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studies have demonstrated the importance of pro‑
tection against UV. This study aims to determine 
the biological effect of a high broad‑spectrum 
UVB‑UVA sunscreen containing nicotinamide and 
panthenol (SSNP) on photodamaged skin using 
linear confocal optical coherence tomography (LC‑
OCT), immunohistochemistry, and RNA profiling.
Methods: Two areas of severely photodamaged 
forearm skin (L01 and L02) and one less sun‑dam‑
aged (naturally protected) area on the inner part 
of the forearm (L03) were identified in 14 subjects. 
These areas were imaged using LC‑OCT and L01 
and L03 were biopsied at baseline. After 4 weeks 
of treatment with SSNP, L02 was reimaged using 
LC‑OCT, and biopsied. Histology, immunostain‑
ing with p21, p53, PCNA, and CPD, and RNA 
sequencing were performed in all samples.
Results: LC‑OCT analysis showed that epider‑
mis thickness and the number of keratinocytes 
is higher in the sun‑exposed areas than in the 

ABSTRACT

Introduction: UVA‑UVB increases skin matrix 
metalloproteinases and breaks down extracellular 
proteins and fibrillar type 1 collagen, leading to 
photodamage. Topical application of nicotinamide 
prevents UV‑induced immunosuppression. Several 
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non‑exposed areas. Comparing before and after 
treatment, even though there is a trend towards 
normalization, the differences were not statisti‑
cally significant. The expression of p21, PCNA, 
p53, and CPD increased in severely photodam‑
aged skin compared to less‑damaged skin. When 
comparing before and after treatment, only p21 
showed a trend to decrease expression. RNA 
sequencing analysis identified 1552 significant 
genes correlating with the progression from non‑
visibly photodamaged skin to post‑treatment and 
pre‑treatment samples; in the analysis compar‑
ing pre‑ and post‑treatment samples, 5429 genes 
were found to be significantly associated. A total 
of 1115 genes are common in these two analyses. 
Additionally, nine significant genes from the first 
analysis and eight from the second are related to 
collagen. Six of these collagen genes are common 
in the two analyses. MAPK and cGMP‑PKG sig‑
nalling pathways are upregulated in the progres‑
sion to photodamage analysis. In the pre‑ and 
post‑treatment analysis, 32 pathways are down‑
regulated after treatment, the most statistically 
significant being the ErbB, Hippo, NOD‑like 
receptor, TNF, and NF‑kB signalling pathways.
Conclusion: This study demonstrates the role 
of SSNP in collagen generation, highlights the 
relevance of the cGMP‑PKG and MAPK signal‑
ling pathways in photodamage, and shows the 
ability of SSNP to downregulate pathways acti‑
vated by UV exposure. Additionally, it deep‑
ens our understanding of the effect of SSNP on 
immune‑related pathways.

PLAIN LANGUAGE SUMMARY

This study focuses on the damage that sun expo‑
sure can do to our skin, also called photodam‑
age. This damage is mainly caused by ultraviolet 
radiation, which can lead to problems such as 
wrinkles, changes in skin color, and sagging skin. 
Nicotinamide, a form of vitamin  B3, helps our cells 
repair their DNA and prevents them from dying. 
Previous studies in mice have shown that nicoti‑
namide can protect the immune system against 
photodamage and reduce the risk of cancer. In 
order to understand how sunscreen containing 
nicotinamide and panthenol affects photodamage, 
an international team of researchers gathered 14 
Catalan participants and examined severely sun‑
damaged skin areas and less sun‑damaged skin. We 
conducted imaging, molecular, and genetic experi‑
ments before and after 4 weeks of nicotinamide 
sunscreen use. The results show that severely sun‑
damaged skin is thicker and contains more cells 
called keratinocytes. Additionally, certain indica‑
tors of DNA damage and repair are more active 
in severely sun‑damaged skin. Genetic analyses 
reveal that the photodamage process causes signifi‑
cant differences in certain genetic pathways such 
as cGMP‑PKG and MAPK pathways. Using nico‑
tinamide sunscreen leads to positive changes in 
several cellular processes, including the way cells 
divide, respond to stress, and produce collagen. 
In summary, this study gives us a deeper under‑
standing of skin photodamage and underlines the 
potential benefits of adding nicotinamide to sun‑
screens, which could be a promising way to reduce 
the damage caused by UV radiation.
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Key Summary Points 

UVA‑UVB increases skin matrix metallopro‑
teinases, leading to photodamage.

Topical application of high broad‑spectrum 
UVB‑UVA sunscreen containing nicotinamide 
and panthenol (SSNP) prevents UV‑induced 
immunosuppression.

SSNP demonstrates proficiency in mitigating 
UV‑triggered pathways and can effectively 
rectify disrupted pathways affected by photo‑
damage.

SSNP boosts collagen gene expression, aiding 
photodamage recovery.

cGMP‑PKG and MAPK pathways are impli‑
cated in the effects of SSNP on photodam‑
aged skin.

DIGITAL FEATURES

This article is published with digital features, 
including a graphical abstract, to facilitate 
understanding of the article. To view digital fea‑
tures for this article, go to https:// doi. org/ 10. 
6084/ m9. figsh are. 26954 164.

INTRODUCTION

Skin is crucial in providing protection from 
exogenous aggression by pathogenic pollutants. 
Long‑term exposure to solar light, specifically 
ultraviolet (UV) radiation, induces damage to 
the skin and DNA, provoking oxidative stress 
and pro‑inflammatory cytokine release. This 
photodamage is mainly evidenced by wrinkles, 
pigmentation changes, and sagging [1].

UV radiation consists of wavelengths from 
200 to 400 nm and is divided into three parts: 
UVA (320–400 nm), UVB (280–320 nm), and 
UVC (100–280 nm). Only UVA and UVB reach 
the earth since the ozone layer shields against 
UVC [2]. Both UVA and UVB have biological 
effects on the skin, causing mutations and 

immunosuppressive effects that contribute 
to photocarcinogenesis [3, 4]. UVA represents 
most of the UV rays, whereas UVB, more bio‑
logically dangerous, are mutagenic per se and 
induce cyclobutane pyrimidine dimers (CPD) 
within the DNA of epidermal cells.

At the dermal layer, mainly UVA, but also 
UVB, leads to structural and functional changes 
such as an increase in matrix metalloprotein‑
ases and the breakdown of extracellular pro‑
teins and fibrillar type 1 collagen.

AP1 is a transcription factor which plays a 
dominant role in the transcriptional activa‑
tion of matrix metalloproteinase promoters. 
It is produced through the UV‑generated acti‑
vation of MAPK pathways, composed of ERK, 
JNK, and p38. Phosphorylated ERK plays an 
important role in the trigger for Fos induction, 
whereas phosphorylated JNK and p38 promote 
phosphorylation of Jun. Phosphorylated Jun 
combines with Fos to form a heterodimer, 
AP1, which binds to target the gene promot‑
ers matrix metalloproteinases [5]. Another 
important matrix metalloproteinase transcrip‑
tion factor is NF‑kB, located in the cytoplasm, 
resulting in translocation of the nucleus by 
UVB irradiation. Translocated NF‑κB increases 
pro‑inflammatory cytokines such as tumor 
necrosis factor (TNF), interleukin‑6 (IL‑6), and 
interleukin‑1β (IL‑1β), contributing to skin 
damage [5].

UVB also affects the TGFβ/Smad pathway, 
a collagen synthesis pathway. Transforming 
growth factor‑β (TGFβ) stimulates the biosyn‑
thesis of type 1 collagen and regulates collagen 
homeostasis through Smad signalling molecules. 
Reactive oxygen species (ROS) produced by UV 
irradiation damage the TGFβ signalling pathway 
by reducing TGFβ receptor  II expression and 
downregulating Smad3 phosphorylation. UVB‑
induced TGFβ/Smad pathway damage is one of 
the mechanisms causing loss of collagen [6].

Nicotinamide is an amide active form of vita‑
min  B3 and a precursor of nicotinamide adenine 
dinucleotide (NAD). Nicotinamide is metabo‑
lized by the liver to NAD, a key component of 
the glycolysis pathway, generating  NAD+ for ATP 
production. Nicotinamide increases DNA repair 
and prevents cell apoptosis [7, 8]. 

https://doi.org/10.6084/m9.figshare.26954164
https://doi.org/10.6084/m9.figshare.26954164
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Recent in vitro results suggest that keratino‑
cytes isolated from subjects with field canceriza‑
tion might be more sensitive to UV light than 
normal keratinocytes are. When exposed at dif‑
ferent concentrations before UV irradiation, nic‑
otinamide seems to protect keratinocytes from 
multiple UV‑induced damage, including oxida‑
tive stress, DNA impairments, and inflammation 
[9]. Studies in mice have shown that oral or topi‑
cal application of nicotinamide prevents immu‑
nosuppression and reduces the number of UV‑
induced tumors. In humans, topical application 
of nicotinamide prevents UV‑induced immu‑
nosuppression [8, 9]. Moreover, studies have 
demonstrated that niacinamide concentrations 
between 2% and 5% are effective in improving 
various skin conditions, including hyperpig‑
mentation, fine lines, wrinkles, and skin barrier 
function [8, 9]. At 2%, effects of nicotinamide 
are present and have shown similar benefits to 
higher concentrations, decreasing the likelihood 
of skin irritation, redness, and itching, particu‑
larly in individuals with sensitive skin [10, 11]. 

The main objective of this study is to describe 
the morphological and molecular skin changes 
in photodamage and to assess the biological 
effects of a nicotinamide‑containing broad‑
spectrum sunscreen (SSNP) in severely photo‑
damaged skin. To achieve this objective, we used 
in vivo imaging with linear confocal optical 
coherence tomography (LC‑OCT), immunohis‑
tochemistry (p53, PCNA, p21, and CPD), and 
RNA profiling.

METHODS

Patients and Samples

A total of 14 healthy subjects, 10 female and 
4 male, mean age 52.6  years (range 41–66), 
were recruited in Hospital Clínic de Barcelona 
(Table 1).

Two areas of severely photodamaged fore‑
arm skin were identified (L01 and L02) and one 
less sun‑damaged (naturally protected) area 
was identified on the inner part of the forearm 
(L03). An experienced dermatologist reviewed 
the skin and selected areas that were clearly 

photodamaged on the basis of the presence of 
fine wrinkles, xerosis, and lentiginosis.

All three areas were imaged using LC‑OCT; 
two 3‑mm punch biopsies were performed on 
L01 and L03 areas. As a result of technical prob‑
lems, the L03 images of three patients were not 
obtained. A third biopsy was carried out after 
4 weeks of the twice‑daily application on an 
L02 area of a panthenol and nicotinamide‑con‑
taining broad‑spectrum sunscreen (SSNP) with a 
nicotinamide concentration of 2%. Each biopsy 
was split into two halves. The first half was fixed 
in formalin and paraffin embedded (FFPE) for 
hematoxylin and eosin and immunostaining 
with p21, p53, PCNA, and CPD. The other half 
was preserved in RNAlater (RNAprotect Tissue 
Reagent, Qiagen) and frozen to extract RNA and 
perform sequencing.

The study was approved in November 2019 
by the Ethics Committee of Hospital Clínic de 
Barcelona, Spain (Nº HCB20190849). This study 
was performed in accordance with the ethical 
standards as laid down in the 1964 Declaration 
of Helsinki and its later amendments, or compa‑
rable ethical standards. The patients who took 
part in the study have given written informed 
consent to the publication of their case details.

Image Acquisition

Images were captured through LC‑OCT (DAMAE 
Medical, Paris) based on an 800‑nm‑wave‑
length laser with axial resolution, lateral reso‑
lution and a field of view of 1.1–1.3 μm, and 
1.2   mm2 × 0.5   mm2 respectively. Images were 
captured at 350 μm [12]. LC‑OCT images were 
analyzed using deep learning algorithms, as in 
previous publications [12]. The thickening of 
the stratum corneum, the epidermis thickness, 
the dermal–epidermal junction undulation, 
and keratinocyte quantification were evaluated 
through LC‑OCT.

Scanned areas were compared to the first‑
half biopsy procedure utilizing hematoxylin 
and eosin (Supplementary material 1). Through 
hematoxylin and eosin standard histology, we 
evaluated the stratum spinosum (epidermis 
without stratum corneum), the dermal–epi‑
dermal junction undulation, and keratinocyte 
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quantification after imaging; one sample had a 
low‑quality L03 image, and another had unde‑
fined L01 and L03 images. These inconveniences 
add to the previously explained lack of L03 sam‑
ples from three patients.

Immunohistochemical Analysis

Immunohistochemical analysis was performed 
on 2‑μm skin sections from FFPE samples. After 
20‑min antigen retrieval with citrate buffer 
(pH 6), samples were immunostained with p21, 
p53, PCNA, and CPD using a Leica Microsys‑
tems’ Bond‑max™ automated immunostainer 
together with a Bond Polymer Refine Detection 
System (Leica Microsystems). They were devel‑
oped with diaminobenzidine and counterstained 
with hematoxylin. Control tissues for protocol 
optimization came from the Human Protein 
Atlas (IDIBAPS Biobank).

The immunohistochemical analysis compared 
biopsies stained with p21, p53, PCNA, and CPD 
pre and post 4‑week treatment. Moreover, the 
number of positive and high‑positive nuclei in 
50 nuclei were counted. One of those samples 
did not have enough epidermis layer to conduct 
the immunohistochemical analysis, leaving the 
samples of 13 patients available for evaluation.

RNA Extraction and RNA Sequencing 
Analysis

Biopsies in RNAlater were frozen to extract RNA 
for sequencing. Total RNA was isolated from 
fresh tissue with Trizol, and purified with the 
RNeasy Minikit (Trizol‑chloroform + RNeasy 
MinElute Cleanup Kit, Qiagen). RNA quanti‑
fication was performed using a Qubit RNA BR 
Assay Kit. Integrity was measured by a Bioana‑
lyzer RNA 6000 NanoKit (Agilent Technologies, 
Santa Clara, CA).

RNA samples were sent to the Centro Nacional 
de Análisis Genómico to conduct the stranded 
mRNA library preparation and sequencing on an 
HiSeq 4000 (Illumina).

RNA‑Seq libraries were prepared from total 
RNA using a TruSeq Stranded mRNA Library‑
Prep Kit (Illumina). mRNA was enriched with 

oligo‑dT magnetic beads from the total RNA 
(500 ng) and fragmented to 80–450 nt. The sec‑
ond strand cDNA synthesis was performed in 
the presence of dUTP to achieve strand specific‑
ity. The blunt‑ended double‑stranded cDNA was 
3′‑adenylated and Illumina platform‑compatible 
adaptors with unique dual indexes and unique 
molecular identifiers (Integrated DNA Tech‑
nologies) were ligated. The ligation product was 
enriched with 15 PCR cycles. The final library 
was validated on a Bioanalyzer DNA 7500 assay. 
The libraries were sequenced on a NovaSeq6000 
(Illumina) in paired‑end mode with a read 
length of 2 × 101 bp, following the manufactur‑
er’s protocol for dual indexing. Image analysis, 
base calling ,and quality scoring of the run were 
processed using the manufacturer’s software 
Real‑Time Analysis (RTA 3.4.4) and followed 
by the generation of FASTQ sequence files. No 
incidences or quality problems occurred with 
the samples, allowing the analysis of the RNA 
sequencing from the 14 patients at three time 
points.

Table 1  Main characteristics of subjects included in the 
study

Volunteer Age (years) Phototype Sex

P002 57 2 Male

P003 55 3 Male

P005 49 3 Female

P006 52 3 Female

P007 50 3 Female

P013 47 2 Male

P014 41 3 Female

P015 54 3 Female

P016 46 3 Female

P017 52 2 Female

P018 50 3 Male

P020 66 3 Female

P021 60 2 Female
P022 58 3 Female
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Statistical Analysis

Student’s t test was used to compare the mean of 
continuous variables that have a normal distri‑
bution. For non‑normal variables, non‑paramet‑
ric statistics were used. The chi‑squared test was 
used for contingency table comparison.

For histology and LC‑OCT parameters, we 
compared L02 images before and after treat‑
ment, and L01 with L03 samples to examine the 
changes between severely photodamaged skin 
and less photodamaged skin. Additionally, we 
compared L01 with L02 samples to study the 
effect of SSNP treatment on photodamaged skin. 
All metrics were compared as paired data. The 
Wilcoxon signed‑rank test and Spearman’s cor‑
relation were applied. The linear regression was 
adjusted and p values < 0.05 were considered sta‑
tistically significant.

For RNA‑Seq data analysis, we correlated less 
sun‑damaged samples (L03), photodamaged 
post‑treatment samples (L02), and photodam‑
aged pre‑treatment samples (L01). Additionally, 
we compared L01 with L02 samples to study the 
effect of SSNP treatment on photodamaged skin.

R packages DearSeq and LIMMA were used 
for data normalization, specifically employ‑
ing variance modeling at the observational 
level (VOOM). All analyses were paired for the 
patient and adjusted by sex. Genes with p value 
FDR < 0.05 were considered differential expressed 
genes (DEG). All analyses were performed using 
R version 3.3.0.

From the resultant DEGs, a pathway analysis 
was conducted using the hiPATHia tool (Babe‑
lomics). The “differential expression” option was 
chosen, and a patient‑paired analysis performed. 
Pathways with p value < 0.05 were selected.

RESULTS

LC‑OCT Results

The paired analysis of LC‑OCT on L02 which was 
imaged before and after treatment in order to 
identify any possible effect did not show statis‑
tically significant differences: stratum corneum 

thickness 15  µm vs 14.46  µm, p = 0.16; stra‑
tum spinosum thickness 58.66 µm vs 55.6 µm, 
p = 0.625; dermoepidermal junction undulation 
25.32% vs 21.43%, p = 0.193; keratinocyte layers 
5.68 vs 5.10, p = 0.375.

The comparison of L01 and L02 after treat‑
ment samples also did not show significant dif‑
ferences (13 patients were evaluable; one had no 
good‑quality L01 images).

We compared L01 with L03 samples in nine 
patients (three patients did not have an L03 
image, one  had a poor‑quality L03 image, 
and one had undefined L01 and L03 images). 
L01 presents increased epidermal thickness 
(mean = 5.39 µm, p = 0.0078) and a higher num‑
ber of keratinocytes per layer (mean = 0.997; 
p = 0.002). The volume of the different layers 
of keratinocytes seems greater for L01 (mean 
0–20% = 4.61 µm3, mean 40–60% = 26.22 µm3, 
mean 80–100% = 55.34 µm3). No differences are 
seen for the stratum corneum thickness and the 
dermoepidermal junction undulation.

Standard Histology

Compared to L01, L03 samples pre‑
sent an increased thickness of epidermis 
(mean = 11.07  µm, p = 0.011). Significantly 
higher keratinocyte layers are observed in L01 
samples (mean = 0.77, p = 0.029).

In the analysis comparing L01 with L02, 
before and after treatment, there is no signifi‑
cant improvement in histological morphology 
defined parameters: the stratum spinosum, the 
dermal–epidermal junction undulation, and 
keratinocyte quantification.

Immunohistochemical Analysis

A total of 14 patients were included for evalua‑
tion. One of the samples had no epidermis layer, 
leaving only 13 which were evaluable.

At baseline, compared to less sun‑damaged 
areas (L03), photodamaged skin (L01) presents 
a consistent increase in the expression of p21, 
PCNA, p53, and CPD.

To analyze the effect of 1‑month treat‑
ment with SSNP, immunohistochemistry was 
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compared before and after treatment (L01–L02). 
p21 is the only marker showing a trend for 
decreased expression, with no statistical signifi‑
cance (Supplementary material 2).

Differential Gene Expression Analysis

A principal component analysis of genetic 
expression and a dendrogram shown graphically 
as a heatmap were derived tagging the three 
types of samples (Fig. 1).

The two graphs tend to separate pre‑treated 
severely photodamaged skin from non‑vis‑
ibly sun‑damaged skin samples. However, 
more diverse expression patterns are seen in 
post‑treatment and non‑visibly sun‑damaged 
samples.

The gene differential expression study com‑
paring L01, L02, and L03 samples show 1552 
DEGs (Supplementary material 3).

The analysis comparing pre‑ and post‑treat‑
ment photodamaged skin identifies 5429 DEGs, 
eight related to collagen, and they increased 
expression after treatment (Table 2).

Pathway Analysis from Significant Genes

The DEG pathway analysis shows MAPK and 
cGMP‑PKG signalling pathways positively cor‑
related with progression to photodamage and 
are higher in pre‑treated photodamaged skin 
(Table 3).

In a pre‑ and post‑treatment comparison, 32 
pathways are downregulated after treatment, 
and five of them have a p value FDR < 0.1: ErbB, 
Hippo, NOD‑like receptor, TNF, and NF‑κB sig‑
nalling pathways. Moreover, as in the progres‑
sion to photodamage analysis, the MAPK sig‑
nalling pathway was found to be significant 
(Table 3).

DISCUSSION

This study investigates morphological, histologi‑
cal, and molecular differences between severely 
photodamaged and less sun‑damaged skin. It 
also studies biological changes induced by a 

panthenol and nicotinamide‑containing broad‑
spectrum sunscreen (SSNP). It shows that there 
are gene expression differences when comparing 
severely photodamaged and less sun‑damaged 
areas, improving knowledge of the pathophysi‑
ology of photodamaged skin. Moreover, data 
show that the use of SSNP can revert some of 
the negative effects of photodamage.

The morphological and histological studies 
reveal that non‑visibly sun‑damaged skin has 
fewer layers, that the dermal–epidermal junction 
is flatter in severely photodamaged areas, and 
that p21, PCNA, p53, and CPD are overexpressed 
in severely photodamaged skin. Concerning the 
dermal–epidermal junction flattening, our find‑
ings align with similar studies in the literature 
[13, 14].

The molecular pathways analysis shows that 
progression to photodamaged skin is associated 
with cGMP‑PKG and MAPK signalling pathways. 
The cGMP‑PKG signalling pathway mediates 
processes such as antivascular injury, anticar‑
diac hypertrophy, and apoptosis inhibition. It 
has not previously been associated with photo‑
damage or skin cancer, but it has been related to 
the proliferation, differentiation, and apoptosis 
of different cancer cells [15–19], and to an accel‑
eration of metastasis in cervical cancer [20]. In 
this study, the cGMP‑PKG signalling pathway is 
overexpressed in severely photodamaged skin. 
The MAPK signalling pathway is essential in 
cellular processes such as cell differentiation, 
division, and apoptosis. Its role in cancer and 
its relationship with photodamage has been 
demonstrated and is the target in treatments 
aiming at preventing it [6, 21, 22]. Studies show 
that oxidative stress plays a key role in trigger‑
ing the MAPK pathway and that antioxidant 
agents can inactivate MAPK sub‑pathways. The 
MAPK pathway is activated by UVB radiation 
and is responsible for the degradation of fibril‑
lar type 1 collagen [5, 23], the most abundant in 
the dermal extracellular matrix. Also, activation 
of MAPK pathway causes inflammation and epi‑
dermal hyperplasia via the stimulated keratino‑
cytes which, in response, will secrete pro‑inflam‑
matory cytokines such as IL‑1, TNF, IL‑6, and 
mediators including ICAM‑1 and COX‑2 [24].
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The SSNP treatment shows modulation of 32 
pathways implied in cell processes such as cell 
cycle, apoptosis, immune system, cell commu‑
nication, cellular energy, or cancer.

The ErbB signalling pathway, which regulates 
the cell cycle, is downregulated after treatment 
with p value FDR < 0.1. Insufficient ErbB is associ‑
ated with the development of neurodegenerative 
diseases, whereas excessive ErbB is associated 
with the development of solid tumors and is the 
target of some drugs for breast and colon cancer 
[25]. This pathway includes epidermal growth 
factor receptors, involved in photodamage and 
skin carcinogenesis [3]. Other pathways related 
to the cell cycle are Ras, Rap1, TGFβ, PI3K‑Akt, 
VEGF, or MAPK signalling pathways. They are 
all related to UVB exposition [6] and have the 
ERK pathway in common, which is inhibited by 
nicotinamide [26]. This study shows that SSNP 
treatment downregulates cell cycle pathways 
and tempers the degradation of collagen acti‑
vated by UVB irradiation in MAPK pathways.

In accordance with our results, a study in 
mice has shown that nicotinamide decreases 
the inflammatory response and apoptosis of 
sepsis in intestinal cells through Hippo signal‑
ling pathway regulation [27]. In our study, the 
Hippo signalling pathway is found with p value 
FDR < 0.1. This pathway plays a role in control‑
ling organ size through the regulation of cell 
proliferation and apoptosis. The Hippo kinase 
cascade phosphorylates and inhibits the tran‑
scription co‑activator “Yes‑associated protein” 
and “transcriptional coactivator with PDZ‑bind‑
ing motif”, resulting in their cytoplasmic reten‑
tion and degradation.

Other pathways with p value FDR < 0.1 are 
related to the immune system: NOD‑like recep‑
tors, NF‑κB, and TNF signalling pathways. The 
combination of NOD‑like receptors and their 
homologous agonists initiates a signalling 
cascade that leads to upstream regulation of 
NF‑kB and the production of pro‑inflammatory 
cytokines. In mouse experiments, the NOD‑like 
receptor signalling pathway has been found to 
be inhibited by nicotinamide, in accordance 
with our results [28]. The TNF signalling path‑
way activates with UV and is able to induce 
fever, apoptotic cell death, cachexia, inflam‑
mation, inhibition of tumorigenesis and viral 

replication, and response to sepsis via IL‑1 and 
IL‑6 [6]. Additional pathways are related to the 
immune system, such as Toll‑like receptor sig‑
nalling, leukocyte transendothelial migration, 
Fc gamma R‑mediated phagocytosis, or B cell 
receptor signalling pathways. The increase 
in immune response relates to photodamage 
through the promotion of ROS generation, pro‑
teolytic enzyme production, suppressed immune 
surveillance, and production of growth factors 
for incipient cancer cells [29].

Other significant pathways are activated by 
neuropeptides (GnRH, oxytocin, and neurotro‑
phin signalling pathways). The neurotrophin 
signalling pathway has been associated with 
nicotinamide in animal experiments [30]. All 
these pathways activate MAPK signalling path‑
ways, as reported in the literature.

Some pathways found are related to cellular 
energy (AMPK and FoxO signalling pathways) 
and cell communication (cAMP signalling, Gap 
junction, and focal adhesion pathways). Nico‑
tinamide treatment has shown downregulation 
of the FOX pathway, reducing FoXo3 in human 
placenta [31] and downregulating AMPK and 
Camp pathways in cell experiments [27]. These 
pathways are regulators of other identified path‑
ways. Specifically, AMPK and FoxO signalling 
pathways regulate the NF‑kappa B signalling 
pathway [32, 33] and the PI3K‑Akt signalling 
pathway [34, 35]. Additionally, cell communica‑
tion pathways (cAMP signalling, Gap junction, 
and focal adhesion) also regulate the NF‑kappa 
B signalling pathway [32, 36] and the PI3K‑Akt 
signalling pathway [34, 37], as well as the cell 
cycle [38, 39]. This study shows that they are 
downregulated after SSNP treatment.

Finally, significant pathways directly related 
to cancer (Proteoglycans in cancer, Choline 
metabolism in cancer, Pathways in cancer, and 
Wnt signalling pathway) are downregulated 
after treatment, suggesting photodamage as an 
intermediate stage between healthy skin and 
cancer.

Additionally, after treatment, eight genes 
related to collagen I, III, VI, XII, XVI, and XXI 
are overexpressed.

In imaging techniques, no statistically sig‑
nificant pre‑ and post‑treatment differences are 
found. The small number of samples analyzed 
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Fig. 1  Principal component analysis (a) and heatmap (b) 
of photodamage analysis from less sun-damaged to pre-
treated photodamaged skin. L03 less sun-damaged sam-

ples, L02 photodamaged post-treatment samples, L01 pho-
todamaged pre-treatment samples
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by LC‑OCT together with the brief 4‑week treat‑
ment duration limits the observation of mor‑
phological changes, diluting the effect on the 
four patients who showed changes.

The primary limitation of this work is the 
absence of a vehicle arm to compare the effects 
of the niacinamide‑containing sunscreen with 
a sunscreen formulation lacking niacinamide. 

This omission prevents us from attributing the 
observed results solely to niacinamide, as the 
comparative effects of the base sunscreen were 
not independently assessed. Additionally, the 
small sample size of 14 subjects limits the gen‑
eralizability of the findings. The treatment dura‑
tion of 4 weeks may be insufficient to observe 
significant morphological changes, suggesting 
that longer treatment periods might yield more 
substantial results. Ethical and practical con‑
straints limited the number of invasive biop‑
sies, restricting the tissue available for analysis. 
These limitations highlight the need for more 
comprehensive studies with larger sample sizes 
and longer durations, to fully understand the 
effects of niacinamide‑containing sunscreens on 
photodamaged skin.

CONCLUSION

Our results present cGMP‑PKG and MAPK signal‑
ling pathways as crucial in photodamage. The 
MAPK signalling pathway and others implied in 
the cell cycle, apoptosis processes, and immune 
system are downregulated after SSNP treatment, 
thus confirming the efficacy of this treatment. 
The study also suggests a role of SSNP in the 
increase of collagen production.

Table 2  Expression level of DEGs related to collagen in 
the analysis comparing pre and post SSNP-treated samples

L02 photodamaged post-treatment samples, L01 pho-
todamaged pre-treatment samples, DEGs differentially 
expressed genes, SSNP panthenol and nicotinamide-con-
taining broad-spectrum sunscreen

L01 L02

COL16A1 1023.29 2391.64

COL1A1 7462.21 86,971.93

COL1A2 25,345.29 142,289.43

COL21A1 177.71 405.64

COL3A1 16,392.43 104,431.00

COL4A5 456.93 895.29

COL4A6 206.21 320.00

COL6A1 1974.71 4118.07
Mean 6629.85 42,727.88
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Table 3  Pathway analysis from significant genes (p value FDR < 0.05) in the progression of photodamage analysis and in the 
analysis comparing pre and post SSNP-treated samples

Progression of photodamage analysis

Path UP/DOWN (From L03 to L01) p value

MAPK signalling pathway UP 4.44E−02

cGMP-PKG signalling pathway UP 4.44E−02

Analysis comparing pre and post SSNP-treated samples

Path UP/DOWN (L01 to L02) p value

ErbB signalling pathway DOWN 6.10E−04 (FDR 5.42E−02)

Hippo signalling pathway DOWN 8.54E−04 (FDR 
5.42E−02)

NOD-like receptor signalling pathway DOWN 8.54E−04 (FDR 
5.42E−02)

TNF signalling pathway DOWN 8.54E−04 (FDR 
5.42E−02

NF-kappa B signalling pathway DOWN 1.71E−03 (FDR 
9.63E−02)

AMPK signalling pathway DOWN 1.07E−02

Cell cycle DOWN 1.07E−02

Fc gamma R-mediated phagocytosis DOWN 8.54E−03

Neurotrophin signalling pathway DOWN 1.34E−02

Proteoglycans in cancer DOWN 5.25E−03

Ras signalling pathway DOWN 1.34E−02

Toll-like receptor signalling pathway DOWN 8.54E−03

Leukocyte transendothelial migration DOWN 1.66E−02

Rap1 signalling pathway DOWN 1.66E−02

TGF-beta signalling pathway DOWN 2.02E−02

cAMP signalling pathway DOWN 2.45E−02

Choline metabolism in cancer DOWN 2.45E−02

Focal adhesion DOWN 2.45E−02

FoxO signalling pathway DOWN 2.45E−02

GnRH signalling pathway DOWN 2.45E−02

Hedgehog signalling pathway DOWN 2.45E−02

MAPK signalling pathway DOWN 2.45E−02

Oxytocin signalling pathway DOWN 2.45E−02
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