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Abstract: Chronic exposure to solar ultraviolet (UV) radiation induces changes to the expression of hundreds of genes in the skin and modulates cellular signal-
ing pathways that alter its structure, function and appearance. To counter these effects, we have developed a 3-in-1 night facial serum (3-in-1 NFS) comprising 
melatonin, bakuchiol and ascorbyl tetraisopalmitate that is designed to attenuate UV-generated free radicals and support new collagen synthesis. In order to better 
define its mechanism of action and gain insight into how it might influence the biology of photoaged skin, we performed a transcriptomic analysis of ex vivo skin ex-
plants that had been exposed to UV light and treated with 3-in-1 NFS each day for 4 consecutive days. Differentially expressed mRNAs and microRNAs (miRNA) 
were identified by RNA sequencing and a miRNA interactome was developed. Pathway enrichment analysis was performed to identify pathways likely modulated 
by 3-in-1 NFS. Our analysis revealed that the combination of active ingredients in 3-in-1 NFS exerted a synergistic effect on skin biology and modulated the ex-
pression of genes implicated in the regulation of collagen biosynthesis, angiogenesis, skin barrier function and cellular metabolism. Pathway analysis indicated that 
these events are driven by Hypoxia-Inducible Factor 1α (HIF-1α) whose expression in UV-exposed skin was partially restored upon 3-in-1 NFS treatment. To our 
knowledge, 3-in-1 NFS is the first non-drug demonstrated to act upon this pathway in the skin.
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Introduction

With age, skin gradually loses its structural and mor-
phological integrity and its function begins to decline. 
This chronic deterioration is enhanced by the cumula-
tive action of various chemical, environmental and me-
chanical insults. Solar ultraviolet (UV) radiation is espe-
cially detrimental, causing skin to lose its elasticity and 
become deeply wrinkled and leathery in appearance (1). 
These changes are principally driven by UV-generated 
reactive oxygen species (ROS) that overwhelm skin’s 
natural antioxidant defense mechanisms and cause dam-
age to cellular proteins, lipids and DNA (1).

Since photoaging is principally the result of oxida-
tive damage by ROS, antioxidants have formed the cor-
nerstone of anti-photoaging treatments and numerous 
antioxidants and phytochemicals have been tested for 
their ability to limit or prevent ROS-induced damage. 
When two or more antioxidants with different mecha-
nisms of actions are combined, antioxidants can syn-
ergize and produce better antioxidant activity than the 
sum of the antioxidants in isolation (2). To this end, 
we have developed a night facial serum (3-in-1 NFS) 
designed to prevent and repair the damaging effects of 
UVR. 3-in-1 NFS combines a direct free radical scaven-
ger (the stable vitamin C derivative ascorbyl tetraisopal-
mitate) (3,4) with an indirect antioxidant that stimulates 
antioxidative gene expression (melatonin [5-Acetyl-

5-methoxytryptamine]) (5,6), and a phytophenol (baku-
chiol [4-[(1E,3S)-3-Ethenyl-3,7-dimethyl-1,6-octadien-
1-yl]phenol]) that not only possesses direct and indirect 
antioxidant activity (7–9) but possesses retinol-like ac-
tivity and induces collagen expression (7). 

In clinical studies 3-in-1 NFS proved to be well-tol-
erated and reduced facial skin wrinkles and improved its 
barrier properties (10). Therefore, in an effort to identify 
its mechanism of action and better understand how it 
positively impacts skin biology, we performed a global 
transcriptomic profiling of UV-exposed human skin ex-
plants following the application of 3-in-1 NFS.

Materials and Methods

Human ex vivo skin explants
Two abdominal skin explants (NativeSkin®), gener-

ated from the same donor (healthy Caucasian female, 32 
years of age, Fitzpatrick Type II), were purchased from 
Genoskin (Toulouse, France). Donor skin had not been 
exposed to sun radiation for at least 2 months prior to 
harvesting. Explants were placed in 6-well culture plates 
containing Dedicated Culture Medium (Genoskin, Tou-
louse, France) and maintained at 37°C, 5% CO2, 95% 
humidity. 

UV exposure
Skin explants were irradiated at 12.5 J/cm2 UVA and 
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50 mJ/cm2 UVB each day for 4 consecutive days us-
ing an Actinic BL TL-K 40W/10-R UVA lamp (Philips, 
Amsterdam, Netherlands) and UV-B Narrowband PL-L/
PL-S lamp (Philips, Amsterdam, Netherlands). Time of 
exposure, UV dose and UV spectrum had been estab-
lished previously. After 4 consecutive days, untreated 
skin exposed to a cumulative dose of 50 J/cm2 UVA and 
200 mJ/cm2 UVB presented with clear epidermal and 
dermal alterations (sunburn cell formation, epidermal 
thickening, melanin accumulation, dermal-epidermal 
junction flattening and collagen fragmentation) with no 
loss of viability (data not shown).

Anti-aging treatment
Treatment groups included 3-in-1 NFS and each 

of its components (vehicle, melatonin, bakuchiol and 
ATIP). Melatonin, bakuchiol and ATIP were used at 
the same concentrations as those in 3-in-1 NFS and in 
the same vehicle (vehicle composition: Caprylic/Capric 
Triglyceride, Dicaprylyl Carbonate, Squalane, Alcohol 
Denat., Caprylyl Glycol, 1,2-Hexanediol, PEG-8; Aqua, 
Tocopherol, Ascorbyl Palmitate, Citric Acid, Ascorbic 
Acid). 

Briefly, 10 µl of each test item was applied to the 
surface of NativeSkin® units 1h after irradiation on 
4 consecutive days. Before each application, a cotton 
swab was used to remove the previous day’s treatment 
and the surface of the explant washed twice with PBS. 
Following the fourth UV-treatment cycle, formulations 
were left on the surface of the skin for 2 hours before the 
skin was removed from the matrix and the samples fixed 
in formalin or frozen in liquid nitrogen. 

RNA extraction
Total RNA was extracted using the mirVana™ miR-

NA isolation kit (Invitrogen, Grand Island, NY) accord-
ing to the manufacturer’s instructions. RIN values >9.5 
were deemed acceptable for subsequent analysis.

RNA library preparation
RNA libraries were generated using TruSeq® 

Stranded mRNA Sample Preparation Kit (Illumina, San 
Diego, CA) according to the manufacturer’s instruc-
tions. cDNA libraries were prepared from 1 µg total 
RNA using TruSeq Stranded mRNA (Illumina, San Di-
ego, CA) and TruSeq RNA Single Indexes Set A (Illu-
mina, San Diego, CA) according to the manufacturer’s 
instructions. 

Small-RNA library preparation
Small-RNA libraries were prepared using the NEXT-

FLEX® Small RNA-Seq kit v3 for Illumina Platforms 
(Bioo Scientific, Austin, TX) following the manufac-
turer’s protocol. Size selection was performed using the 
Sage Pippin Prep System (Sage Science, Beverly, MA) 
and 3% Agarose Gel Cassettes (Sage Science, Beverly, 
MA). 

Sequencing 
RNA and small-RNA libraries were sequenced on an 

Illumina NextSeq 550 (Illumina, San Diego, CA) using 
the NextSeq 500/550 High Output Kit v2 (Illumina, San 
Diego, CA) according to the manufacturer’s instruc-
tions. Sequenced raw data was loaded onto BaseSpace 

(Illumina, San Diego, CA) for subsequent data process-
ing. 

Bioinformatics and biostatistics
Sequence reads were trimmed to remove sequencing 

adapters and low-quality bases, using Cutadapt v.1.10 
(11). Data was then mapped against the Ensembl hu-
man reference genome (build GRCh38) with miRNA 
coordinates taken from miRBase v.21 (http://www.
mirbase.org). Alignment and quantification steps were 
performed using Subread (http://subread.sourceforge.
net/) and Rsubread (https://bioconductor.org/packages/
release/bioc/html/Rsubread.html), respectively.

Differential mRNA and miRNA expression analysis 
was performed using a quasi-likelihood F-test, adjusted 
for baseline differences between two technical replicates 
for each skin explant. Raw p-values were corrected for 
multiple testing using the Benjamini-Hochberg method. 
A false discovery rate (FDR)-adjusted p-value <0.05 
was used as the cut-off.

RT-qPCR
cDNA was reverse transcribed from 150 ng of pu-

rified RNA using High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, USA), according 
to the manufacturer’s instructions. Real-time PCR was 
performed in duplicate for each gene on a QuantStudio 
5 Real-Time PCR System (Applied Biosystems, USA) 
using TaqMan® Universal PCR Kit (Applied Biosys-
tems, USA) and commercially available TaqMan® 
primers/probes (Supplementary Table S8). The 18S gene 
was used to normalize expression data using the 2-∆∆Ct 
method. Normalized expression data was represented as 
a fold change (FC) and differences determined using a 
t-test. A p-value <0.05 was considered significant.

Gene annotation
PANTHER (Protein ANalysis THrough Evolution-

ary Relationships) Gene List Analysis (http://pantherdb.
org/) was used to classify genes according to Molecular 
Function, Biological Process, Cellular Component, Pro-
tein Class and Pathway (12). 

Tissue expression data provided by The Human Pro-
tein Atlas (https://www.proteinatlas.org/) was used to 
identify the skin cell types the DEGs were expressed 
in (13,14). 

KEGG pathway enrichment analysis
KEGG (Kyoto Encyclopedia of Genes and Ge-

nomes) pathway analysis of DEGs was performed us-
ing Web-based Gene Set Analysis Toolkit (WebGestalt) 
(http://www.webgestalt.org) (15). Human protein-cod-
ing genes were used as the reference dataset with the 
minimum number of genes for enrichment set at 5 and 
the FDR at <0.05.

miRNA-target gene analysis
MiRNA-target gene interactions were determined 

using target prediction algorithms from miRDB (16), 
TargetScanHuman 7.2 (17), DIANA-microT-CDS (18), 
and miRWalk (19). Candidate targets found in at least 
3 target prediction databases were considered valid. 
Additionally, we included all experimentally validated 
targets deposited in miRTarBase (20) and miRSearch 
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synthesis (i.e., P4HA1), formation of the cornified cell 
layer responsible for barrier function (e.g., SPRR2A), 
and protection of the epidermis against UVB irradiation 
(i.e., BNIP3) (21–24). Other genes involved in angio-
genesis (e.g., VEGFA) and glucose metabolism (e.g., 
LDHA), both processes compromised in photoaged skin 
(25–27), were also upregulated.

Amongst the downregulated genes, many were in-
volved in immune- and inflammatory-related processes 
(Table 2), including cytokines (i.e., CXCL14), cytokine 
receptors (i.e., CSF1R), chemokines (e.g., CCL2), and 
chemokine receptors (i.e., CCR2). Other genes impli-
cated in antigen processing (i.e., ERAP2), antigen pre-
sentation (e.g., CD1A), and complement activation (i.e., 
C1S), were also downregulated. Expression of enzymes 
involved in ROS detoxification (i.e., GPX2) and remov-
al of toxic end products of lipid peroxidation (i.e., AL-
DH3A) were also decreased.

Based upon protein expression data provided in The 
Human Protein Atlas, keratinocytes were predicted to 
be the principle cell type affected by topical 3-in-1 NFS 
treatment (Supplementary Figure S2 and Supplemen-

(https://www.exiqon.com/miRSearch). MiRNA-target 
gene networks were constructed considering that mRNA 
and miRNA expression levels should be inversely cor-
related if one regulates the other.

HIF-1α immunostaining
5 μm skin sections were immunostained with an 

anti-HIF-1α antibody (Novus Biologicals, Centennial, 
CO) overnight at 4ºC. Samples were then incubated for 
1h at room temperature with secondary antibody (Goat 
anti-Mouse IgG [Cy3]; Novus Biologicals, Centennial, 
CO). For all experimental conditions, a control without 
primary antibody was included.

Image acquisition and analysis
Specimens were mounted with anti-fading medium 

(Fluoromount™, Sigma-Aldrich, St. Louis, MO) and 
imaged with a NanoZoomer S360 and NDP.view2 soft-
ware (Hamamatsu Photonics, Hamamatsu City, Japan). 
Quantitative analysis was performed using Image J soft-
ware (NIH, Bethesda, MD) by determining the Mean 
Grey Value of the area of the epidermis. 20 images/
experimental condition were analyzed for each experi-
mental condition. Statistical analysis was performed us-
ing Tukey’s multiple comparison test. A p-value <0.05 
was considered significant.

Ethical approval and informed consent
All human skin explants used in this study were ob-

tained with informed consent under authorization grant-
ed by the French government ethical committee accord-
ing to French law L.1245 CSP.

Results

Gene expression analysis following anti-aging treat-
ment

Expression of 168 genes (96 upregulated and 72 
downregulated) was modified upon 3-in-1 NFS treat-
ment, compared to 110 for ATIP, 7 each for melatonin 
and bakuchiol, and 6 for the vehicle alone (Table 1 and 
Supplementary Table S1). Notably, 75% (126) of these 
genes were uniquely modulated by 3-in-1 NFS (74 up-
regulated and 52 downregulated).

In order to validate the expression data from our 
RNA-Seq analysis, 13 genes were selected for further 
gene expression analysis using TaqMan®-based quan-
titative RT-PCR (RT-qPCR). Good reproducibility was 
observed between the two platforms (p = 0.58; Sup-
plementary Figure S1), confirming the validity of the 
RNA-Seq data. 

Many of the genes upregulated by 3-in-1 NFS have 
previously been shown to play important roles in skin 
biology (Table 2), including genes involved in collagen 

Regulation 3-in-1 NFS Melatonin Bakuchiol ATIP Vehicle

UP
mRNA 96 2 7 40 2
miRNA 5 4 2 10 17

DOWN
mRNA 72 5 0 70 4
miRNA 30 3 13 20 27

TOTAL
mRNA 168 7 7 110 6
miRNA 35 7 15 30 44

Table 1. Number of differentially expressed mRNAs and miRNAs following anti-aging treatment. 

Figure 1. Cellular functions of differentially expressed genes. 
Protein class classification of up- (green) and downregulated (red) 
genes in response to (a) UV exposure and (b) 3-in-1 NFS treat-
ment. (c) KEGG pathways significantly overrepresented amongst 
the up- (green) and downregulated (red) genes following 3-in-1 
NFS treatment.
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Regulation Role Gene Description Fold change
UP Collagen synthesis P4HA1 prolyl 4-hydroxylase subunit alpha 1 2.81

Angiogenesis VEGFA vascular endothelial growth factor A 3.32a

PGF placental growth factor 2.89
Glucose metabolism ENO2 enolase 2 5.03

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 4.99
SLC2A3 solute carrier family 2 member 3 4.03
PPP1R3C protein phosphatase 1 regulatory subunit 3C 3.43
HK2 hexokinase 2 2.93
SLC2A1 solute carrier family 2 member 1 2.60
PDK1 pyruvate dehydrogenase kinase 1 2.41
PFKP phosphofructokinase, platelet 2.19
ALDOA aldolase, fructose-bisphosphate A 1.99
GPI glucose-6-phosphate isomerase 1.82
LDHA lactate dehydrogenase A 1.67

Epidermal homeostasis SPRR2A small proline rich protein 2A 6.92b

SPRR2B small proline rich protein 2B 3.63
IGFBP3 insulin like growth factor binding protein 3 3.63
SPRR2D small proline rich protein 2D 2.43
ANGPTL4 angiopoietin like 4 2.14
EPHA2 EPH receptor A2 1.77

Stress response DDIT4 DNA damage inducible transcript 4 3.94a

GADD45B growth arrest and DNA damage inducible beta 3.41
NDRG1 N-myc downstream regulated 1 2.77

Inflammatory response CCL22 C-C motif chemokine ligand 22 4.29b

CCL20 C-C motif chemokine ligand 20 3.53a

IL36G interleukin 36 gamma 2.60
AKIRIN2 akirin 2 2.14

NF-κB signaling NFKBIA NFKB inhibitor alpha 1.78
TRAF3IP2 TRAF3 interacting protein 2 1.74

HIF-1 signaling EGLN3 egl-9 family hypoxia inducible factor 3 2.19
EGLN1 egl-9 family hypoxia inducible factor 1 2.11

Retinoid signaling GPRC5C G protein-coupled receptor class C group 5 member C 2.08
Wnt signaling FZD10 frizzled class receptor 10 2.55a

CSRNP1 cysteine and serine rich nuclear protein 1 2.28
Transcription factors ATF3 activating transcription factor 3 4.14a

PHLDA1 plekstrin homology like domain family A member 1 2.68a

FHL2 four and a half LIM domains 2 1.92
TSC22D1 TSC22 domain family member 1 1.92
FOS Fos proto-oncogene, AP-1 transcription factor subunit 1.89c

Apoptosis BNIP3 BCL2 interacting protein 3 4.44
DNASE1L3deoxyribonuclease 1 like 3 3.05
BNIP3L BCL2 interacting protein 3 like 1.85
FAM162A family with sequence similarity 162 member A 1.83

Circadian rhythm CIART circadian associated repressor of transcription 3.58
NR1D1 nuclear receptor subfamily 1 group D member 1 2.85a

PER1 period circadian regulator 1 2.17
BHLHE40 basic helix-loop-helix family member e40 2.03

Lipid metabolism HILPDA hypoxia inducible lipid droplet associated 5.50a

PLIN2 perilipin 2 4.29a

AADAC arylacetamide deacetylase 3.27
ALOX15B arachidonate 15-lipoxygenase type B 2.64a

Complement pathway CD55 CD55 molecule (Cromer blood group) 1.82a

Table 2. Biological functions of key genes differentially regulated by 3-in-1 NFS.



43

Skin transcriptome profile of anti-aging serum.

Cell Mol Biol (Noisy le Grand) 2019 | Volume 65 | Issue 8

Mridvika Narda et al.

tary Tables S2a and S2b). However, other important 
skin resident cell types were also affected, including fi-
broblasts (e.g. DCN), melanocytes (e.g., PREX1), and 
Langerhans cells (e.g., S100B).

Functional classification of DEGs
To gain further insight into the biological relevance 

of DEGs modulated by 3-in-1 NFS, up- and downregu-
lated genes were functionally classified using the PAN-
THER classification system (Supplementary Tables 
S3a-S3e). For 3-in-1 NFS, “transcription factors” (7 
genes) and “signaling molecules” (9 genes) were the 
principle protein classes upregulated upon 3-in-1 NFS 
treatment (Figure 1b). In contrast, these classes were 
more common amongst genes downregulated by UV 
(14 and 9 genes, respectively) (Figure 1a).

Pathway enrichment analysis of treated explants
We next performed KEGG pathway enrichment anal-

ysis to identify biological pathways statistically over-

represented by 3-in-1 NFS DEGs. Upregulated genes 
were significantly enriched in pathways involving Hy-
poxia-Inducible Factor (HIF)-1 signaling, carbohydrate 
metabolism, interleukin (IL)-17 signaling and circadian 
rhythm signaling (Figure 1c and Supplementary Table 
S4a). Downregulated genes were significantly enriched 
in pathways involved in cytokine signaling (Figure 1c 
and Supplementary Table S4b).

3-in-1 NFS modulates miRNA expression
Given its impact on gene expression, we hypoth-

esized 3-in-1 NFS might also modulate microRNA 
(miRNA) expression levels. MiRNAs are short non-
coding RNAs that regulate gene expression by hy-
bridizing to complementary cis-regulatory elements in 
target mRNAs, resulting in their degradation or trans-
lational repression (28). To identify differentially ex-
pressed miRNAs following 3-in-1 NFS treatment, we 
performed a comparative miRNA expression profiling 
analysis. Thirty-five miRNAs (30 downregulated and 5 

DOWN Apoptosis XAF1 XIAP associated factor 1 -8.33
DNA repair PARP1 poly(ADP-ribose) polymerase 1 -1.92

PARP9 poly(ADP-ribose) polymerase family member 9 -2.27
ECM organization DAG1 dystroglycan 1 -1.72

LAMB1 laminin subunit beta 1 -1.79
LAMB4 laminin subunit beta 4 -2.22
DCN decorin -2.44
LAMA4 laminin subunit alpha 4 -4.76

Epidermal homeostasis LCE1E late cornified envelope 1E -2.44d

S100B S100 calcium binding protein B -3.23
FLG2 filaggrin family member 2 -3.33
TP73 tumor protein p73 -4.55
LCE5A late cornified envelope 5A -5.00
BTC betacellulin -7.69

Inflammation/ImmunityCXCL14 C-X-C motif chemokine ligand 14 -2.17d

ERAP2 endoplasmic reticulum aminopeptidase 2 -2.27
CSF1R colony stimulating factor 1 receptor -2.56
CCL2  C-C motif chemokine ligand 2 -2.70
LSP1 lymphocyte specific protein 1 -3.03
CCR2 C-C motif chemokine receptor 2 -3.33
HCK HCK proto-oncogene, Src family tyrosine kinase -3.45d

IL37 interleukin 37 -3.57
FCER1A Fc fragment of IgE receptor Ia -3.70
CD1A CD1a molecule -4.17
IL1F10 interleukin 1 family member 10 -5.26
CCL5 C-C motif chemokine ligand 5 -7.14e

CYBB cytochrome b-245 beta chain -7.14
IFIT1 interferon induced protein with tetratricopeptide 

repeats 1 -20.0d

Complement pathway C1S complement C1s -1.96d

Wnt signaling KCTD1 potassium channel tetramerization domain containing 1 -2.08
APCDD1 APC down-regulated 1 -2.50d

Oxidative stress GPX2 glutathione peroxidase 2 -2.70d

ALDH3A1 aldehyde dehydrogenase 3 family member A1 -2.77d

Redox metabolism NADSYN1 NAD synthetase 1 -1.69
Cell cycle CCND1 cyclin D1 -2.08

a Also upregulated by ATIP; b also upregulated by bakuchiol; c downregulated by vehicle; d also downregulated by ATIP; e also 
downregulated by ATIP, melatonin and vehicle.
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upregulated) were found to be differentially expressed 
following 3-in-1 NFS treatment (Table 1 and Supple-
mentary Table S5).

Integrative analysis of miRNA and mRNA expres-
sion profiles 

To understand the miRNA regulatory networks 
modulated upon 3-in-1 NFS treatment, we predicted 
miRNA-target relationships in our dataset of 168 DEGs 
and established a mRNA-miRNA interactome. Network 
analysis identified 158 regulations (16 up- and 142 
downregulated) between 35 miRNAs (30 down- and 5 
upregulated) and 75 target genes (63 up- and 12 down-
regulated), accounting for 44.6% (75 of 168) of the to-
tal gene expression changes observed. Based on this, 
we performed KEGG pathway enrichment analysis for 
these 75 target genes. Amongst this gene set, only HIF-
1 signaling was significantly enriched (Supplementary 
Table S6). 

3-in-1 NFS specifically downregulates HIF-1-associ-
ated miRNAs

We next sought to understand which genes are spe-
cifically regulated by the miRNAs modulated exclu-
sively by 3-in-1 NFS. We therefore established miRNA-
target gene regulatory relationships for this subset of 16 
miRNAs. Based on these relationships, our analysis 
predicted that these 3-in-1 NFS-specific miRNAs ac-
counted for 60 regulations between 12 miRNAs (no 
regulations were predicted for let-7i-3p, miR-487b-3p, 
miR-7641 and miR-184) and 40 genes. Notably, half of 
these genes (n=20) were predicted to be transcription-
ally activated by HIF-1 (Supplementary Figure S3). 

Effect of 3-in-1 NFS on HIF-1 expression
Considering our RNA-Seq and miRNA expression 

data suggested that HIF-1 may be central to the biologi-
cal activity of 3-in-1 NFS, we sought to examine HIF-1 
expression in our explant samples. HIF-1 is a heterodi-
meric transcription factor comprising a constitutively 
expressed β-subunit and an oxygen-regulated α-subunit 
(29,30). In skin, HIF-1α is expressed in the basal and 
suprabasal layers of the epidermis where it is believed 
to play an important role in local and systemic adap-
tation to environmental stresses (31,32). Chronic UVB 
irradiation, however, suppresses HIF-1α protein expres-
sion (33,34). In agreement with this, HIF-1α protein 
levels in our UV-exposed skin explants were 45% lower 
than those in unexposed explants (p<0.0001) (Figure 
2b). Treatment with 3-in-1 NFS following UV expo-
sure, however, significantly increased HIF-1α levels by 
42% (p<0.0001), and levels approached those of unex-
posed control skin (Figure 2b). HIF-1α mRNA levels 
were also higher (1.33-fold, p = not significant; Figure 
2c). Notably, the vehicle alone had no effect on either 
HIF-1α mRNA or protein levels (Figure 2b and Figure 
2c). Together these data suggest that treatment with 
3-in-1 NFS partially restores HIF-1α protein expression 
in the epidermis of photoaged skin by modulating HIF-
1α mRNA and protein turnover.

Discussion

3-in-1 NFS was specifically designed to address con-

Figure 2. 3-in-1 NFS modulates HIF-1α expression. (a) Repre-
sentative images of HIF-1α protein staining in the epidermis: (i) 
Non-irradiated control skin (NIC); (ii) Non-treated UV-exposed 
skin (UV); (iii) Vehicle-treated irradiated skin (Vehicle); (iv) 3-in-
1 NFS-treated irradiated skin (3-in-1-NFS). The white scale bar 
represents 100 µm. (b) Quantification of HIF-1α protein expres-
sion. HIF-1α expression levels were calculated by determining the 
Mean Grey Value (arbitrary units [AU]) of the epidermal area. Re-
sults show the mean value of 20 images/experimental condition ± 
standard error of the mean (SEM). Statistical comparisons between 
expression levels in 3-in-1 NFS-treated skin and those in untreated 
non-irradiated control skin (NIC), UV-exposed skin (UV), and ve-
hicle-treated irradiated skin (Vehicle) skin were performed using 
Tukey’s multiple comparison test. ****p<0.0001; ***p=0.0001. 
(c) Box plot of relative expression levels of HIF1A following anti-
aging treatment. HIF1A expression was determined by RT‐qPCR 
and normalized to 18S. The lines inside the boxes denote the me-
dians of 4 independent experiments. NIC, non-irradiated control.

Figure 3. Potential model of HIF-1 regulation by 3-in-1 NFS. 
3-in-1 NFS restores HIF-1α expression in photoaged skin possi-
bly by reducing the expression of HIF-1α-targeting miRNAs (i.e., 
miR-19a-3p, miR-195-5p and miR-142-3p). The resulting activa-
tion of HIF-1 signaling leads to transcriptional activation of its tar-
get genes. Upregulation of P4HA1 enhances collagen synthesis and 
restores the structural integrity of the skin. Upregulation of BNIP3 
restores the integrity of the skin barrier. Upregulation of glycolytic 
enzymes restores defective glucose metabolism. Upregulation of 
VEGFA induces angiogenesis and corrects age-related deficits in 
vascularization. HIF-1 also upregulates the activity of oxygen-de-
pendent regulatory prolyl hydroxylases EGLN1/3. These enzymes 
hydroxylate HIF-1α, allowing it to bind the von Hippel-Lindau 
tumor suppressor (VHL) and be targeted for ubiquitin-mediated 
degradation.
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sumer demand for a product that could safely and effec-
tively improve the appearance of photoaged skin. The 
results of this study in ex vivo human skin suggest that 
some of the biological events underpinning it might be 
mitigated by topical application of 3-in-1 NFS. 

Remarkably, the combination of active ingredients in 
3-in-1 NFS induced far more gene expression changes 
in our skin model following chronic UV exposure than 
any one of its individual components. In fact, 75% of the 
gene expression changes induced by 3-in-1 NFS were 
unique to it, suggesting that the combination of mela-
tonin, bakuchiol and ATIP exerts a synergistic effect on 
gene expression. Antioxidant synergism between mela-
tonin and vitamin C has previously been reported, with 
melatonin thought to reverse the pro-oxidant activity of 
vitamin C (35), however further studies are warranted 
to better understand the synergystic effect of melatonin, 
bakuchiol and ATIP in 3-in-1 NFS. The limited effect of 
melatonin and bakuchiol in isolation was equally sur-
prising, each modulating only 7 genes (Table 1). A pre-
vious transcriptomic analysis of bakuchiol in skin saw 
hundreds of genes affected (7). This difference is most 
probably related to individual experimental design, al-
though it cannot be ruled out that our results are an in-
dividual effect related to the particular donor skin used 
in our study. Therefore, additional studies on a larger 
number of skin explants, including unirradiated skin, 
should be performed. Likewise, histological studies on 
photoaged skin biopsies are warranted.

Seven of the miRNAs downregulated by 3-in-1 NFS 
(miR-382-5p, miR-143-3p, miR-132-3p, miR-126-3p, 
miR-145-5p, miR-30a-5p, and miR-21-5p) had previ-
ously been shown to be upregulated in sun-exposed 
skin (36). Amongst these, miR-145-5p was identified 
as a core miRNA reflecting the overall impact of sun 
exposure (36). Modulation of this miRNA is particu-
larly significant as it targets genes implicated in some of 
the fundamental cellular signaling pathways regulating 
epidermal development and skin homeostasis, includ-
ing barrier function (tight junctions signaling), collagen 
production (transforming growth factor [TGF] β sig-
naling), and angiogenesis (vascular endothelial growth 
factor [VEGF] signaling) (36). Notably, we see upregu-
lation of genes involved in all of these processes follow-
ing 3-in-1 NFS treatment: P4HA1 and VEGFA, which 
are both targets of miR-145-5p, encode key proteins 
involved in collagen biosynthesis and angiogenesis, 
respectively (21,26); and EPHA2, encodes a receptor 
tyrosine kinase that regulates epidermal tight junction 
formation (37).

Our transcriptomic data also provide compelling 
evidence that 3-in-1 NFS restores HIF-1 signaling in 
UV-exposed skin. Indeed, almost half (43 of 96) of 
the genes upregulated by 3-in-1 NFS are known HIF-
1 target genes, many of which play important roles in 
maintaining skin physiology (Supplementary Table S7). 
It has previously been shown that that loss of HIF-1 
accelerates epidermal aging and its restoration can re-
verse age-related impairment of the skin (38,39). Thus a 
well-tolerated cosmetic that restores HIF-1 activity and 
the expression of its target genes would be of particular 
benefit to photoaged skin and potentially mitigate some 
of the biological events responsible for it. Moreover, 
since HIF-1 is known to play important roles in cutane-

ous wound healing (40) and nociception (41), the com-
bination of melatonin, bakuchiol and ATIP may have 
application to skin beyond photoaging.

To our knowledge, 3-in-1 NFS is the first non-drug 
demonstrated to act upon HIF-1 in the skin. This finding 
is all the more remarkable considering melatonin, ba-
kuchiol and vitamin C in isolation have been shown to 
have the opposite effect on HIF-1α levels (42–44). How 
then 3-in-1α NFS increases HIF-1α mRNA and protein 
expression remains to be established and additional 
studies are warranted to better understand this apparent 
paradox. Our miRNA interactome analysis, however, 
eludes to a potential role for one or more of the 16 miR-
NAs uniquely downregulated upon 3-in-1 NFS treat-
ment (Supplementary Figure S2). Amongst these, miR-
19a-3p has been shown to affect HIF-1α independently 
of hypoxia (45), and miR-195-5p and miR-142-3p to 
target HIF-1α directly (46–48). As such, repression of 
their expression upon 3-in-1 NFS treatment could ac-
count for the higher HIF-1α mRNA and protein levels 
we observed. Future studies may help clarify this.

In summary, we show that 3-in-1 NFS modulates the 
expression of numerous genes that might help attenuate 
some of the biological processes underpinning skin pho-
toaging. Our transcriptomic analysis suggests that this is 
principally driven by HIF-1α that is partially restored 
upon 3-in-1 NFS treatment. This increase in HIF-1α, in 
turn, drives the expression of genes that may positively 
influence skin homeostasis (Figure 3).
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