epidermal Gene Expression. (a) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that are significantly downregulated 
by low humidity and upregulated by emollient in mice exposed to low humidity; (b) KEGG pathways that are significantly upregulated by low humidity and downregulated by 
emollient in mice exposure to low humidity. Q value <0.05 for all. 
Abbreviation: C/C, Cytokine and cytokine.
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applications of an emollient improve cutaneous inflammation, stratum hydration and epidermal permeability barrier in 
several skin conditions such as psoriasis, atopic dermatitis, chronic eczema, and pruritus hiemalis,26,27 we show here that 
topical application of the emollient markedly upregulated PPAR pathway in mice exposed to low humidity. Other worth 
noting KEGG pathways upregulated by topical emollient were terpenoid backbone biosynthesis and fatty acid elongation 
with rich ratios of 0.21 (Q<0.001) and 0.1 (Q<0.05), respectively. PPAR, terpenoid backbone biosynthesis and fatty acid 
elongation are involved in epidermal lipid synthesis, a requirement for epidermal permeability barrier function. In 
addition, emollient upregulated expression of Dgat1, a key enzyme in triglyceride synthesis,37 while triglyceride can be 
hydrolyzed to glycerol. The latter enhances the stratum corneum hydration and epidermal permeability barrier 
function.38,39 The underlying mechanisms by which topical emollient regulate epidermal gene expression are not clear. 
It is possible that the linoleic acid enriched ingredients such as avocado oil in the cream contribute to the upregulation of 
PPAR signaling pathway. Previous studies demonstrated that activation of PPAR increases epidermal lipid synthesis, 
while inhibiting cutaneous inflammation.40,41 Hence, topical applications of this emollient upregulated PPAR signaling, 
leading to downregulation of expression of genes related to inflammation, upregulation of epidermal lipid production and 
differentiation in mice exposed to low humidity. Of course, emollient-induced elevations in stratum corneum hydration 
can also contribute to downregulation of inflammation-related signaling pathways. However, whether other moisturizers 
have effects comparable to the one used in the present study remains unknown. Nonetheless, the present study clearly 
shows that low humidity alters epidermal gene expression, which can be partially reversed by topical emollient in mice. 
Since the activation of PPAR can enhance the epidermal permeability barrier and stratum corneum hydration, while 
inhibiting inflammation, emollients containing PPAR activators, such as fatty acids, may be a valuable addition to the 
management of certain skin conditions, including seasonal dry skin.

Previous studies showed that exposure of mice to low humidity increases inflammatory infiltrates and mast cell 
degranulation.18 Similarly, epidermal cytokine levels in humans are increased in dry environment.22 However, the 
transcriptional basis for these changes is not clear. We demonstrate here that low humidity increased expression levels 
of a number of genes enriched in the signaling pathways associated with inflammation in mice. The most noticeable 
signaling pathways upregulated by low humidity were IL-17 and TNF, providing a transcriptional basis for cutaneous 
inflammation in dry environment. Other signaling pathways, including cytokine-cytokine interaction, IL-17 cell differ
entiation and cytosolic DNA-sensing pathways, were also markedly upregulated by low humidity. Among these 
upregulated pathways, IL-17 pathway is particularly clinically relevant to psoriasis, which often relapses in dry seasons 
such as winter and spring.42,43 Although low temperature can increase the risk for psoriasis,43,44 temperature unlikely 
accounts for the increased expression of inflammation-related genes in mice exposed to low humidity because the 
temperature was the same among those mice. Instead, low humidity can be the major contributor to the changes in 
epidermal gene expression, including inflammatory response-related genes, again providing a transcriptional basis for 
onset and/exacerbation of psoriasis in low humidity seasons. Thus, improvements in epidermal functions, including 
stratum corneum hydration levels, can mitigate inflammatory dermatoses such as psoriasis. This assumption is supported 
by the evidence that a. more systemic and biologic treatments are deployed to treat psoriasis in spring, a low humidity 
season;45 b. topical emollient downregulated expression levels of a number of immune-related genes as shown here and 
inflammatory infiltrates in mice exposed to low humidity18 and c. topical emollient prevents the development of 
psoriasis.46–48 Moreover, low humidity decreases stratum corneum hydration levels,49 which negatively correlates with 
serum levels of pro-inflammatory cytokines in humans.50 Chronic inflammation is linked to the pathogenesis of some 
systemic disorders, including obesity, cardiovascular disease, type 2 diabetes and neural disorders.51 Accordingly, topical 
emollient lowers serum levels of proinflammatory cytokines in aged humans and mice, and mRNA levels for proin
flammatory cytokines in the mouse skin.52,53 Hence, improvement in stratum corneum hydration can downregulate 
expression of inflammation-related genes in the epidermis, possibly leading to mitigation of some inflammation- 
associated systemic disorders. The results of the present study also suggest that the underlying mechanisms by which 
topical emollients ameliorate pruritus hiemalis may involve the downregulation of inflammatory pathways.

In summary, low humidity alters epidermal gene expression in mice, including significant upregulation of serum 
amyloid A2, Gm5414, and proinflammatory cytokines while down-regulating serpinb1c gene. Topical applications of an 
emollient can partially reverse low humidity-induced changes in expression levels of some epidermal genes. Moreover, 
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topical emollient significantly upregulates Elovl3 and DGAT1 expression, likely via activation of PPAR. The findings of 
the present study suggest that utilizing ingredients that target PPAR in emollients can be a valuable approach in managing 
skin conditions characterized by dry skin and inflammation. However, whether other emollients can also regulate 
epidermal gene expression remains to be elucidated. In addition, further studies are needed to determine the functional 
significance of low humidity-induced changes in epidermal gene expression with/without emollient.

Data Sharing Statement
Data are deposited in Science Data Bank, entitled “Low humidity regulates gene expression” (https://www.scidb.cn/en/ 
datalist), with free access.
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