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Abstract

Background /Objectives. Ultraviolet B (UVB) radiation is a key etiological factor for skin
cancer, inducing oxidative stress, DNA damage and apoptosis. Nicotinamide (NAM), a
NAD* precursor, has shown photoprotective properties, although the mechanisms under-
lying this effect have not been fully elucidated. This study sought to elucidate the role
of NAM in counteracting UVB-induced oxidative damage in HaCaT cells and to assess
the contribution of NAD" metabolism to these effects. Methods. HaCaT were exposed
to low-dose UVB irradiation (40 mJ/cm?) and treated with NAM (25 uM), alone or in
combination with the NAMPT inhibitor FK866 (1 nM) for 4 and 24 h. Oxidative stress,
lipid peroxidation and DNA damage were evaluated by DCFDA assay, TBARS assay and
comet assay, respectively. Cell proliferation, cell cycle progression and apoptosis were
assessed using Ki67 immunofluorescence, flow cytometry analysis and Annexin V/PI
staining. Transcriptional activity for oxidative stress- and apoptosis-related markers was
analyzed by RT-qPCR. Results. NAM significantly reduced UVB-induced ROS production
at both 4 and 24 h post-irradiation in an NAD"-dependent manner, as demonstrated by
the reversal of its effects following NAMPT inhibition. NAM also decreased oxidative
DNA damage accompanied by reduced OGG1 expression, a marker of oxidative stress.
Moreover, NAM restored HaCaT proliferation and reduced early apoptosis, particularly at
24 h post-UVB exposure. These protective effects were mediated by NAD*. Conclusions.
Our results show that NAM confers robust protection to HaCaT cells from UVB-induced
oxidative stress and cellular damage, largely mediated by NAD*-dependent pathways,
supporting its potential role as a systemic photoprotective agent in skin cancer prevention.
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1. Introduction

Malignant skin tumors are among the most diagnosed cancers in the Caucasian popu-
lation. The main forms include malignant melanoma (MM), originating from melanocytes,
and non-melanoma skin cancers (NMSCs), which arise from keratinocytes [1]. The pri-
mary environmental factor responsible for skin cancer development is ultraviolet radiation
(UVR) exposure [2]. UVR is classified based on wavelengths of UVC (100-280 nm), UVB
(280-320 nm) and UVA (320-400 nm). While UVC is completely blocked by the ozone layer,
about 95% of the UVR reaching the Earth'’s surface consists of UVA, and approximately 5%
is UVB [3]. UVA and UVB significantly affects the skin. While UVA is largely absorbed by
the dermis and drives photoaging, UVB is responsible for DNA damage and mutations,
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ultimately promoting skin carcinogenesis [4]. Moreover, UVB exposure triggers immuno-
suppression, oxidative stress and inflammation, leading to DNA alterations and protein
and lipid peroxidation [5]. In recent years, the incidence of both MM and NMSC has risen
steadily, mainly due to increased outdoor occupational and recreational activities, as well as
the use of sunbeds [6]. Thus, the management of cutaneous cancers constitutes a significant
burden to the National Health System, highlighting their impact on public health [7]. To
mitigate and prevent both MM and NMSC, various protective strategies have been devel-
oped, including systemic photoprotection [8]. Systemic photoprotector agents are orally
administered compounds that reduce the harmful effects induced by ultraviolet, visible and
infrared radiation. These agents may act alone or in combination with topical sunscreens,
exerting anti-inflammatory, immunomodulatory, antioxidant and DNA repair-enhancing
effects [9-11]. Among systemic photoprotective agents, nicotinamide (NAM)—the amide
derivative of vitamin B3—plays a central role. It is a precursor of nicotinamide adenine
dinucleotide (NAD™), a vital coenzyme that drives metabolic redox reactions, including
glycolysis, oxidative phosphorylation and ATP generation. [12]. NAD™ is also a substrate
for energy-dependent enzymes, including poly (ADP-ribose) polymerases (PARPs) and
silent information regulators (SIRT), which regulate DNA repair [13-15]. NAD™ levels
are maintained through de novo synthesis from tryptophan, the Preiss-Handler pathway
and the salvage pathway [15]. The latter provides rapid NAD™ replenishment by con-
verting NAM into nicotinamide mononucleotide (NMN) via the enzyme nicotinamide
phosphoribosyl transferase (NAMPT), which is subsequently converted into NAD* by
nicotinamide mononucleotide adenylyl transferase (NMNAT) [15,16]. Following UVR
exposure, activation of DNA damage repair (DDR) enzymes, along with inflammation
and oxidative stress, leads to rapid NAD* depletion and a substantial reduction in cellular
energy, thereby increasing reactive oxygen species (ROS) production and promoting further
DNA damage [17,18]. Nevertheless, NAM supplementation rapidly replenishes NAD*
levels via the salvage pathway, restoring ATP production and enhancing DNA repair [8,19].
Furthermore, NAM modulates inflammatory cytokines and ROS release thereby protecting
cells from their potential detrimental effects [15]. Its role in oxidative stress is of particular
interest, as the mechanisms by which this molecule counteracts ROS production are not
fully understood. Indeed, although some papers suggest a weak ROS/free-radical scav-
enging activity of NAM in vitro [20], it has been hypothesized that its antioxidant activity
is indirectly due to a NAD-mediated increase in SIRT1 deacetylation activity that eventu-
ally favors the transcription of antioxidant genes [21-24]. In this study, we demonstrated
that NAM efficiently protected HaCaT keratinocytes from UVB-induced oxidative stress,
reducing ROS production and oxidative DNA damage both 4 and 24 h after irradiation
through a NAD*-dependent mechanism. Interestingly, NAM also attenuated apoptosis and
promoted cell cycle recovery, especially at the latest time point (24 h), which was mediated
by NAD*.

2. Materials and Methods
2.1. Cell Culture

HaCaT cells were obtained from Cytion (cat. No. 300493, Heidelberg, Germany)
and cultured in Dulbecco’s Modified Eagle Medium (DMEM,; Euroclone, Pero, Italy) sup-
plemented with 10% fetal bovine serum (FBS, Euroclone), 1% penicillin/streptomycin
(Euroclone) and 4 mM glutamine (Euroclone).

2.2. UVB Irradiation and Cell Stimulation

The culture medium was removed, and cells were washed with PBS 1. A thin layer of
PBS was added, and cells were exposed to UVB irradiation (40 m]/cm?) using a VL6M lamp
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(280-320 nm, peak at 312 nm; Montepaone, Turin, Italy). UVB intensity was monitored
with a quantum photo/radiometer (HD9021, Montepaone). After irradiation, PBS was
replaced with fresh culture medium, and cells were incubated for 4 and 24 h with/without
NAM 25 uM (Merck KGaA, Darmstadt, Germany) or 1 nM FK866 (Cayman Chemical, Ann
Arbor, MI, USA) immediately after UVB exposure. UVB dose and NAM concentration
were determined according to data from our previously published work [25-27].

2.3. MTT Assay

HaCaT cells (7 x 10% cells/well) were seeded in a 96-well plate and treated as previ-
ously described. MTT (0.5 mg/mL, Merck KGaA) was added, and cells were incubated for
2hat 37 °C, 5% CO;. Formazan crystals were dissolved with DMSO (Merck KGaA), and
absorbance was measured at 570 nm using Victor X Multilabel Plate Readers (PerkinElmer,
Milan, Italy).

2.4. Intracellular ROS Quantification

HaCaT cells (2 x 10* cells/well) were seeded into a 96-well plate and stimulated
as previously described. After removing the culture medium, cells were incubated with
10 uM of 2/,7’-dichlorofluoresein diacetate (DCFDA) (Abcam, Cambridge, UK) for 45 min
at 37 °C. DCFDA was then removed, and fresh PBS was added. The intensity of DCFDA
fluorescence was measured using a Victor X Multilabel Plate Reader (PerkinElmer) at
495/529 nm excitation/emission.

2.5. Flow Cytometry Cell Cycle Analysis

HaCaT cells (1 x 10° cells/well) were seeded in 12-well plates and stimulated as
previously described. Apoptotic cells were collected, and adherent cells were detached
with trypsin/EDTA solution, then neutralized with DMEM containing 10% FBS. Cells were
harvested, centrifuged and fixed with cold ethanol 70% and stored at —20 °C overnight.
After centrifugation, cells were washed twice with PBS 1x and incubated for 15 min at
37 °C with 100 pg/mL propidium iodide (PI) Immunological Sciences, Rome, Italy) and
25 ug/mL of RNAse A (Immunological Sciences). A total of 20,000 stained cells were
acquired using an Attune NxT FACS (Thermo Fisher, Waltham, MA, USA). Data are
presented as percentages of cells in each phase of the cell cycle: G1, M, G2 and SubG1
(apoptotic cells).

2.6. Flow Cytometry Analysis of Apoptosis with Annexin V/PI Assay

HaCaT cells (1 NxT FACS 10° cells/well) were seeded into a 12-well plate and treated
as previously described. Cell medium was collected, and adherent cells were detached
using trypsin/EDTA, centrifuged and washed twice with PBS 1. Cells were then stained
using an annexin V-FITC/PI assay kit (Immunological Sciences) according to the manufac-
turer’s instructions. Stained cells were analyzed with an Attune NxT FACS (Thermo Fisher),
and data are presented as the percentage of early apoptotic cells (annexin V + /PI—cells)
and late apoptotic cells (annexin V+/PI + cells).

2.7. Comet Assay (Single-Cell Gel Electrophoresis)

A comet assay was performed as described by Clementi et al. [28]. Briefly, HaCaT cells
(1 x 10 cells/well) were seeded into a 12-well plate and stimulated as previously described.
Cells were detached with trypsin/EDTA, centrifuged and resuspended with cold PBS 1 x.
Cells were then mixed with 1% low melting agarose (Fisher Molecular Biology, Rome,
Italy), spread onto microscope slides coated with normal agarose and incubated overnight
at 4 °C in lysis buffer. Electrophoresis was carried out using a Comet Assay Tank (Cleaver
Scientific, Rugby, UK) filled with electrophoresis buffer at 21 V and 400 mA for 30 min.
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After rinsing with dH,O, cells were stained with 10 pg/mL PI (Immunological Sciences) for
20 min at RT, protected from light. Photos were taken using a Leica fluorescence microscope,
and comet tail analysis was performed using CometScore 2.0 software (TrikTek, Berlin,
Germany). Results are expressed as the olive tail moment.

2.8. Indirect Immunofluorescence

HaCaT cells (1 x 10* cells/well) were seeded on sterile rounded glasses and stimulated
as previously described. Cells were fixed with 4% paraformaldehyde and blocked for 1 h
and incubated with primary antibody mouse monoclonal anti-Ki67 (1:100 Abcam, cat. No.
ab8191, RRID: AB_306346) for 2 h. Subsequently, cells were incubated with secondary
antibody anti-mouse Alexa Fluor-546 (1:500 Thermo Fisher) and DAPI (1:1000, Merck
KGaA) for 45 min at RT, protected from light. Images were acquired with a Leica fluorescent
microscope and data were expressed as the percentage of Ki67-positive cells out of the total
DAPI-stained cells.

2.9. TBARS Assay

The TBARS assay was performed using a TBARS assay kit (Cayman Chemical,
Ann Arbor, MI, USA) according to the manufacturer’s instructions. Briefly, HaCaT cells
(5 x 10° cells/well) were seeded in 6-well plates and stimulated as previously described.
Cells were mechanically detached and lysed and 100 uL of each sample was added to
100 pL of TCA assay reagent and 800 puL of Color Reagent. Samples were then boiled for
1 h, immediately incubated on ice for 10 min to stop the reaction and centrifuged for 10 min
at 1600x g at4 °C. A total of 200 pL of each sample was transferred on a 96-well plate and
the absorbance was read at 530 nm using a spectrophotometer Victor X Multilabel Plate
Reader (PerkinElmer). Results are expressed as M of malondialdehyde (MDA).

2.10. Reverse Transcription Quantitative PCR (RT-qPCR)

HaCaT cells (2 x 10° cells/well) were seeded in a 12-well plate and stimulated as
previously described. Cells were detached and lysed in TRIzol (Fisher Molecular Biology,
Rome, Italy). RNA concentration was measured using a NanoDrop spectrophotometer
(Thermo Fisher), and purity was assessed by the 260/280 nm absorbance ratio. Com-
plementary DNA (cDNA) was synthesized from RNA using a reverse transcription kit
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.
Quantitative PCR was then carried out by a two-step cycling protocol in a final reaction
volume of 10 uL per sample, performed in Multiply Optical Strips (Sarstedt, Niimbrecht,
Germany). Each reaction contained 1 uL of cDNA, 400 nM forward primer, reverse primer
and SensiFast SYBR No-ROX Master Mix (Bioline, London, UK). Primer sequences are
provided in Table S1. Gene expression levels were normalized to the housekeeping gene
GAPDH, and relative expression was calculated using the 2744CT method.

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 10.2.0 for
MacOS (GraphPad Software, Boston, MA, USA). Data are presented as mean =+ standard
error (SEM). Normality was assessed using the Shapiro-Wilk test. For normally distributed
data, Student’s ¢-test was performed. Statistical significance was defined as p < 0.05.

3. Results
3.1. Nicotinamide Counteracts ROS Production, Lipid Peroxidation and Oxidative DNA Damages

We first evaluated the time required for low-dose UVB irradiation (40 m]/ cm?) to
induce oxidative stress in HaCaT cells (Figure S1). We found that UVB exposure signifi-
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DCFDA intensity (% of control)

cantly increased ROS production at 4 and 24 h compared with untreated control cells. We
therefore decided to test the ability of NAM to counteract oxidative stress and its related
damage at these two time points.

As illustrated in Figure 1A, NAM markedly decreased ROS production induced by
UVB at 4 and 24 h after irradiation. This protective effect was eliminated by the addition
of the NAMPT inhibitor (FK866), demonstrating that NAM-mediated ROS reduction is
due to the increase in NAD* levels. Furthermore, NAM protected cells from UVB-induced
lipid peroxidation, particularly 24 h post-irradiation, although this effect appeared to be
independent of NAD* production, since statistical analysis showed no significant effect
(p-value 0.320) (Figure 1B). We also investigated the gene expression of two antioxidants,
GPX1 (Figure 1C) and SOD1 (Figure 1D). We found increased expression of GPX1 after
UVB exposure, an effect that was not reversed in the presence of NAM. In contrast, SOD1
expression was not significantly altered.

B (o GPX1 D SOD1 4h

120
110

100

MDA concentration (% of control)

2z

b
gz
[l

UVB+NAM UVB+NAM+FK866 4h 24h F 0GG1 gzh
6
150 ﬂ*‘ e — UVB

|*

Olive tail moment
~

I =

I
2 =
oL -, - -, — 0
I Y Sy @ S ® + - -+
FEILE T E
& ¢ & + - - - %
S &
S &

Figure 1. Nicotinamide reduces oxidative stress induced by UVB by increasing NAD* levels. HaCaT
cells were exposed to UVB (40 m]J/ cm?) and treated with NAM (25 uM) and FK866 (1 nM) for 4
and 24 h. (A) ROS levels were determined using a DCFDA fluorescent probe, with data reported as
mean + SEM of 5 independent experiments. (B) Lipid peroxidation was evaluated using the TBARS
assay. Data are indicated as the percentage of MDA concentration of the control of 4 independent
experiments (mean + SEM). (C) GPX1 and (D) SOD1 gene expression was quantified by RT-qPCR,
and data are expressed as mean + SEM of 11 independent experiments. (E) DNA damage was
evaluated through comet assay and quantified as the olive tail moment. Data are expressed as
mean + SEM of three independent experiments. Representative comet assay photos were acquired at
200x. (F) OGG1 gene expression was quantified by RT-qPCR, and data are presented as mean + SEM
of 11 independent experiments. * p < 0.05, ** p < 0.01, **** p < 0.0001. NAM, nicotinamide; UVB, ultra-
violet B; MDA, malondialdehyde; CTRL, untreated cells; DCFDA, 2/ 7'-dichlorofluoresein diacetate.

UVB and ROS can damage the DNA, resulting in single-strand DNA breaks and
oxidative lesions [29]. We therefore investigated whether NAM could protect cells from
DNA damage as well and whether this effect was NAD"-dependent. In line with the
ROS results, NAM-treated cells exhibited reduced DNA damage at both 4 and 24 h post-
irradiation (Figure 1E). This protective effect was eliminated in the presence of FK866,
confirming that NAM protects cells from oxidative stress and damage by increasing NAD*
levels. Additionally, it has been assessed that OGGI gene expression was a marker of
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oxidative DNA damage [30] (Figure 1F). We observed an increased expression of this gene,
particularly after 24 h of irradiation, which was reduced in the presence of NAM. Again,
co-stimulation with FK866 led to the elimination of NAM-mediated effects.

3.2. Nicotinamide Restores Cell Proliferation and Improves Cell Apoptosis

Since UVB exposure reduces cell proliferation [31], we investigated whether NAM
could exert a protective effect and whether this effect was NAD*-dependent. As shown
in Figure 2A, UVB significantly decreased Ki67 expression at both time points. However,
NAM efficiently improved cell proliferation at 24 h post-irradiation, whereas this effect
was completely abolished in the presence of FK866. These results indicate that NAM can
restore cell proliferation in an NAD*-dependent manner.
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Figure 2. Nicotinamide improves cell proliferation and reduces cell apoptosis. HaCaT cells were
exposed to UVB (40 mJ/ cm?) and treated with NAM (25 uM) and FK866 (1 nM) for 4 h and 24 h.
(A) Ki67 levels were determined by indirect immunofluorescence, and positive cells were quantified
as a percentage of the total cell population. Data represent mean + SEM of three independent
experiments. IF pictures were taken using a 630x. Cell cycle analysis (B) 4 h and (C) 24 h post-
irradiation was evaluated with flowcytometry. Data are expressed as mean & SEM of 7 independent
experiments. (D) p16 and (E) p21 gene expression was measured with RT-qPCR, and data are
expressed as mean + SEM of 11 independent experiments. * p < 0.05, ** p < 0.01, **** p < 0.0001. NAM,
nicotinamide; UVB, ultraviolet B; CTRL, untreated cells; U, UVB; N, NAM; F, FK866.

We then examined whether this NAM-mediated effect was also reflected in cell cycle
progression. Four hours after UVB exposure (Figure 2B), we observed an increase in the
percentage of cells in the G0/G1 phase and SubGl1 population (dead cells), accompanied
by a decrease in cells in the G2 phase. At this time point, NAM treatment did not produce
significant effects. By 24 h post-irradiation, UVB caused a significant reduction in the
percentages of cells in the G0/G1, S and G2 phases, reflecting a marked increase in dead cells
(Figure 2C). This effect was reduced in the presence of NAM; however, co-treatment with
FK866 did not significantly affect the NAM-mediated response (p value 0.262) (Figure 2C).
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Finally, we assessed the expression of p16 (Figure 2D) and p21 (Figure 2E), observing
an overexpression of p21, particularly at 24 h post-irradiation, while NAM did not induce
significant changes. Overall, these results suggest that NAM improves cell proliferation by
enhancing NAD* production. Moreover, NAM treatment reduces cell apoptosis, an effect
that was unaffected by FK866.

3.3. Nicotinamide Reduces Early Apoptosis Induced by UV B After 24 H Post-Irradiation

To better elucidate the effects of NAM on cell death, apoptosis was assessed by
flow cytometry using Annexin V-FITC and propidium iodide staining (Figure 3A). Early
apoptotic cells were defined as Annexin V*/PI~, whereas late apoptotic/necrotic cells
were Annexin V*/PI*. Figure 3B shows that UVB exposure markedly elevated both early
and late apoptosis cell populations. In contrast, NAM treatment significantly reduced early
apoptosis, especially at 24 h post-irradiation. This effect correlated with an overexpression
of BCL-2 (Figure 3D) and CASPS (Figure 3E) at 24 h, which was induced by UVB exposure
and reversed by NAM. Interestingly, FK866 reverted NAM-mediated reduction in BCL-2
and CASP8. No significant changes were observed in BCL-XL (Figure 3C) and CASP9
(Figure 3F) expression.
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Figure 3. Nicotinamide improves early apoptosis in an NAD"-dependent way. HaCaT cells were
exposed to UVB (40 mJ/cm?), NAM (25 uM) and FK866 (1 nM) for 4 and 24 h. (A) Cell apoptosis
was quantified by flow cytometry following staining with Annexin V-FITC and propidium iodide
staining. Q1: Annexin™ /PI™ cells; Q2: Annexin V*/PI™ cells (early apoptosis); Q3: Annexin V*/PI*
cells (late apoptosis). (B) Quantification of early and late apoptotic cells expressed as mean & SEM of
6 independent experiments. Gene expression of (C) BCL-XL, (D) BCL-2, (E) CASP8 and (F) CASP9 was
measured by RT-qPCR. Data are expressed as mean & SEM of 11 independent experiments. * p < 0.05,
**** p < 0.0001. NAM, nicotinamide; UVB, ultraviolet B; CASP, caspase.; CTRL, untreated cells.
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4. Discussion

In this study, we demonstrate that NAM mitigates the detrimental effects induced
by UVB in HaCaT cells, including ROS production, lipid peroxidation, DNA damage and
apoptosis, while simultaneously supporting cell proliferation. Notably, many of these
protective effects are NAD*-dependent, as evidenced by the reversal of NAM activity in the
presence of the NAMPT inhibitor FK866. Specifically, NAM efficiently reduced ROS levels
at early (4 h) and late (24 h) time points, which in turn led to lower MDA concentration and
oxidative DNA damage, as indicated by lower OGGI gene expression. These observations
align with previous studies reporting the antioxidant properties of NAM in HaCaT cells
exposed to particulate matter [32], in primary keratinocytes exposed to low [33] or high
doses of UVB [33] and other cell types [15]. However, our findings extend previous
observations by demonstrating a clear time-dependent response and the involvement
of NAD" in the attenuation of oxidative stress. Indeed, NAD™" and its phosphorylated
form NADP* play a central role in numerous redox reactions, including the regeneration
of antioxidants such as glutathione, eventually leading to reduced ROS production [34].
Moreover, adequate NAD" levels promote the activation of NAD*-dependent sirtuins,
which mitigate oxidative stress by controlling the expression of multiple antioxidant genes
and limiting mitochondrial ROS generation [24]. Lastly, NAD* promotes DNA repair as
a substrate of PARP1, an enzyme typically activated by pronounced DNA damage and
oxidative stress [35]. Here, we demonstrate that the administration of NAM immediately
after UVB exposure allows a rapid production of NAD* through the salvage pathway,
thereby restoring antioxidant defenses and redox balance. Overall, our results confirm
that NAM-mediated antioxidant activity mainly acts as a precursor for NAD* biosynthesis
rather than having any direct ROS-scavenging property, which appears negligible, or ability
to influence antioxidant expression [36].

In addition, we provide evidence that NAM promotes cell proliferation in UVB-
irradiated HaCaT in a NAD*-dependent manner, particularly at 24 h post-irradiation
as indicated by the increased Ki67-positive cells. Consistent with these findings, we
have previously demonstrated that NAM promotes cell proliferation in UVB-irradiated
fibroblasts [25] and in the melanoma cell line A375 [27]. To our knowledge, no studies have
yet evaluated Ki67 expression in keratinocytes following UVB exposure. Therefore, our
results provide novel experimental evidence that NAM can restore cell proliferation by
increasing intracellular NAD* levels.

After UVB exposure, the percentage of cells in the G1 and G2 phases is strongly re-
duced due mainly to the arrest of the controlled cell cycle, as demonstrated by the increased
expression of p21 [37]. This mechanism allows cells to repair and remove potentially dan-
gerous DNA damage or, in the case of severe mutations, to trigger apoptosis [38]. In this
work, we found that NAM treatment led to reduced cell death, identified as early apoptosis,
and demonstrated in reduced expression of the BCL-2 and CASPS genes.

Our results align with previous works reporting an involvement of caspase 8 in
UVB-induced apoptosis, although no other works have investigated whether NAM can
affect CASP8 expression [39-41]. Conversely, our results regarding Bcl-XL are partially in
contrast with the existing literature. Bcl-XL is an anti-apoptotic protein, part of the Bcl-2
family, which protects cells from UV-induced apoptosis [42]. Its role in keratinocytes is
not completely clear. Indeed, some works have observed a downregulation of Bcl-XL in
UVB-irradiated HaCaT cells at both the protein [43—45] and gene [46] levels. However,
our results are consistent with those reported by Lim et al. [47], who demonstrated that
exposure to low UVB doses induces an overexpression of Bcl-XL at the protein level. To
possibly explain this phenomenon, we hypothesize that, 24 h post-irradiation, cells activate
several survival pathways—such as NF-kB, MAPK and EGFR—to counteract UVB-induced
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apoptosis, thereby regulating the expression of pro-survival target genes [48]. Consequently,
in the presence of NAM, cells are protected from UVB-induced apoptosis, and upregulation
of Bcl-XL is no longer required.

Of particular interest is the NAD*-independent reduction in early apoptosis. Indeed,
we found that the inhibition of the salvage pathway did not alter NAM-mediated effects,
resembling lipid peroxidation results. A possible explanation for this biological event
could be the involvement of NAM’s metabolite N-methylnicotinamide (NMN). Beyond
its role as NAD™* precursor and inhibitor of SIRT and PARP, NAM can be metabolized by
nicotinamide-N-methyltransferase into NMN [49], which activates nuclear factor erythroid
2-related factor 2 (NRF2), which in turn induces antioxidant gene expression, including
SOD and catalase [50]. The consequent reduction in ROS production inhibits apoptosis
signaling regulated kinase 1 (ASK1) activity, which is an upstream signal of p38-MAPK,
leading to reduced apoptosis [51,52] and, hypothetically, protection from oxidative damage,
like lipid peroxidation [53]. Based on these considerations, it can be suggested that NAM
protects cells from UVB-induced oxidative stress through direct restoration of NAD* levels
via the salvage pathway and, indirectly, through its metabolite NMN and the inhibition of
p38-MAPK. Further studies will be required to fully elucidate the molecular mechanisms
underlying these observations and to potentially confirm our hypotheses.

This study presents some limitations. First, it was conducted exclusively in a single
keratinocyte cell line, which does not fully recapitulate the complexity of human skin and
its physiology. Second, the analysis of apoptotic markers was primarily based on gene
expression data, and further analysis of protein expression and its possible cleavage would
strengthen our findings. Although these limitations should be considered, our data indicate
that NAM exerts a protective effect against UVB-induced damage.

5. Conclusions

In summary, NAM effectively shields keratinocytes from UVB-induced oxidative
stress, DNA damage, lipid peroxidation and apoptosis, largely through its role in boost-
ing NAD* levels. Furthermore, we provide novel evidence that NAM modulates early
apoptotic signaling at the gene level, including CASPS expression, and promotes cell pro-
liferation in UVB-irradiated HaCaT cells. Collectively, these results reinforce the role of
nicotinamide as a systemic photoprotective agent and contribute to better elucidating the
molecular mechanisms underlying its antioxidant activity.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abbreviations

The following abbreviations are used in this manuscript:

MM Malignant melanoma

NMSC Non-melanoma skin cancer

UVB Ultraviolet B

NAD Nicotinamide adenine dinucleotide
ROS Reactive oxygen species

NAM  Nicotinamide

SOD Superoxide dismutase

GPX Glutathione peroxidase

CASP  Caspase

PI Propidium iodide
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