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ABSTRACT

Oxidative stress and lipid peroxidation are major causes of skin injury induced by ultraviolet (UV) irradiation.
Ferroptosis is a form of regulated necrosis driven by iron-dependent peroxidation of phospholipids and con-
tributes to kinds of tissue injuries. However, it remains unclear whether the accumulation of lipid peroxides in
UV irradiation-induced skin injury could lead to ferroptosis. We generated UV irradiation-induced skin injury
mice model to examine the accumulation of the lipid peroxides and iron. Lipid peroxides 4-HNE, the oxidative
enzyme COX2, the oxidative DNA damage biomarker 8-OHdG, and the iron level were increased in UV
irradiation-induced skin. The accumulation of iron and lipid peroxidation was also observed in UVB-irradiated
epidermal keratinocytes without actual ongoing ferroptotic cell death. Ferroptosis was triggered in UV-
irradiated keratinocytes stimulated with ferric ammonium citrate (FAC) to mimic the iron overload. Although
GPX4 protected UVB-injured keratinocytes against ferroptotic cell death resulted from dysregulation of iron
metabolism and the subsequent increase of lipid ROS, keratinocytes enduring constant UVB treatment were
markedly sensitized to ferroptosis. Nicotinamide mononucleotide (NMN) which is a direct and potent NAD "
precursor supplement, rescued the imbalanced NAD"/NADH ratio, recruited the production of GSH and pro-
moted resistance to lipid peroxidation in a GPX4-dependent manner. Taken together, our data suggest that NMN
recruits GSH to enhance GPX4-mediated ferroptosis defense in UV irradiation-induced skin injury and inhibits
oxidative skin damage. NMN or ferroptosis inhibitor might become promising therapeutic approaches for
treating oxidative stress-induced skin diseases or disorders.

1. Introduction

Skin is the largest organ of the human body, composed of epidermis
and dermis [4]. Located in the outermost layer of the skin, the epidermis

Approximately 132,000 cases of malignant melanoma and more than
2 million cases of other skin cancers occur worldwide each year, and
epidemiological studies have shown that most skin cancers are caused
by overexposure to ultraviolet radiation [1]. Ultraviolet radiation in
sunlight is the main source of biological UV exposure on the earth. UV
radiation is divided into three wavelength bands: UVA (320-400nm),
UVB (280-320nm), and UVC (100-280nm) [2,3]. The atmospheric
ozone layer has a strong absorption of UVC, and the UVC reaching the
ground is very weak. Approximately 90 to 95% of UVA and 5 to 10% of
UVB radiation reaches the ground.

* Corresponding authors.

is an important barrier to protect the body from external physical and
chemical stimuli and other factors, and these functions are played by
keratinocytes. Keratinocytes, which make up more than 90% of
epidermal cells, absorb 95% of the ultraviolet light that hits the skin [5].
Moreover, UVB reacts with water in the skin to produce reactive oxygen
species (ROS), including singlet oxygen, superoxide anions, and hy-
droxyl radicals [4,6]. Accumulating evidence suggests that UVB irradi-
ation not only induces nuclear DNA damage but also causes membrane
destruction, resulting in cell loss or apoptosis [7,8]. It has been reported
that oxidative stress on reactive oxygen species (ROS) produced by UV
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irradiation is a cause of skin injury [9,10]. Eventually, UV irradiation is
expected to cause skin disorders, including skin inflammation, burns,
pigment diseases, aging, and skin cancer.

Ferroptosis is a newly discovered iron-dependent programmed cell
death mode, which plays an important role in neurodegenerative dis-
eases, tumors, myocardial injury, fibrosis and other diseases, and may
also play an important role in skin injury [11,12]. Lipid peroxidation
plays an important regulatory role in ferroptosis pathway. Lipid perox-
ides are the first factor in the occurrence of ferroptosis, and phosphati-
dylethanolamine (PE) is the preferred substrate for lipid oxidation, so
hydrogen peroxide-PE (OOH-PE) is a landmark event in the occurrence
of ferroptosis. Glutamate/cystine reverse transporter is an important
regulator of ferroptosis, mainly composed of two subunits, 7 member 11
(SLC7A11) and 3 member 2 (SLC3A2) of the transmembrane transporter
solute carrier family, which exudes the same amount of glutamate
during intracellular cystine transport [13]. By affecting reduced gluta-
thione synthesis, it indirectly affects glutathione peroxidase (GPX4), a
core enzyme that regulates ferroptosis. GPX4 catalyzes the reduction of
lipid peroxides to reduce OOH-PE to OH-PE using GSH/GSSG redox,
thereby inhibiting ferroptosis [14]. The cyst(e)ine/GSH/GPX4 antioxi-
dant axis is one of the most important axes for ferroptosis defense, which
is fueled by NADPH. Although lipid peroxidation has been reported as
one major effector by which UV contributes to photoaging and skin
cancer, it remains unclear if ferroptosis is involved in UV irradiation-
induced skin damage.

NMN is synthesized from nicotinamide, a form of water-soluble
vitamin B3, and 5'-phosphoribosyl-1-pyrophosphate (PRPP), by
NAMPT, the rate-limiting NAD" biosynthetic enzyme in mammals
[15-17]. As a key NAD™" intermediate, NMN has been shown to enhance
NAD™ biosynthesis and ameliorate various pathologies in mouse disease
models, including aging-related dysfunctions [18]. The administration
of NMN, in addition to its anti-aging effects, it will be of great impor-
tance to study the effects of NMN administration on the UV induced skin
injury.

In this study, we aimed to investigate the accumulation of iron and
lipid peroxides and the occurrence of ferroptosis in UV-irradiated skin
injury model. The protective effects of ferroptosis inhibition and the
underlying mechanism were also investigated. Our results showed NMN
can act as a promising therapeutic agent to repair the imbalance of
NAD'/NADH ratio and enhance the anti-oxidation function of GSH/
GPX4 axis, leading to decrease of the iron-dependent lipid peroxidation
and attenuation of UV-induced skin injury.

2. Materials and methods
2.1. Animals

All experimental procedures applied to mice were approved by
Ethical Committee of Fourth Military Medical University, and were
performed in compliance with the national regulations. BALB/c mice
were purchased from the Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China), and were maintained in a specific
pathogen-free mouse facility (room temperature, 20-22 °C; room hu-
midity, 40-60%, with free access to food and water) under a 12-h light/
dark cycle. The skin injury model was created using ultraviolet B (UVB)
250 mJ/cm? irradiation onto BALB/c mice after their back shaved. A
total of 26 mice were used in this study; 8 mice without treatment served
as controls, while 18 mice were irradiated under the UVB lamp and
administered with PBS (200 pl per injection area), Lip-1 (Selleck, S7699)
(10 mg/kg every other day per injection area), or NMN (Chalet Healthy
PTY Ltd, Jiangsu Chengxin Pharmaceutical Co., Ltd) (400 mg/kg/day
via drinking water at pH 7.2). One week after injection, blood samples
were collected from mice under deep anesthesia, then all the mice were
euthanized by an intraperitoneal injection of pentobarbital, and their
dorsal skin was collected.
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2.2. Cell culture

Human HaCaT cell lines were grown in Dulbecco’s Modified Eagle’s
Mediumor Eagle’s Minimum Essential Medium with 10% fetal bovine
serum, 2 mM of r-glutamine, and100 U/mL of penicillin and strepto-
mycin. Cell cultures were maintained at 37 °C in a 5% CO5 humidified
atmosphere.

2.3. Antibodies and western blotting

Antibodies against the following proteins were used in this study:
TFRC (1:1000, Abcam ab214039), FPN (1:1000, Abcam ab78066),
ferritin (1:2000, Abcam ab75973), HO-1 (1:1000, Abcam ab13243),
FSP1 (1:1000, Proteintech 20886-1-AP), HMGB1 (1:1000, Proteintech
66525-1-1g), ACSL-4 (1:500, Santa Cruz sc271800), SOD2 (1:1000,
Santa Cruz sc-133134), CHMP6 (1:1000, Santa Cruz sc-398963),
CHMP5 (1:1000, Santa Cruz sc-374337), NRF-2(1:1000, Proteintech
16396-1-AP), SLC7A11 (1:1000, Abcam ab175186), GCLC (1:1000,
Abcam ab53179), GCLM (1:1000, Abcam ab126704), GPX4 (1:1000,
Abcam ab25066), GAPDH (1:1000, Proteintech 60004-1-Ig). Protein
samples were generated using radio immune-precipitation assay (RIPA)
lysis buffer (P0013B, Beyotime) with freshly added 1 mM of phenyl-
methanesulfonyl fluoride (PMSF), protease inhibitors, and phosphatase
inhibitors. After that, separated on 10% SDS-polyacrylamide gel, and
then the proteins were transferred to a 0.45-pm poly-vinylidene fluoride
blotting membranes. The membranes were then incubated with primary
antibodies against the proteins of interest in blocking solution, washed
and then incubated with HRP-conjugated secondary antibodies. Finally,
an enhanced chemiluminescence substrate was added to the membranes
prior to film exposure to detect the proteins according to manufacturer’s
instructions.

2.4. RNA isolation and quantitative PCR

For RT-PCR analysis, tissue RNA was isolated according to purifi-
cation of RNA using Trizol (TRI reagent) with then reverse transcribed
into cDNA with Superscript first strand synthesis kit (Invitrogen) ac-
cording to the manufacture’s protocol. RT-PCR was then performed with
a TB Green PCR kit (TaKaRa, Otsu, Japan) on the Mxpro system to
determine the expression levels of the genes of interest. All primers were
synthesized by the TsingKe Biological Technology (Beijing, China). The
sequences of PCR primers are listed in Table 1.

RT-PCR was performed with the following conditions: 95 °C for 3
min; 40 cycles: 95 °C for 15 s, 60 °C for 15's, 72 °C for 15 s; followed by
melting curve analysis. The 2 ~ 2T method was used to quantify the
relative expression of these genes.

2.5. Enzyme-linked immunosorbent assay (ELISA)

First, samples were generated by western and IP lysis buffer (Beyo-
time, PO013B), obtain supernatant after centrifuge for 10 min at
approximately 12,000 x g, at 4 °C. CoQ¢ detection was performed using
a CoQio enzyme-linked immunosorbent assay kit (Sigma-Aldrich,
#C9538) according to the manufacturer’s instructions. The concentra-
tion in each sample well was determined by interpolation from a stan-
dard curve. Each sample was tested in triplicate.

2.6. Histology

Tissues were fixed for 24 h in 10% neutral buffered formalin (Sigma),
dehydrated in ethanol gradients, paraffin embedded and sectioned at 3
mm on polylysine slides (Thermo scientific). Slides were rehydrated
with decreasing percentage of ethanol solutions and subjected to stains.

For hematoxylin and eosin staining, slides were treated for 6 min
with Mayer’s Hematoxylin (Sigma Aldrich), rinsed in phosphate buff-
ered saline, and incubated for 2 min in Eosin in acetic acid (Sigma
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Table 1
Primer sequences for real-time quantitative PCR.

GAPDH  Forward 5’-ATCATCCCTGCATCCACT-3'

Reverse 5’-ATCCACGACGGACACATT-3'

TFRC Forward 5’-
CTCAGTTTCCGCCATCTCAGT-3'
Reverse 5’-
GCAGCTCTTGAGATTGTTTGCA-3'

FPN Forward 5’-
GTGGAGTACTTCTTGCTCTGG —3'
Reverse 5’-
CTGCTTCAGTTCTGACTCCTC-3'

FTH Forward 5’-
CCATCAACCGCCAGATCAAC-3’
Reverse 5’-
GAAACATCATCTCGGTCAAA-3’

FTL Forward 5’-
CGTCTCCTCGAGTTTCAGAAC-3’
Reverse 5’-
CTCCTGGGTTTTACCCCATTC-3’

Real-time quantitative PCR
Mouse primers

Aldrich). After the stains, slides were dehydrated with ethanol gradients
and mounted with Entellan (Sigma Aldrich). Digital images were ac-
quired up to 4x or 20x magnification.

For Masson’s trichrome staining, slides were treated overnight with
the Bourin’s mordent solution (Roth). After washing, slides were treated
for 5 min with Weigert’s hematoxylin (Roth), 5 min with Biebrich
Scarlet Acid Fuchsine (Sigma Aldrich), 5 min with Phosphotungstic/
Phosphomolybdic Acid Solution (Sigma Aldrich), 5 min with Aniline
Solution (Sigma Aldrich) and 2 min with 1% acetic acid (Carl Roth).

Immunohistochemical staining was performed using a streptavi-
din-peroxidase kit (ZSGB-Bio, China). The primary antibodies targeted
the following proteins or modifications: 4-hydroxynonenal (Abcam,
ab48506), PTGS2(Abcam, ab179800), 8-Hydroxy-2'-deoxyguanosine
(Abcam, ab48508), HO-1 (Abcam, ab13243), transferrin receptor
(Abcam, ab214039), and ferritin (Abcam, ab75973), with a standard
avidin-biotin HRP detection system according to the instructions of the
manufacturer (anti-mouse/rabbit HRP-DAB Cell & Tissue Staining Kit,
R&D Systems Minneapolis, MN). Tissues were counterstained with he-
matoxylin, dehydrated, and mounted. Quantitative analysis was per-
formed with Image-Pro Plus Version 6.0 software.

2.7. Measurement of cell death, ROS and lipid peroxidation

Experiments were performed according to the manufacturer’s pro-
tocol. Cell death was analyzed by SYTOX Green (Invitrogen) staining
followed by microscopy or flow cytometry. Briefly, cells were incubated
in a humidified chamber at 37 °C with 5% CO; for 30 min with Lipid
Peroxidation Sensor or CM-H2DCFDA in cell culture medium. After in-
cubation, cells were washed and examined by flow cytometry within 2 h
of staining.

2.8. Measurement of serum iron level and cellular iron staining

Total iron levels in serum samples of BALB/c mice were assessed by
the Iron Assay Kit (Abcam, ab83366) according to the manufacturer’s
instructions. In brief, an iron reducer was added to the sample and
standard wells. The mixture was incubated at 37 °C for 30 min, and iron
was added and incubated for an additional 60 min. The output was then
immediately assessed on a colorimetric microplate reader (OD = 593
nm).

Cells were washed with PBS twice and stained with 10 nM of Phen
Green SK for 15 min in 37 °C. After staining, cells were centrifuged and
re-suspended in PBS and the fluorescence profile of the sample was
monitored using a BD aka Fortessa X30 system. Higher fluorescence
intensity indicates lower iron level.
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2.9. NAD'/NADH and NADP'/NADPH measurement

Cellular NAD"/NADH measurement was performed using the man-
ufacturer’s protocol (Beyotime, S0175). Cellular NADP"/NADPH mea-
surement was performed using the manufacturer’s protocol (Beyotime,
S0179).

2.10. Quantification of GSH

Cells were treated as indicated, and cellular GSH levels were assessed
using the GSH- GSH/GSSG Ratio Detection Assay Kit (Abcam,
ab138881) following the manufacturer’s instructions. In brief, the GSH
assay mixture was added to the whole-cell lysates for a one-step fluo-
rometric reaction and incubated for 60 min while protected from light.
Fluorescence was then monitored at EX/EM wavelengths of 490/520
nm, and reduced GSH was calculated from the standard curve. The
reduced GSH concentration in each group was normalized to cell
viability.

2.11. RNAIi and gene transfection

The human GPX4-shRNA#1 (5’-GGAGTAACGAAGAGATCAAAG-3'),
human GPX4-shRNA#2 (5’-GGATGAAGATCCAACCCAAGG-3'), and
control empty shRNA were obtained from GenePharma Co. Ltd. (Suz-
hou, China). Human RNAi and gene transfection were performed using
Lipofectamine2000 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions.

2.12. Statistical analysis

The experiments were performed independently at least three times.
The data were expressed as mean value + SD. Unpaired and paired t-
tests or one-way analysis of variance followed by Dunnett’s posttest (for
subgroup analyses) was used. All of statistical images were processed by
Graph Pad Prism 8.0 software. Differences were considered to be sta-
tistically significant when p < 0.05.

3. Results

3.1. UV irradiation-induced skin damage involves the accumulation of
lipid peroxides and iron overload

The skin injury model was successfully created using ultraviolet (UV)
250 mJ/cm? irradiation onto BALB/c mice after their back shaved. UV
induced subcutaneous swelling and epidermal hyperplasia (Fig. 1A),
and the changes of histological properties in control and UV group were
examined. First, hematoxylin-eosin (HE) staining results showed that
UV irradiation resulted in an increase of epidermal and dermal thickness
in comparison to sham group at 7 d (Fig. 1B, D—F). Second, the plastic
state of the collagen fibers was examined using Masson’s trichrome
staining in each group, statistical analysis showed that UV group
increased the density of the collagen fibers (collagen area%) (Fig. 1C, G).
We then used immunohistochemistry to measure two putative bio-
markers of oxidation and lipid peroxidation in mice skin tissues, 8-Hy-
droxy-2'-deoxyguanosine (8-OHdG) and 4-hydroxynonenal (4-HNE)
modifications (Fig. 2A, B) [19,20]. We found an increased staining for 4-
HNE and 8-OHdG in the injured skin tissues of mice subjected to UV
injury compared to non-treated mice, indicating increased levels of lipid
peroxidation. A significant increase of transferrin receptor (TFRC)
expression along with a significant increase of ferritins (heavy and light
chains) was observed in skin tissues with UV irradiation, implying the
enhancement of iron uptake and storage. In addition, the expression of
the iron related genes in dorsal skin was detected using qPCR. In line
with the above results, we observed that the mRNA levels of TFRC, FTL,
FTH were increased in UV group, whereas the mRNA level of the unique
iron exporter ferroportin (FPN) was decreased compared to that in the
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Fig. 1. UV-induced histological injury in mice skin. After UV-irradiated mice, the histological changes were examined in this study. (A) Representative photos
present the morphological change of dorsal skin in each group at 7 d post-UV irradiation. (B, C) Representative images present Hematoxylin-eosin (HE), Masson’s
Trichrome of mice skin in Sham, UV group at 7 d post-UV irradiation. (D-G) Quantification of the epidermal and dermal thickness (D), the epidermal thickness (E),
dermal thickness (F) and relative collagen area (%) (G) in the experimental groups is shown. Horizontal bars in all histograms denote the statistical significance
between groups. P values were determined by one way-ANOVA. Scale bars: B and C, 10 pm; n = 3 per group. *p < 0.05; **p < 0.01; ***p < 0.001.

non-treated group (Fig. 2C). Iron assay showed that serum Fe?' con-
centration increased in UV group mice (Fig. 2D). These results indicate
that the accumulation of lipid peroxides and iron overload in UV-
induced skin damage.

3.2. Keratinocytes show anti-ferroptosis phenomenon after UVB
irradiation

To determine the role of lipid peroxidation and iron in the devel-
opment of skin damage, we irradiated human keratinocytes (HaCaT
cells) with increasing doses of UVB light in the range of 15 mJ/cm2-200
mJ/cm? for once or three times. Cytoplasmic ROS production, lipid ROS
and iron level were accessed in living cells by flow cytometry. The sensor
in the lipid peroxidation kit changes its fluorescence from PE to FITC
upon peroxidation by lipid ROS in cells, thus enabling ratio metric
measurement of lipid peroxidation (the decreasing PE/FITC ratio means
increasing lipid peroxidation). For Fe>" detection, higher fluorescence
intensity means lower iron level. Although one-time UVB irradiation
effectively increased the intracellular ROS generation and nonheme iron
levels, it failed to promote the accumulation of lipid peroxides (Fig. 3A-
C). After three times UVB irradiation, the ROS level increased up to —55
folds in HaCaT cells irradiated with 200 mJ/cm? UVB compared with
the control, which is much higher than the ROS production induced by
one-time irradiation (Fig. 3D). Cells with three times UVB irradiation
also showed remarkable increase of lipid peroxidation and higher iron
level (Fig. 3E-F). Since increase of intracellular lipid ROS generated by
excess iron could probably lead to ferroptosis, we measured the per-
centage of dead cells using SYTOX staining. Surprisingly, there was no
significant cell death in HaCaT cells irradiated with repeated UVB
irradiation (Fig. 4A). These results imply the existence of cellular de-
fense mechanisms against ferroptosis in UVB-injured keratinocytes.

3.3. GPX4 protects UVB-injured keratinocytes against the accumulation
of lipid ROS resulted from dysregulation of iron metabolism

Several proteins have been shown to maintain iron homeostasis by
regulating iron absorption, transport, and storage. Iron absorption is
mainly controlled by the plasma membrane protein TFRC and stored
within ferritin, and cellular iron export is mediated by FPN. As shown in
Fig. 4B-4D, one time UVB irradiation increased the expression of both
TFRC and FPN while three times UVB irradiation increased the expres-
sion of TFRC but decreased the expression of FPN in keratinocytes
HaCaT cells. The dysregulation of iron metabolism resulted to increased
uptake and decreased export of iron, leading to iron overload in chronic
UVB-injured keratinocytes. One time or three times UVB irradiation is
expected to stimulate many antioxidation molecules help to protect
normal skin cells from UVB injury. Anti-oxidant enzymes or membrane
repair machinery to resist to ROS cytotoxicity, including SOD2, CHMP5,
CHMP6, NRF-2 were all upregulated in response to one time UVB irra-
diation (Fig. 4B). These antioxidant molecules failed to increase in
keratinocytes with three times UVB irradiation (Fig. 4C), which is likely
to represent the disruption of the adaptive cellular response that at-
tempts to suppress oxidative injury. As one of the major ferroptosis and
lipid ROS defense systems, GPX4 is upregulated in response to both one
time and three times UVB irradiation (Fig. 4B, C). Overall, these data
indicate that GPX4 might be involved in the ferroptosis defense against
lipid ROS accumulation resulted from iron overload in the UVB-injured
keratocytes.

3.4. The NAD™" precursor supplement NMN recruits GSH production and
suppresses the production of lipid peroxides via GPX4

We then used ferric ammonium citrate (FAC) to treat UVB-induced
HaCaT cells to mimic the iron overload. Compared to one-time expo-
sure to UVB irradiation, repeated exposure in combination with FAC
induced substantial cell death, which could be largely rescued by
deferoxamine (DFO, an iron chelator) and ferrostatin-1 (Fer-1, a
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Fig. 2. Iron and lipid peroxidation accumulated in mice dorsal skin after UV-irradiation. (A) Representative images of 4-HNE, 8-OHdG, TFRC and FTH in dorsal skin
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groups is shown. (C) gqPCR of the RNA levels of TFRC, FPN, FTL and FTH in dorsal skin tissue of the experimental groups (n = 3 per group) at 7d post-UV irradiation.
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significant. HaCaT, human keratinocyte.

ferroptosis inhibitor) (Fig. 5A). Consistently, FAC-induced potent lipid
peroxidation in HaCaT cells treated with repeated UVB irradiation could
be partially inhibited by DFO or Fer-1 (Fig. 5B-C). These results
demonstrate that although keratocytes treated with both one-time and
repeated UVB irradiation exhibited resistance to the ferroptotic damage,
cells enduring constant UVB treatment were markedly sensitized to
ferroptosis induced by intracellular iron overload. To explore the un-
derlying mechanisms modulating ferroptosis resistance, we detected the
NAD'/NADH ratio, which as shown in Fig. 5D and E, redox balance
NAD'/NADH was disrupted in FAC treated group but returned to
normal level when cells were stimulated by Fer-1 in HaCaT cells with
three times UVB irradiation induced skin injury (Fig. 5D, E). NMN,
which is a direct and potent NAD™ precursor supplement, effectively
healed NAD'/NADH redox imbalance (Fig. 5F), increased the cytosolic
level of NADPH (Fig. 5G), inhibited cell death (Fig. 5H) and attenuated
the lipid peroxidation level (Fig. 5I). Importantly, the decreased GSH
level induced by FAC was significantly rescued by NMN or Fer-1
(Fig. 5J).

Interestingly, we found the expression of GPX4 was increased in FAC
+ NMN group compared to the control group and FAC group (Fig. 6A).
To determine whether NMN regulates ferroptosis through enhancing the
function of GPX4 in UVB induced skin injury, we first suppressed GPX4
expression by specific shRNA. Western blot confirmed an effective
reduction of GPX4 expression (Fig. 6B). Importantly, the knockdown of
GPX4 increased cell death in response to UVB irradiation and FAC
stimuli (Fig. 6C). GPX4 inhibit ferroptosis by transferring glutathione
(GSH) to oxidized glutathione (GSSG) using NAD*/NADH system. NAD™
declined could be reversed through treatment with the NAD™ precursor
NMN [21]. Compared to its effect on control shRNA cells, NMN failed to
diminish the accumulation of lipid ROS and cell death of GPX4-
konckdown HaCaT cells, which was in line with decreased GSH level
in the UVB radiation and iron overload (Fig. 6D, E).

*p < 0.001; ns, none

3.5. NMN and liproxstatin-1 strongly mitigated UV-induced skin injury

Next, we investigated the therapeutic effects of NMN and
liproxstatin-1 on oxidative skin injury in mice. At the same time UV-
induced subcutaneous swelling and epidermal hyperplasia (Fig. 7A).
Hematoxylin & Eosin staining results showed that NMN or liproxstatin-1
treatment significantly reduced the increase of epidermal and dermal
thickness at 7 d post-UV irradiation (Fig. 7B, C). The plastic state of the
collagen fibers was examined using Masson’s trichrome staining in each
group, statistical analysis showed that NMN or liproxstatin-1 treatment
failed to decrease the density of the collagen fibers (collagen area%)
presented in UV group (Fig. 7B, D). In NMN treatment group, it shows
decrease in 4-HNE, COX2, 8-OHdG, and HMOX-1 expression level
(Fig. 8A), there is statistical difference of 4-HNE, COX2, 8-OHdG, and
HMOX1 between UV + NMN and UV groups (Fig. 8B, C, D, E). And also,
the serum 8-OHdG level was decreased after NMN administration
(Fig. 8F). However, neither liproxstatin-1 nor NMN inhibited the
increased expression of TFRC, ferritin, and serum Fe?*concentration
induced by UV irradiation (Fig. 7E, F, G, H). Collectively, these results
suggest that NMN and liproxstain-1 can attenuate UV induced histo-
logical injury in mice skin by resisting to lipid peroxides. Mechanisti-
cally, our data support a model in which UV irradiation-induced skin
injury leads to the accumulation of cellular iron and lipid peroxides.
Although activated GPX4 suppresses ferroptotic cell death, it cannot
completely block the propagation of lipid peroxides due to the ruin of
NAD"/NADH redox loop and GSH recruitment process. NMN markedly
rescues the imbalance of NAD'/NADH and attenuates the accumulation
of lipid peroxidation to weaken the repeated UV irradiation-induced
skin injury (Fig. 8G).
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Fig. 5. NMN generates NAD™ to increase GSH level in HaCaT cells after UVB irradiation and iron overload. (A) Analysis of cell death in HaCaT cells following
treatment with FAC (16 mM), DFO (50 mM), or Fer-1 (1 mM) after UVB induced injury. (B) Lipid peroxidation were detected in HaCaT cells following treatment with
FAC (16 mM), DFO (50 mM), or Fer-1 (1 mM) after UVB induced injury. (C) Lipid peroxidation were detected in HaCaT cells following treatment with DFO (50 mM),
or Fer-1 (1 mM) at different FAC concentration point. (D) NAD*/NADH ratio were detected in HaCaT cells after UVB induced injury in different intensity. (E) NAD"/
NADH ratio were detected in HaCaT cells after UVB induced injury in different FAC concentration. (F—I) HaCaT cells were analyzed lipid peroxidation (F), NADPH
level (G), cell death (H), NAD*/NADH ratio (I), and GSH level (J) following treatment with FAC (16 mM), NMN (20 mM), or Fer-1 (1 mM) after UVB (80 mJ/cm?)
induced injury. Statistical difference between groups is shown in all histograms. P values were determined by one way-ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001;
ns, none significant.
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Fig. 6. NMN recruitment GSH to enhance GPX4 resistance to ferroptosis in HaCaT cells after UVB irradiation and iron overload. (A) The expression of GPX4 protein
was detected by Western blotting in HaCaT cells following treatment with NMN (20 mM) after UVB irradiation and iron overload stimulus. (B) Western blot analysis
of GPX4 protein expression in control and GPX4-knockdown HaCaT cells. (C-E) Analysis of cell death (C), lipid peroxidation (D), GSH level (E) in control and GPX4-
knock down HaCaT cells following treatment with FAC (16 mM) or NMN (20 mM) after three times UVB irradiation induced skin injury. Statistical difference
between groups is shown in all histograms. P values were determined by one way-ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ns, none significant.

4. Discussion implicated in skin aging and cell death.
As an essential trace element, iron plays an important role in a wide
UV-radiations are the invisible part of light spectra having a wave- range of key biological processes in all living organisms. According to its
length between visible rays and X-rays. Based on wavelength, UV rays ability to switch between specific oxidative forms, iron is an important
are subdivided into UV-A (320-400 nm), UV-B (280-320 nm) and UV-C co-factor in the electron transfer process and in oxidation-reduction
(200-280 nm). Ultraviolet radiation can give rise to many chronic skin reactions [22]. On the other hand, iron’s redox potential also contributes
conditions, including skin cancer, which is now the most common type to cellular toxicity during iron overload. Ferroptosis is a recently
of cancer worldwide [1]. Oxidative stress is a major cause of skin injury described form of regulated cell death which is iron and lipid oxidation
induced by UV radiation. The consequences of UV exposure are products-dependent. Ferroptosis can occur by different pathways, then
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Fig. 7. NMN significantly attenuated the severity of UV-induced histological injury in mice skin. (A) Representative photos present the morphological change of
dorsal skin in each group at 7 d post-UV irradiation. (B) Representative images present Hematoxylin-eosin (HE), Masson’s Trichrome of mice skin in Sham, UV, UV +
Lip-1, and UV + NMN 4 groups at 7 d post-UV irradiation. (C, D) Quantification of the epidermal and dermal thickness(left), the epidermal thickness (medium),
dermal thickness (right) and relative collagen area (%) (D) in the experimental groups is shown. (E) Representative images of TFRC, ferritin in dorsal skin of the
Sham, UV, UV + Lip-1, and UV + NMN 4 groups at 7 d post-UV irradiation. (F, G) Quantification of the expression of TFRC and ferritin in the experimental groups is
shown. (H) The histograms show the concentration of ferrous ion in serum of each group (n = 5 per group) at 7 d post-UV irradiation. Horizontal bars in all his-
tograms denote the statistical significance between groups. P values were determined by one way-ANOVA. Scale bars: A and E, 10 pm; n = 3 per group. *p < 0.05;

**p < 0.01; ***p < 0.001; ns, none significant.

displays morphological patterns of necroptosis, including membrane
rupture and cell content release [23,24]. The dysregulation of iron ho-
meostasis is a key component of ferroptosis machinery. The level of Fe?*
reflects the iron overload that can generate highly reactive hydroxyl
radicals through the Fenton reaction. Iron metabolism dysfunction and
ferroptosis has been proven to be involved in diverse forms of tissue
injuries in brain, heart, liver and kidney, including heart ischemia-
reperfusion (I/R) injury, ischemia stroke, intracerebral hemorrhage,
acute kidney injury, and liver fibrosis [25-27]. In UV irradiation, it has
been reported that UV irradiation increases ferrous iron release [28].
Our results showed that in UV-irradiated skin injury mice model and
human skin keratinocytes, iron was overloaded and lipid peroxides were
accumulated without actual ongoing ferroptotic cell death. In our
research, there are some iron related molecules that have changed
during the UV-radiation process, including TFRC, ferritin, and FPN. A
significant increase of TFRC expression along with a significant increase
of ferritins (heavy and light chains) was observed in skin tissues after UV
irradiation, implying the enhancement of iron uptake and storage. In
addition, the expression of the iron related genes in dorsal skin was
detected using qPCR. In line with the above results, we observed that the
mRNA levels of TFRC, FTL, FTH were increased in UV group, whereas
the mRNA level of the unique iron exporter ferroportin (FPN) was
decreased compared to that in the non-treated group. Iron assay showed
that serum Fe2* concentration increased in UV group mice. These results
indicate that the accumulation of lipid peroxides and iron overload in
UV-induced skin damage.

In keratinocytes irradiated with one-time UVB, we found there was
an increase of anti-oxidant molecules, including SOD2, CHMP5,
CHMP6, NRF-2. But in keratinocytes receiving repeated UVB irradia-
tion, these anti-oxidant molecules remained unchanged and cells
showed increased susceptibility to iron accumulation. Interestingly, the
level of a key inhibitor of ferroptosis, GPX4, increased regardless of the
frequencies of UVB irradiation. Genetic inactivation of GPX4 resulted in
death of mice around embryonic day 7.5, likely from defects in brain
development [29]. Inactivation of GPX4 in post-natal mice is sufficient
to promote lethal, acute renal failure, suggesting an important homeo-
static role for this protein in the developing kidney. Tissue-specific
disruption of GPX4 can also lead to the destruction of muscle,
neuronal and other cells, indicating a broad requirement for GPX4 in the
survival of many adult cells. Although the upregulation of GPX4 pro-
tected keratinocytes from ferroptosis induced by repeated UV-
irradiation, GPX4 failed to defend lipid ROS accumulation and ferrop-
totic cell death when UV-injured keratinocytes were further pressurized
with iron overload. Therefore, we hypothesize that the enzymatic
function of GPX4 was partially damaged by the oxidative injury resulted
from UV-irradiation. To prove this hypothesis, we investigated the
mechanism of GPX4 regulation of ferroptosis. As an important reduction
product in the body, GSH is the only substrate of GPX4. GPX4 reduced
GSH to oxidized glutathione (GSSG) to eliminate the peroxide produc-
tion on membrane lipids and block the damage of cell membranes, thus
inhibiting the occurrence of ferroptotic cell death. The cystine/gluta-
mate antiporter SLC7A11 functions to import cystine for GSH biosyn-
thesis. Apart from this, GSH could also be restored from GSSG by
glutathione reductase (GR) under consumption of NADPH as a source of
reducing equivalents. Due to the pivotal importance of cytosolic NADPH
in ferroptosis for nourishing GSH-dependent system, the basal level of
NADPH has proven to be a biomarker of ferroptosis sensitivity, and
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NADPH depletion by a cytosolic NADPH phosphatase facilitates fer-
roptosis in several cancer cell lines [30,31]. NADPH could be generated
by several routes such as the pentose phosphate pathway (PPP), NAD
kinase (NADK)-catalyzed phosphorylation of NADH, and the conversion
of isocitrate to a-KG by NADP-dependent isocitrate dehydrogenase
(IDH) [32].

NMN, Nicotinamide mononucleotide, is a substance inherent in the
human body and is also found in some fruits and vegetables. The
administration of NMN has been shown to mitigate aging-related dys-
functions [18]. Long-term NMN administration prevents age-associated
loss of the neural stem/progenitor pool in the dentate gyrus in wild-type
C57BL/6 mice [33]. In human body, NMN is the precursor of NAD™, and
its function is embodied by NAD™. Due to the large molecular weight
and unstable structure of NAD", the human body cannot directly absorb
NAD™. It has been scientifically proved that direct oral administration of
NMN products is the best way to supplement NAD™. In the cytosol,
NADP(H) is derived from nicotinamide adenine dinucleotide [NAD(H)]
by NAD kinase (NADK) [34]. Both NADH and NADPH serve as hydrogen
and electron donors for transferring glutathione (GSH) to oxidized
glutathione (GSSG) reactions to inhibit ferroptosis inside the cell [35].

Evidence accumulating from studies conducted in rodents has
demonstrated that systemic NMN administration effectively enhances
NAD" biosynthesis in various peripheral tissues, including pancreas,
liver, adipose tissue, heart, skeletal muscle, kidney, eyes, and blood
vessels [36-42]. Previous studies demonstrate that restoration of NAD™
levels by NMN treatment exert protective effects in aged rodents by
reducing ROS generation and restoring mitochondrial function in a
sirtuin-dependent manner [43]. Also, NMN treatment during I/R injury
markedly restored the reduced NAD"/NADH ratio to levels similar to
the uninjured group [44]. Our data showed that NMN treatment effec-
tively normalized the NAD'/NADH redox balance during UV
irradiation-induced injury of keratinocytes, in line with the restoration
of GSH. The NAD"/NADH redox plays a crucial role in regulating the
intracellular redox state, whose imbalance resulted in dysregulated
cellular metabolism [45]. Furthermore, we found that NMN treatment
increased the expression of GPX4 in keratinocytes after UVB irradiation
and iron overload, which further enhanced the anti-ferroptosis GSH/
GPX4 axis, inhibited the accumulation of lipid ROS and attenuated the
skin damage caused by UV irradiation. We found NMN failed to inhibit
the increase of cell death and lipid ROS level upon UV-irradiation and
iron overload in GPX4-knockdown keratinocytes, demonstrating that
NMN-mediated ferroptosis defense is dependent on GPX4. These results
indicated that in addition to the anti-aging effect of NMN, it will be of
great importance to study the effects of NMN administration on the UV
induced skin injury. The anti-aged effects of NMN may play a key role in
maintaining skin health, as well as preventing UV-induced skin damage
and skin carcinogenesis.

Taken together, the present study indicates that UV irradiation
increased the iron accumulation and lipid peroxidation in skin injury
model, and turned keratinocytes more vulnerable to ferroptosis induced
by iron overload. The application of NMN markedly facilitated the
NAD'/NADH system, increased the biosynthesis of GSH and inhibited
the accumulation of lipid ROS in a GPX4-dependent manner. The
administration of NMN or ferroptosis inhibitor might become effective
approaches for treating UV irradiation-induced skin diseases.
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Fig. 8. NMN significantly decreased the accumulation of lipid peroxides. (A) Representative images of 4-HNE, COX2, 8-OHdG, and HMOX1 in dorsal skin of the
Sham, UV, UV + Lip-1, and UV + NMN 4 groups at 7 d post-UV irradiation. (B-E) Quantification of the expression of 4-HNE, COX2, 8-OHdG, and HMOX1 (n = 5 per
group) in the experimental groups is shown. (F) The histograms show the concentration of 8-OHdG in serum of each group (n = 5 per group) at 7 d post-UV
irradiation. (G) Model illustrating the mechanism by which GPX4 suppresses ferroptosis in UVB induced skin injury and iron overload. Horizontal bars in all his-
tograms denote the statistical significance between groups. P values were determined by one way-ANOVA. Scale bars: A, 10 pm; n = 3 per group. *p < 0.05; **p <

0.01; ***p < 0.001.
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