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Abstract: Ultraviolet (UV) radiation is a major cause of multiple major skin diseases including skin cancer. It is crucial
to discover new agents that can produce profound protective effects on UV-produced skin damage. Using a mouse
model, in this study we determined the effects of NAD* on UVC-induced skin damage and investigated the mecha-
nisms underlying the effects, obtaining the following discoveries: First, UVC-induced skin’s green autofluorescence
(AF) was highly correlated with the extent of UVC-indued skin’s damage; second, NAD* administration profoundly
decreased UVC-induced skin damage; third, NAD* administration significantly attenuated UVC-induced decreases in
the levels of mitochondrial superoxide dismutase and catalase; fourth, NAD* administration significantly attenuated
UVC-induced increase in the level of cyclooxygenase (COX) 2 - a marker of inflammation; fifth, NAD* administration
profoundly attenuated UVC-induced increase in double-strand DNA (dsDNA) damage; and sixth, NAD* administration
profoundly attenuated UVC-induced decreases in the ratios of Bcl-2/Bax - an index of apoptosis. Collectively, our
study has found that NAD* administration can profoundly decrease UVC-induced skin damage by attenuating oxida-
tive stress, inflammation, DNA damage, and apoptosis, suggesting great potential of NAD* as a protective agent for
UVC-induced skin damage. Moreover, our study has further indicated that the skin’s green AF is a biomarker for
predicting UVC-induced skin damage.
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Introduction

NAD* plays crucial roles in a number of major
biological processes, including energy metabo-
lism, mitochondrial function, cell death, DNA
repair, and immunological functions [1, 2].
Cumulating evidence has indicated that NAD*
can produce significant beneficial effects in
multiple animal models of diseases, including
ischemic brain injury and ischemic myocardial
injury [3-5]. It is warranted to further determine
the effects of NAD* in various disease models
and to further investigate the mechanisms
underlying the effects of NAD* on the tissue
and organ injury [3].

UV irradiation is a critical cause for multiple
skin diseases including skin cancer [6-8]. UV
irradiation can produce multiple pathological

changes of the skin, including photoaging and
skin cancer [8, 9], which results from its capac-
ity in producing skin’s alterations including oxi-
dative stress, inflammation, DNA damage, and
apoptosis [10, 11]. While multiple studies have
found skin-protecting agents [12, 13], it is high-
ly significant to discover new agents which can
provide profound protection against UV-induced
skin damage.

There are three major types of UV irradiation,
including UVA (320-400 nm), UVB (280-320
nm) and UVC (100-280 nm) [8]. Due to gradual
depletion of the atmospheric ozone layer, there
has been increased UVC radiation on the sur-
face of the earth, which is increasingly becom-
ing an important environmental concern [14].
Since it is ionizing irradiation, UVC is a strong
mutagen that can cause cancer and immune-
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mediated diseases [14]. Most studies on pro-
tective agents against UV irradiation have
focused at the agents that protect against
UVB- or UVA-induced skin damage [12, 13].
Therefore, it is highly valuable to search for
the agents that can profoundly decrease UVC-
induced skin damage.

It is of significance to discover biomarkers
for non-invasive prediction of UV-induced skin
damage, which can significantly increase our
capacity of early diagnosis and intervention on
UV-induced skin damage [15]. Our recent study
has indicated that skin's green AF intensity is
a biomarker for predicting UVB/UVC-induced
skin damage [15]. However, it is warranted to
obtain further evidence to support and solidify
this finding, so as to establish this novel
approach in early diagnosis and intervention of
UV-induced skin damage.

In our current study, we focused our study on
determining the effects of NAD* on UVC-in-
duced skin damage of mice and investigated
the mechanisms underlying the effects. We
also further test the validity of the green
AF-based prediction of UVC-induced skin dam-
age. Our study has indicated that administra-
tion of NAD* can profoundly decrease UVC-
induced skin damage by attenuating oxidative
stress, inflammation, DNA damage and apop-
tosis. Our study has also obtained further evi-
dence indicating the validity of the green
AF-based method in predicting UVC-induced
skin damage.

Materials and methods
Materials

Formalin, hematoxylin, eosin, and NAD* were
purchased from Sigma-Aldrich (St. Louis, MO,
USA). The antibodies of SOD2 and Actin were
acquired from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The antibody of y-H,AX was
purchased from Abcam (Cambridge, UK). The
antibodies of Bcl-2, Bax, Catalase, and COX2
were procured from Cell Signaling Technology
(Boston, MA, USA). All other reagents were of
the highest grade commercially available.

Preparation of NAD* solutions

The vehicle was made by mixture of equal vol-
ume of PBS and Glycerol. A stock solution of
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NAD* at the final concentration of 10 mg/ml
was made by addition of NAD™* into the vehicle.
The NAD* at the dosage of 1 mg/cm? was
administered to each ear.

Animal experiments

C57BL/6 male mice ages 6-8 weeks at the
weight of 18-22 g (Lingchang Biotechnology
Co., LTD., Shanghai) were kept in a SPF animal
facility with controlled temperature and humid-
ity. All animal experiments were conducted
according to the animal protocol approved by
the Bioethics Committee of the School of
Biomedical Engineering, Shanghai Jiao Tong
University. After a week of observation, the
mice were irradiated with UVC at the irradiation
dosages of 0, 0.3, 0.6, 0.9 J/cm2. 18-24 hr
after the irradiation, the green AF of the ears
were determined under a two-photon micro-
scope (Nikon, Shanghai, China). Three days
after the irradiation, the ears were collected
and stored at -80°C.

Imaging of skin’s green AF: The imaging of
the green AF of the skin was conducted as
described previously [15]. The skin's AF of
mouse’s ears was imaged under a fluorescence
microscope (Al plus, Nikon Instech Co., Ltd.,
Tokyo, Japan) using its single-photon mode,
with the excitation wavelength of 488 nm and
the emission wavelength of 500-530 nm. The
AF was quantified according to the following
approach: Sixteen spots with the size of 100
gym x 100 um on the scanned images were
selected randomly. The average AF intensity of
each layer was calculated, and subsequently
the sum of the average AF intensity of each
layer of each spot was calculated, which is
defined as the AF intensity of each spot.

Histological assays: Histological assays were
conducted as described previously [15]. Skin
biopsies from the ears of the mice were ob-
tained, which were placed immediately in 4%
(w/v) paraformaldehyde buffer. After 12 to 24
h, paraffin embedding procedures were con-
ducted on the samples. Hematoxylin & Eosin
(H&E) staining was conducted according to
the manufacturer’s protocol (CO105, Beyotime,
Haimen, China).

Immunofluorescence staining: Paraffin secti-
ons were dragged, followed by incubation with
0.2% Triton X-100 in PBS for 10 min. After
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fuged at 12000 rpm for 20
min at 4°C. After quantifica-
tions of the protein samples
using the BCA Protein As-
say Kit (Pierce Biotechnolo-
gy, Rockford, lllinois, United
States), 30 ug of total pro-
tein was electrophoresed th-
rough a 10% sodium dode-
cyl sulfate-polyacrylamide gel
and then transferred to 0.45-
Mm nitrocellulose membran-
es. The blots were incubat-
ed overnight at 4°C with pri-
mary antibodies with the fol-
lowing antibody dilutions:
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Figure 1. UVC induced dose-dependent damage of mice’s skin. A, B. Irradia-
tion with 0, 0.3, 0.6 and 0.9 J/cm? UVC produced dose-dependent damage
of mice’s skin. C. The dosages of the irradiation were highly correlated with

UVC (Jicm?)

- ;jg anti-COX2 antibody (Cat#12-

282, Cell Signaling Techno-
logy, Danvers, MA) (1:2000
dilution), anti-SOD2 antibody
(sc-133134, Santa Cruz, Cali-
fornia, United States) (1:2000

the levels of the skin damage. The mice were exposed to UVC irradiation at dilution), anti-catalase anti-

the dosages of 0, 0.3, 0.6 and 0.9 J/cm?. Three days after the irradiation, the
skin’s damage was determined by H&E staining. N = 3. *, P < 0.05; **, P <

0.01. Scale bar = 100 pm.

washes with PBS, the sections were blocked
with 10% goat serum for 1 hr at room tempera-
ture and then incubated with anti-y-H,AX anti-
body (@b81299, Cell Signaling Technology, MA,
USA) (1:250 dilution) in PBS containing 1% goat
serum overnight at 4°C. After three washes
with PBS, the sections were incubated with
Alexa Fluor® 647 goat anti-rabbit 1gG (H+L)
Secondary antibody (1:500 dilution, Molecular
Probes, Eugene, Oregon, United States) in PBS
containing 1% goat serum for 1 hr at room tem-
perature. After three washes with PBS, the sec-
tions were counterstained with DAPI (1:2000
dilution, Beyotime Institute of Biotechnology) in
PBS for 5 min at room temperature. The fluo-
rescence images were photographed under a
Leica confocal microscope (Leica Microsyst-
ems, Wetzlar, Germany).

Western blotting

The ear’s skin of mice was harvested and lysed
in RIPA buffer (Millipore, Temecula, California,
United States) containing 1% protease inhibitor
cocktail, 1% phosphatase inhibitor cocktail
(CWBIo, Beijing, China) and 1 mM phenylmeth-
anesulfonyl fluoride. The lysates were centri-
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body (Cat#14097, Cell Sig-
naling Technology, Danvers,
MA) (1:2000 dilution), anti-
Bcl-2 antibody (Cat#3498, Ce-
Il Signaling Technology, Danvers, MA) (1:2000
dilution), anti-Bax antibody (Cat#5023, Cell
Signaling Technology, Danvers, MA) (1:2000
dilution), anti-y-H,AX antibody (ab81299, Ab-
cam, Cambridge, UK) (1:4000 dilution) and
anti-Actin antibody (sc-58673 Santa Cruz, Cali-
fornia, United States) (1:1000 dilution). Sub-
sequently, the blots were incubated with HRP
conjugated Goat Anti-Rabbit 1gG (H+L) (1:4000
dilution) (Jackson ImmunoResearch, PA, USA)
or HRP conjugated Goat Anti-mouse IgG
(1:4000 dilution, HA1006, HuaBio, Zhejiang
Province, China). The protein signals were
detected by an ECL detection system (Thermo
Scientific, Pierce, IL, USA). The intensities of the
bands were quantified by densitometry using
Image J.

Statistical analysis

Results were presented as means + standard
error of the mean (SEM). Statistical analysis
was conducted using a two-way analysis of vari-
ance followed by Bonferroni post hoc test. P
values less than 0.05 were considered statisti-
cally significant.
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dosages of the irradiation
were highly correlated with
the levels of the skin damage
(Figure 1C).

We also determined effects of
irradiation with 0, 0.3, 0.6,
and 0.9 J/cm? UVC on the
green AF intensity of mice:
Irradiation with 0, 0.3, 0.6,
and 0.9 J/cm? UVC produc-
ed obvious increases in the
green AF of the mice’s skin
(Figure 2A). Quantifications of
the green AF intensity indi-
cated that UVC produced sig-
nificant and dose-dependent
increases in the green AF
intensity of the skin (Figure
2B). The dosages of the irra-
diation were highly correla-
ted with the levels of the
green AF intensity (Figure 2C).
Moreover, there was a high
correlation between the lev-
els of the green AF intensity
and the levels of the skin
damage (Figure 2D).
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We further determined the
effects of NAD* administra-

Figure 2. UVC induced dose-dependent increases in the green AF intensity
of mice’s skin. A, B. Irradiation with 0, 0.3, 0.6 and 0.9 J/cm? UVC produced
significant and dose-dependent increases in the green AF of the mice’s skin.
C. The dosages of the irradiation were highly correlated with the levels of the

tion on the UVC-induced skin
damage: NAD* administration
markedly decreased UVC-in-
duced skin damage (Figure

green AF intensity. D. There was a high correlation between the levels of the 3A). Quantifications of the

green AF intensity and the levels of the skin damage. The mice were exposed
to UVC irradiation at the dosages of 0, 0.3, 0.6 and 0.9 J/cm?. Eighteen - 24
h after the irradiation, the skin’s green AF was determined under a confocal
microscope. N = 9. *, P < 0.05; ***, P < 0.001. Scale bar = 20 ym.

Results

NAD* administration profoundly decreased
both UVC-induced skin damage and UVC-
induced increases in the green AF of the
mice’s skin

We determined the effects of irradiation with
0, 0.3, 0.6 and 0.9 J/cm? UVC on the skin dam-
age of mice: Irradiation with 0, 0.3, 0.6, and 0.9
J/cm?2 UVC of the mice produced significant
damage of the mice’s skin (Figure 1A). Qu-
antifications of the skin damage indicated that
UVC produced significant and dose-dependent
damage of the skin (Figure 1B). Moreover, the
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data indicated that NAD* ad-
ministration significantly de-
creased UVC-induced skin
damage (Figure 3B). NAD*
administration also obviously
attenuated UVC-induced increases in the green
AF intensity of the mice’s skin (Figure 3C).
Quantifications of the data indicated that NAD*
administration significantly decreased UVC-
induced increases in the green AF intensity of
the mice’s skin (Figure 3D).

NAD* administration significantly attenuated
UVC-induced decreases in the levels of mito-
chondrial superoxide dismutase (SOD2) and
catalase as well as UVC-induced increases in
the COX2 levels of the mice’s skin

We found that UVC induced significant decreas-
es in the SOD2 activity of the mice’s skin, which

Int J Physiol Pathophysiol Pharmacol 2023;15(2):41-49
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Figure 3. NAD* administration profoundly attenuated both UVC-induced skin
damage and UVC-induced increases in the green AF of the skin of mice. A,
B. NAD* administration significantly decreased UVC-induced skin damage.
N = 3. *** P < (0.001. Scale bar = 100 ym. C, D. NAD* administration sig-
nificantly attenuated UVC-induced increases in the green AF intensity of the
mice’s skin. After the mice were administered with 1 mg/kg NAD*, the mice
were exposed to UVC irradiation at the dosages of 0.6 J/cm?2. Three days af-
ter the irradiation, the skin’s damage was determined by H&E staining. The
skin’s green AF was determined under a confocal microscope. N = 10. ***,

P < 0.001. Scale bar = 20 um.

were significantly attenuated by NAD* adminis-
tration (Figure 4A and 4B). UVC also induced
significant decreases in the levels of catalase
of the mice’s skin, which were significantly
attenuated by NAD* administration (Figure 4C,
4D).

We further found that UVC induced significant
increases in COX2 levels - a marker of inflam-
mation [16] - of the mice’s skin (Figure 5A, 5B).
Administration with NAD* significantly attenu-
ated the UVC-induced increases in the COX2
levels (Figure 5A, 5B).

NAD* administration significantly attenuated
UVC-induced increases in dsDNA damage of
the mice’s skin

Our Western blot assays showed that UVC
induced significant increases in the phosphory-
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lated protein levels of y-H,AX
- an index of dsDNA damage
[17] (Figure 6A, 6B). NAD*
administration prevented the
UVC-induced increases in
y-H,AX (Figure 6A, 6B). Our
immunostaining assays also
showed that UVC induced
obvious increases in the pro-
tein levels of y-H,AX, which
NAD' were prevented by NAD* ad-
ministration (Figure 6C).

kK

NAD* administration sig-
nificantly attenuated UVC-
induced increases in the
Bcl-2/Bax ratios of the mice’s
skin

We further determined the
effects of NAD* administra-
tion on UVC-induced apoptot-
ic signals: UVC induced sig-
NAD" nificant decreases in the lev-
els of Bcl-2 - a critical anti-
apoptotic protein [18], which
were prevented by NAD* ad-
ministration (Figure 7A, 7B).
In contrast, UVC did not sig-
nificantly affect the levels of
Bax - an important pro-apop-
totic protein [18], which were
not affected by NAD* adminis-
tration (Figure 7A, 7C). Colle-
ctively, UVC induced signifi-
cant decreases in the Bcl-2/Bax ratios, which
were significantly attenuated by NAD* adminis-
tration (Figure 7D).

Discussion

The major findings of our study include: First,
UVC-induced skin’s green AF was highly corre-
lated with the extent of UVC-indued skin’s dam-
age; second, NAD* administration profoundly
decreased UVC-induced skin damage; third,
NAD* administration significantly attenuated
UVC-induced decreases in the levels of mito-
chondrial superoxide dismutase and catalase
of the skin; fourth, NAD* administration signifi-
cantly attenuated UVC-induced increase in the
level of COX2 of the skin; fifth, NAD* administra-
tion profoundly attenuated UVC-induced incre-
ase in sDNA damage of the skin; and sixth,
NAD* administration profoundly attenuated
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Figure 4. NAD* administration significantly attenuated UVC-induced decreas-
es in the levels of SOD2 and catalase in the mice’s skin. A, B. UVC induced
significant decreases in SOD2 levels in the mice’s skin, which was signifi-
cantly attenuated by the NAD* administration. N = 16; *, P < 0.05. C, D. UVC
induced significant decreases in catalase levels in the mice’s skin, which
was significantly attenuated by the NAD* administration. After the mice were
administered with 1 mg/kg NAD*, the mice were exposed to UVC irradiation
at the dosages of 0.6 J/cm?2. One hr after the irradiation, the SOD2 levels
and the catalase levels of the skin was determined by Western blot assays.
N=6.* P<0.05.
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Figure 5. NAD* administration significantly attenuated UVC-induced increas-
es in COX2 levels of the mice’s skin. A, B. UVC induced significant increases
in COX2 levels of the mice’s skin, which was significantly attenuated by the
NAD* administration. After the mice were administered with 1 mg/kg NAD,
the mice were exposed to UVC irradiation at the dosages of 0.6 J/cm?Z. One hr
after the irradiation, the COX2 levels of the skin was determined by Western
blot assays. N = 6; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

UVC-induced decreases in the ratios of Bcl-2/
Bax of the skin.

UV radiation is a major risk
factor for a number of skin
diseases including skin can-
cer [6-8]. While multiple stud-
ies have found skin-protect-
ing agents, it is highly signifi-
cant to discover new agents
which can provide protection
against UV-induced skin dam-
age. Due to gradual deple-
tion of the atmospheric ozone
layer, there has been increa-
sed UVC radiation on the
surface of the earth, which
is increasingly becoming an
important environmental con-
cern [14]. Since it is ionizing
irradiation, UVC is a strong
mutagen that can cause can-
cer and immune-mediated di-
seases [14]. Therefore, it is
highly valuable to search for
the agents that can profound-
ly decrease UVC-induced skin
damage. Our current study
has provided strong eviden-
ce indicating that NAD* is a
potent agent that can de-
crease UVC-induced skin da-
mage. Moreover, our study
has indicated the mecha-
nisms underlying the protec-
tive effects of NAD* on UVC-
induced skin damage: NAD*
can decrease UVC-induced
skin damage by attenuating
UVC-induced oxidative stress,
inflammation, DNA damage
and apoptosis.

Our study has indicated
mechanisms underlying the
NAD*-produced protection on
UVC-induced skin damage:
We found that NAD* adminis-
tration can profoundly attenu-
ate UVC-induced decreases
in the ratio of Bcl-2/Bax - an
indicator of apoptotic signals,
suggesting that NAD* admin-
istration decreases UVC-in-
duced skin damage at least

partially by reducing UVC-induced apoptosis of
the skin. Since dsDNA damage is an important

46 Int J Physiol Pathophysiol Pharmacol 2023;15(2):41-49
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es in y-H2AX levels of the mice’s skin. A, B. UVC induced significant increases
in the protein levels of y-H AX of the mice’s skin, which was significantly at-
tenuated by the NAD* administration. C. Immunostaining assays showed
that UVC induced increases in the protein levels of y-H,AX of the mice’s skin,
which was attenuated by the NAD* administration. After the mice were ad-
ministered with 1 mg/kg NAD*, the mice were exposed to UVC irradiation at
the dosages of 0.6 J/cm?. One hr after the irradiation, the y-H,AX levels of the
skin was determined by Western blot assays or immunostaining assays. N =

7.*, P <0.05. Scale bar =20 pm.

inducer of apoptosis [19], our finding that NAD*
administration can attenuate UVC-induced in-
creases in dsDNA damage has suggested that
NAD* administration can decrease the UVC-
induced apoptosis at least partially by attenuat-
ing the UVC-induced dsDNA damage.

Since UVC is an ionizing radiation, UVC can
induced increases oxidative stress in the skin
[6-8], which is an important pathological factor
in UVC-induced skin damage. Therefore, it is
expected that UVC was shown in our study to
induce decreased catalase activity and SOD2
activity. Out study showed that NAD* adminis-
tration can significantly attenuate the UVC-
induced decreases in SOD2 activity and cata-
lase activity, indicating that NAD" decreases
UVC-induced skin damage at least partially by
attenuating oxidative stress. Since oxidative
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stress is an inducer of dsDNA
damage [20] and apoptosis
[24], our finding has suggest-
ed that NAD* administration
may attenuate the UVC-indu-
ced increases in dsDNA dam-
age and apoptosis at least
partially by decreasing oxida-
tive stress. Inflammation is a
+ critical pathological factor in
UV-induced skin damage [22].
Our study has found that
NAD* administration can sig-
nificantly attenuate UVC-in-
duced increase in COX2 lev-
els, suggesting that UVC-
produced decreases in in-
flammation may be another
important mechanism under-
lying the beneficial effects of
NAD* on UVC-induced skin
damage.

NAD

Our studies have indicated
that the skin's green AF is
a novel biomarker for diagno-
sis of multiple major diseas-
es, including acute ischemic
stroke and lung cancer [23].
Our recent study has also
indicated that skin’s green AF
intensity is a biomarker for
predicting UVC-induced skin
damage [15]. Our current
study has provided further
evidence supporting this finding: UVC-induced
skin’s green AF was highly correlated with UVC-
induced skin damage. Therefore, this novel
method holds good potential for future applica-
tions in predicting UVC-induced skin damage.

In conclusion, our current study has not only
indicated NAD* as a new agent for decreasing
UVC-induced skin damage, but also provided
further evidence supporting the validity of our
technology for predicting UVC-induced skin
damage. It is warranted to further investigate
the mechanisms underlying the validity of the
technology.
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