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Objective: Ultraviolet light is an important environmental factor that induces skin oxidation, 
inflammation, and other diseases. Nicotinamide mononucleotide (NMN) has the effect of anti- 
oxidation and improving various physiological processes. This study explores the protective 
effect of NMN monomers given via intraperitoneal injection on UVB-induced photodamage.
Methods: We used a murine model of UVB-induced photodamage to evaluate the effect of an NMN 
monomer on photoaging skin by assessing skin and liver tissue sections, serum and skin oxidative stress 
levels, inflammatory markers, mRNA expression, and protein expression of skin- and liver-related genes.
Results: The results showed that NMN treatment blocked UVB-induced photodamage in mice, 
maintaining normal structure and amount of collagen fibers, normal thickness of epidermis and 
dermis, reducing the production of mast cells, and maintaining complete organized skin structure. 
NMN intraperitoneal injection also maintained the normal morphology of the mouse liver after 
UVB exposure. Meanwhile, NMN intraperitoneal injection was found to increase antioxidant 
ability and regulate the proinflammatory response of the skin and liver to UVB irradiation by 
enhancing the activity of antioxidant enzymes, release of anti-inflammatory cytokines, reduction of 
hydrogen peroxide production (H2O2), and decreased inflammatory cytokines. Furthermore, RT- 
qPCR results indicated that NMN reduced oxidative stress of skin and liver by promoting the 
activation of the AMP-activated protein kinase (AMPK) signaling pathway and further increasing 
the expression of downstream antioxidant genes of AMPK. RT-qPCR results also revealed that 
NMN treatment could downregulate the mRNA expression of interleukin (IL)-6, interleukin (IL)- 
1β, and tumor necrosis factor (TNF)-α, and upregulate NF-kappa-B inhibitor-α (IκB-α) and 
interleukin (IL)-10 by inhibiting the activation of nuclear factor-κBp65 (NFκB-p65). Finally, 
NMN upregulated AMPK, IκB-α, SOD1, and CAT in the skin and downregulated NF-κBp65 
protein expression, which is in line with the RT-qPCR results.
Conclusion: Based on the above results, NMN monomer treatment with intraperitoneal 
injection also block the photodamage caused by UVB irradiation in mice by regulating the 
oxidative stress response and inflammatory response.
Keywords: nicotinamide mononucleotide, UVB, antioxidant, NF-κBp65 signaling pathway, 
AMP-activated protein kinase signaling pathway

Background
Skin plays an important role in protection, body temperature regulation, sensation, 
secretion, excretion, and immunity.1 With the increase of age or the stimulation of 
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external environmental factors, the skin’s function will 
degenerate day by day. UV-irradiation is considered the 
most significant environmental factor that causes photoa-
ging to the skin.2 Ultraviolet radiation is generally divided 
into longwave UVA (320nm–400nm), narrow-band UVB 
(280nm–320nm), and shortwave UVC (200 nm-280 nm.3 

Among them, UVC is absorbed and scattered by the ozone 
layer in the atmosphere because of its short wavelength, so 
it cannot reach the earth’s surface. The wavelength of 
UVB can only reach the epidermis of the skin, while the 
longer UVA will penetrate deep into the skin, damage the 
dermis layer of the skin, and cause skin aging.4

Long-term ultraviolet radiation can cause serious damage 
to the skin, such as cortex redness and dryness, epidermal 
breakage, muscle relaxation, rough folds, and abnormal local 
pigment deposition. These changes are the end product the 
production of a large number of reactive oxygen species 
(ROS), degradation of collagen fibers, increased inflamma-
tion, DNA damage and even skin cancer.5–7 Therefore, find-
ing methods to prevent or reduce UV irradiation damage to 
the skin is an important research focus. Nicotinamide ribo-
nucleotide (NMN) is a biologically active nucleotide that is 
formed by the reaction of a phosphate group with a riboside 
containing ribose and nicotinamide. It possesses a large num-
ber of beneficial pharmacological activities in several pre-
clinical disease models, including neurodegenerative disease 
models such as myocardial and cerebral ischemia, 
Alzheimer’s disease, and diabetes.8–11 Nicotinamide mono-
nucleotide (NMN) is also an intermediate in the NADK 
salvage synthesis pathway in mammals, generating NADK 
under the action of nicotinamide mononucleotide adenylyl-
transferase (NMNAT).12 NADK exists in all cells of the 
human body, and its normal level is important for maintain-
ing the homeostasis of mitochondria, the metabolism of 
organisms, the normal functions of organs and tissues, and 
delaying aging, but the ability of NADK to penetrate the 
plasma membrane is also less efficiently than that of NMN, 
study proved that increased NADK levels restored the repro-
ductive function of aged mice by NMN treatment.13 A new 
study described that NMN oral administration could effec-
tively improve age-related mitochondrial oxidative stress and 
increase brain function of aged mice.14 In a different study, 
NMN combined with exercise greatly enhanced the content 
of antioxidants and reduced prooxidants in islets and muscle 
of obese mice.15 Because of such results, anti-ageing and 
longevity properties in mouse models have made NMN 
highly attractive. However, there are only a few reports on 
the effect of NMN on UVB-induced skin photoaging.16

At present, oral gavage and intraperitoneal injection are 
two main methods for NMN administration in vivo.17,18 

A previous study compared the influence of oral gavage 
and intraperitoneal injection of ethanol on bone metabo-
lism. Their results indicated that intraperitoneal injection 
significantly reduced body weight and bone measurements 
of rats, but oral gavage has no obvious effect on the same 
indicators.19 In contrast, research showed that there was no 
significant difference between gavage and subcutaneous 
injection of indole-3-acetic acid on leukocytes in rats.20 

Our previous study found NMN oral administration could 
block skin damage induced by UVB exposure in mouse 
skin.21 Based on these results, we wondered whether 
NMN administered via intraperitoneal injection has 
a similar effect on UVB-induced skin damage, so we 
carried out the present study.

It is well known that vitamin C is a strong and effective 
antioxidant. A previous study indicated that Vitamin 
C combined with Quercetin reduced oxidative damage in 
cadmium-intoxicated rats by increasing oxidative 
enzymes, such as CAT, GSH, SOD, and others.22 

Another study found vitamin C significantly improved 
UVB-induced skin damage with its antioxidative 
properties.23 Based on these backgrounds, in many anti-
oxidant experiments, vitamin C is selected as the positive 
control.24,25

In this study, mice with UVB-induced photodamage 
were used as experimental subjects. The mice were intra-
peritoneally injected with nicotinamide mononucleotide, 
and then serum and skin oxidation indexes, inflammation 
indexes, and mRNA expression levels of related genes in 
the skin and liver were measured to characterize the extent 
of photodamage. The present study may provide theoreti-
cal knowledge for the prevention or treatment of skin 
photoaging with NMN.

Methods
NMN Source
NMN (CAS number: 1094-61-7) was provided by 
Effepharm Technology Co., Ltd. (Shanghai, China). 
NMN’s purity was measured by high-performance liquid 
chromatography (Ultimate 3000; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and was shown to be >98.5%.

Experimental Animals
Forty 7-week-old female ICR mice were purchased from 
Chongqing Byrness Weil biotech Ltd [Chongqing, China, 
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SCXK (XIANG) 2018–0003]. The mice were kept under 
constant temperature and humidity conditions (tempera-
ture of 25 ± 2 °C, relative humidity of 50 ± 5%) and 
a 12 hours light/dark cycle. Mice consumed standard 
mice food and drinking water freely. These experiments 
were approved by the Ethics Committee of Chongqing 
Collaborative Innovation Center for Functional Food 
(201906003B), Chongqing, China.

UVB-Induced Skin Oxidative Damage
After 1 week of adaptation, forty mice were randomly 
divided into 4 groups, with 10 mice in each group. 10 
mice in the same group were housed in the same cage; 
namely, the control group, UVB group, vitamin C (VC) 
+UVB group, and nicotinamide mononucleotide (NMN) 
+UVB group. The entire experimental period was 4 weeks. 
The specific treatment of each group of mice was as 
follows (Supplementary Figure 1): (1) control group, 
mice received an intraperitoneal injection with saline solu-
tion every day; (2) UVB group, mice received an intraper-
itoneal injection with saline solution every day; (3) VC 
+UVB group, mice were oral administered VC solution at 
a dose of 300 mg/kg.bw every day; (4) NMN+UVB group, 
mice received an intraperitoneal injection with NMN aqu-
eous ultrapure solution at a dose of 300 mg/kg.bw 
every day. In addition, from the 3rd week onwards, skin 
damage was established with a UV radiation device (UV 
lamp FS40, 290–400 nm; Candela Corp., Santa Ana, CA, 
USA) in the mice in the UVB, VC, and NMN groups but 
not in the control group. UVB light was installed at the top 
of the wooden box, 30 cm away (320 nm, 120 mJ/cm2/sec) 
from the bottom of the box.26,27 The specific irradiation 
method was to clean the litter in the cages of each group of 
mice, remove the water bottles, and then put all the mice 
in the cages into the bottom of the wooden box for irradia-
tion. Irradiation was performed for 3 min every day.28 

Before UV irradiation, researchers shaved approximately 
2 cm2 of hair from the back of the mouse with an electric 
razor (Head Venture Biotechnology Co., Ltd., Beijing, 
China). All experiments were approved by Chongqing 
Functional Food Collaborative Innovation Center. The 
dose of NMN was set according to a previous study.29

Sample Collection
On the last day of week 4, blood and tissue samples were 
collected. After the mice were anesthetized with diethyl 
ether, whole blood was collected from the inferior vena 
cava, and the serum was collected by centrifugation and 

stored at −80 °C until use. The mice were then sacrificed 
by spinal removal.30 Mice were dissected, and the livers and 
the hairless skin on the back were removed. Soybean-sized 
pieces of liver and skin tissue were collected and kept in a 4% 
paraformaldehyde solution. The remaining liver and skin 
tissue samples were stored in the −80 °C refrigerator 
(Thermo Fisher Scientific Co. Ltd., Shanghai, China).

Histomorphological Technique
The liver was stained with H&E, and the skin was stained 
with Masson’s trichrome, H&E, and toluidine blue (TB).31 

Generally speaking, the liver and skin tissues are first fixed 
with 10% formaldehyde, then dehydrated with alcohol, 
transparent with xylene, and embedded in paraffin. Then, 
the embedded wax block was cut into 5–8 micron slices 
with a microtome, and dried at a constant temperature at 
45 °C. Thirdly, different dyes are added for dyeing. 
Among them, H&E is dyed with hematoxylin and eosin, 
Masson is dyed with hematoxylin and ponceau acid red 
liquor, and TB is dyed with toluidine blue. An upright 
microscope (BX43, Olympus, Tokyo, Japan) was used to 
observe the pathological morphology of the tissue.

Biochemical Analysis of Oxidative Stress
Based on the instructions of the kit (Nanjing JianCheng 
Bioengineering Institute, Nanjing, China), the levels of 
CAT (cat. no. A007-1-1), AGEs (cat. no. H250-1-1), 
T-SOD (cat. no. A001-1-2), and H2O2 (cat. no. A064- 
1-1) in the serum of the mice were measured. Similarly, 
the levels of T-SOD (cat. no. A001-1-2), CAT (cat. no. 
A007-1-1), AGEs (cat. no. H250-1-1), H2O2 (cat. no. 
A064-1-1), Na+-K+-ATPase (cat. no. A016-2-2) and 
NADK (cat. no. A117-1-1) were measured in skin tissues 
according to the kit (Nanjing JianCheng Bioengineering 
Institute, Nanjing, China) instructions.

ELISA Assay of Some Inflammatory 
Cytokines
The levels of IL-4 (ml063156-J), IL-6 (ml064292), IL-10 
(ml037873), TNF-α (ml037211), and IL-1β (ml063132) in 
serum and skin tissue were measured according to the 
instructions of the ELISA kit (Shanghai Enzyme-Linked 
Biotechnology Co., Ltd, Shanghai, China).

RT-qPCR Gene Analysis
A slight modification based on previous methods,32,33 

TRIzol reagent was used to extract the total RNA of the 
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liver and skin tissues, and then1μg RNA was reverse 
transcribed into cDNA with a cDNA kit. Then, 1 μL of 
cDNA, 10 μL of TaqMan™ Multiplex Master Mix, 2 µL 
of 10 µM primer, and 7 µL of ddH2O were mixed well, 
and amplification and detection were performed with 
a real-time fluorescence quantitative PCR instrument 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). 

The amplification conditions were as follows: denaturation 
for 15 s at 95 °C, annealing at 55 °C for 30 s, extension at 
72 °C for 35 s, and a total of 40 cycles. Finally, the 
formula of 2−ΔΔCT was used to calculate the relative 
expression of each target gene, with β-actin as the internal 
reference gene.34 The primer sequences used in this 
experiment are presented in Table 1.

Table 1 Sequences of the Primers Used for the Mice Liver and Skin Tissues

Gene Sequences Gene ID

NF-κBp65 F:5ʹ- GAGGCACGAGGCTCCTTTTCT −3’ XM_006531695.3
R:5ʹ- GTAGCTGCATGGAGACTCGAACA −3’

IκB-α F:5ʹ-TGAAGGACGAGGAGTACGAGC-3’ XM_021179000.1
R:5ʹ-TGCAGGAACGAGTCTCCGT-3’

TNF-α F:5ʹ-CAGGCGGTGCCTATGTCTC-3’ NM_013693.3
R:5ʹ-GCTGCAACAGGGGGTAACAT-3’

IL-6 F:5ʹ-CTGCAAGAGACTTCCATCCAG-3’ NM_031168.2
R:5ʹ-AGTGGTATAGACAGGTCTGTTGG-3’

IL-10 F:5ʹ-CTTACTGACTGGCATGAGGATCA-3’ NM_010548.2
R:5ʹ-GCAGCTCTAGGAGCATGTGG-3’

SOD1 F:5ʹ-AACCAGTTGTGTTGTCAGGAC-3’ NM_011434.1
R:5ʹ-CCACCATGTTTCTTAGAGTGAGG-3’

SOD2 F:5ʹ-CAGACCTGCCTTACGACTATGG-3’ NM_013671.3
R:5ʹ-CTCGGTGGCGTTGAGATTGTT-3’

CAT F:5ʹ-GGAGGCGGGAACCCAATAG-3’ NM_009804.2
R:5ʹ-GTGTGCCATCTCGTCAGTGAA-3’

GSH F:5ʹ-CCACCGTGTATGCCTTCTCC-3’ NM_008160.6
R:5ʹ-AGAGAGACGCGACATTCTCAAT-3’

AMPK F:5ʹ-GTCAAAGCCGACCCAATGATA-3’ NM_001013367.3
R:5ʹ-CGTACACGCAAATAATAGGGGTT-3’

LKB1 F:5ʹ-CTGGACTCCGAGACCTTATGC-3’ NM_011492.5
R:5ʹ-CAAGCTGGATCACATTCCGAT-3’

SIRT1 F:5ʹ-TGATTGGCACCGATCCTCG-3’ NM_001159589.2
R:5ʹ-CCACAGCGTCATATCATCCAG-3’

mTOR F:5ʹ-CAGTTCGCCAGTGGACTGAAG-3’ NM_020009.2
R:5ʹ-GCTGGTCATAGAAGCGAGTAGAC-3’

PGC-1α F:5ʹ-TATGGAGTGACATAGAGTGTGCT-3’ NM_008904.2
R:5ʹ-GTCGCTACACCACTTCAATCC-3’

APPL1 F:5ʹ-AGCCAGTGACCCTTTATATCTGC-3’ NM_145221.2
R:5ʹ-AGGTATCCAGCCTTTCGGGTT-3’

FOXO F:5ʹ-CCCAGGCCGGAGTTTAACC-3’ NM_019739.3
R:5ʹ-GTTGCTCATAAAGTCGGTGCT-3’

β-actin F:5ʹ-CATGTACGTTGCTATCCAGGC-3’ NC_000071.7

R:5ʹ-CTCCTTAATGTCACGCACGAT-3’
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Western Blot Analysis
Total protein in liver and skin tissue was extracted with RIPA 
reagent (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), and the concentration of protein was determined 
with a BCA protein quantification kit (Beijing Solarbio 
Technology Co., Ltd., Beijing, China). Referring to the pre-
vious literature, the Western blot method is mainly used to 
detect the relative expression of protein lysates.34,35 The 
specific primary antibodies used in this experiment were 
rabbit anti-mouse AMPK polyclonal antibody (PA5- 
105297; 1:1000), rabbit anti-mouse NFκB-p65 polyclonal 
antibody (51–0500; 1:200), rabbit anti-mouse IκB-α poly-
clonal antibody (PA5-17888; 1:1000), rabbit anti-mouse 
SOD1 polyclonal antibody (PA5-85095; 1:5000) and rabbit 
anti-mouse CAT polyclonal antibody (PA5-29183; 1:2000) 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The 
secondary antibody used was Goat anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary Antibody, HRP (G-21040; 
1:10,000). ImageJ software was used to analyze the grey 
value of the protein bands (National Institutes of Health, 
USA). Finally, the relative expression of the target genes 
was calculated using β-actin as an internal reference.36

Statistical Analysis
SPSS17.0 (IBM Corp., Armonk, NY, USA) statistical soft-
ware was used to analyze the related oxidative stress 

indicators and inflammation indicators in the serum and skin 
of aging mice. The comparison between multiple groups was 
performed by analysis of variance. Duncan’s test was used for 
multiple comparisons. The remaining data were calculated 
and analyzed using GraphPad Prism 7.0 (Graph Pad 
Software, La Jolla, CA, USA) software, group differences 
were also analyzed by one-way analysis of variance 
(ANOVA) followed by Duncan’s multiple comparison test. 
All of the values were expressed as mean ± standard deviation 
(X ± SD), and a p-value < 0.05 was considered significant.

Results
Histopathology of Liver Finding
Studies have found that skin damage caused by irradiation 
can cause inflammation in other organs, such as the liver, 
by regulating inflammatory factors in the blood.37 The 
liver structure of mice in the control group was normal 
(Figure 1). The liver cells were large and round, and there 
was no infiltration of inflammatory cells, representing the 
morphological characteristics of a normal liver. The 
arrangement of liver cells in the UVB group was more 
disordered than that in the control group. The liver cells 
around the central vein were partially necrotic, and there 
was inflammatory cell infiltration. The hepatocyte struc-
ture of the VC+UVB group and NMN+UVB group was 
improved compared with that of the UVB group. Among 

Figure 1 Photomicrograph of liver paraffin sections stain with (H&E). The black bars indicate 200 μm. The black arrows indicate necrotic cells. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.
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them, the hepatocyte morphology of the NMN+UVB 
group was close to that of the control group.

Histopathology of Skin Finding
Histopathology results of skin can directly reflect the 
degrees of skin damage caused by UVB. Figure 2A, 
D and E shows that the skin of the mice in the control 
group had a normal structure: a thin epidermal layer, 
a wavy junction between the epidermis and the dermis, 
and no excessively keratinized stratum corneum, the epi-
dermal was thinnest, and the dermis layer was thick. 
Compared with control group mice, in UVB group mice 
the thickness of the dermis layer was significantly thinned 
while the thickness of the epidermal layer increased (p < 
0.05), the number of collagen fiber bundles was reduced, 
the subcutaneous tissue was disorderly arranged, and the 
boundary was not obvious. In addition, inflammatory cell 
infiltration around the appendages was seen, indicating 
that there was a chronic inflammation reaction in the 
skin and that long-term UVB irradiation could induce 
skin photoaging. The thickness of the skin dermis layer 
was increased, but the collagen fibers were loosely dis-
persed in the VC+UVB group compared with the UVB 
group. The thickness of the whole skin layer was signifi-
cantly thicker in the mice in the NMN+UVB group than in 
those in the UVB group. The collagen fiber bundles were 
distributed relatively uniformly and orderly. The overall 
structure was close to that of the control group.

The collagen fibers are a blue-purple color after Masson 
staining. Figure 2B shows that more collagen fibers were 
present and showed normal arrangement in the control group, 
but very few in the UVB group, indicating that UVB irradia-
tion caused the degradation of collagen fibers. The number of 
collagen fibers in the skin dermis increased in the VC+UVB 
group and the NMN+UVB group compared with the UVB 
group. The collagen fibers in the NMN+UVB group were 
arranged neatly and orderly, and there was almost no shrink-
age, breakage, or other changes relative to control.

According to the TB staining results (Figure 2C and F), 
significantly more mast cells were present in the dermal 
layer in the UVB group (p < 0.05), indicating that UVB 
irradiation induced the production of mast cells in the skin, 
thereby resulting in skin inflammation. The VC+UVB 
group showed decreased mast cells in mouse skin than 
the UVB group. After the mice were treated with NMN, 
the mast cells in mouse skin were significantly reduced (p 
< 0.05), and the results were similar to the control group.

Oxidative Stress Enzyme Investigation of 
Serum
Increasing research has demonstrated that UVB irradiation 
will release ROS in the skin, which then affect the activity of 
oxidative enzyme both in skin and serum.38 Among the 
groups, the control group showed the highest serum T-SOD 
and CAT activity (99.05±16.07 and 40.73±4.62 U/mL) and 
the lowest H2O2 and AGEs content (15.52±3.47 mmol/L and 
32.44±6.19 pg/mL). However, the above indicators showed 
an opposite trend in the UVB group (T-SOD 48.64±7.87 U/ 
mL; CAT 18.08±4.28 U/mL; H2O2 61.57±10.07 mmol/L; 
AGEs 131.62±9.89 pg/mL), and a significant difference was 
found in these two groups (p<0.05) (Table 2). Compared 
with UVB treatment alone, VC and NMN treatment signifi-
cantly increased the activity of T-SOD and CAT enzymes in 
the serum of mice and significantly decreased the contents of 
H2O2 and AGEs (p<0.05). It is worth noting that the levels 
of T-SOD (198.92±21.26 U/mL), CAT (34.15±5.58 U/mL), 
H2O2 (27.35±4.79 mmol/L), and AGEs (29.69±8.11 pg/mL) 
in the serum of mice in the NMN+UVB group were similar 
to those in the control group, and the enzyme activity of 
T-SOD in the NMN+UVB group was significantly higher 
than that in the control group (p<0.05), indicating that NMN 
greatly increased the activity of serum antioxidant enzymes 
in mice.

Oxidative Stress Enzyme Investigation of 
Skin
Previous studies have also found that UV irradiation pro-
motes the depletion of Na+-K+-ATPase and NADK, and 
increases the content of AGEs in the skin.39,40 Table 3 
shows that the levels of T-SOD, CAT, Na+-K+-ATPase, 
NADK, H2O2 and AGEs in the mouse skin tissues in the 
control group were respectively 27.69±6.32 U/mgprot, 
24.24±3.11 U/mgprot, 0.89±0.13 U/mgprot, 17.47±2.66 
nmol/min/mg-prot, 10.99±1.19 mmol/gprot, and 366.76 
±7.24 pg/mL. These indicators are significantly different 
in the UVB group (T-SOD 7.51±1.19 U/mgprot; CAT 
14.58±3.54 U/mgprot; Na+-K+-ATPase 0.20±0.04 U/ 
mgprot; NADK 12.97±0.69 nmol/min/mgprot; H2O2 

14.09±1.66 mmol/gprot; and AGEs 451.02±55.35 pg/mL) 
(p<0.05). The above serum indexes were improved to 
varying degrees in the mice in the VC+UVB group and 
the NMN+UVB group compared with those in the UVB 
group. Additionally, besides T-SOD and Na+-K+-ATPase, 
there was no obvious difference in the above serum 
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Figure 2 Photomicrograph of skin paraffin sections. (A) H&E staining of the skin; (B) Masson’s staining of the skin; (C) toluidine blue staining; (D) epidermal thickness of 
skin; (E) dermal thickness of skin; (F) number of mast cells of skin. *p < 0.05 compared to the UVB group; **p < 0.01 compared to UVB group; ***p < 0.001 compared to 
the UVB group. → ← in (A) indicate the thickness of dermis; ↑ in (B) indicate collagen fiber; ↑ in (C) indicate mast cell. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.
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indexes between the mice treated with NMN and those in 
the mice of the control group (p>0.05).

Inflammatory Cytokine Results
A large amount of ROS produced by UVB irradiation will 
further induce inflammation in the skin.41 Table 4 shows that 
among the groups, the UVB group showed the highest levels 
of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 in 

the serum and skin and the lowest levels of the anti- 
inflammatory cytokines IL-4 and IL-10. A significant differ-
ence was found between the UVB group and the control group 
(p < 0.05). Compared with UVB treatment alone, VC treat-
ment improved the contents of some cytokines in serum and 
skin, but no significant differences were observed on the levels 
of serum IL-4, skin TNF-α, IL-6, and IL-10 (p > 0.05). It is 
worth noting that NMN treatment significantly decreased the 

Table 2 Levels of Oxidative Stress Indicators in Serum of MiceA

Group T-SOD (U/mL) CAT (U/mL) H2O2 (mmol/L) AGEs (pg/mL)

Control 99.05±16.07b 40.73±4.62a 15.52±3.47d 32.44±6.19c

UVB 48.64±7.87c 18.08±4.28d 61.57±10.07a 131.62±9.89a

VC+UVB 81.87±11.86b 23.46±4.25c 39.15±7.60b 113.53±12.34b

NMN+UVB 198.92±21.26a 34.15±5.58b 27.35±4.79c 29.69±8.11c

Notes: AValues are mean ± standard deviation (N = 10/group). The difference in variance between the two groups was significant (p < 0.05). a–dMean values with different 
letters in the same column are significantly different (p < 0.05) according to Duncan’s honestly significantly different test. 
Abbreviations: UVB, mice treated with UV irradiation; VC+UVB, mice treated with vitamin C (300 mg/kg) and UV irradiation; NMN+UVB, mice treated with nicotinamide 
mononucleotide (300 mg/kg) and UV irradiation; T-SOD, total superoxide dismutase; CAT, catalase; H2O2, hydrogen peroxide; AGEs, advanced glycation end products.

Table 3 Levels of Oxidative Stress in Skin of MiceB

Group T-SOD  
(U/mgprot)

CAT  
(U/mgprot)

H2O2  

(mmol/gprot)
AGEs (pg/mL) Na+-K+-ATPase 

(U/mgprot)
NADK (nmol/ 
min/mgprot)

Control 27.69±6.32a 24.24±3.11a 10.99±1.19b 366.76±7.24bc 0.89±0.13a 17.47±2.66a

UVB 7.51±1.19c 14.58±3.54b 14.09±1.66a 451.02±55.35a 0.20±0.04d 12.97±0.69c

VC+UVB 17.01±3.93b 21.84±4.53a 13.50±2.44a 405.36±26.62b 0.49±0.14c 14.58±1.47b

NMN+UVB 20.06±3.07b 22.66±4.59a 8.46±1.99b 339.61±43.18c 0.66±0.12b 16.48±1.57a

Notes: BValues are mean ± standard deviation (N = 10/group). The difference in variance between the two groups was significant (p < 0.05). a–dMean values with different 
letters in the same column are significantly different (p < 0.05) according to Duncan’s honestly significantly different test. 
Abbreviations: UVB, mice treated with UV irradiation; VC+UVB, mice treated with vitamin C (300 mg/kg) and UV irradiation; NMN+UVB, mice treated with nicotinamide 
mononucleotide (300 mg/kg) and UV irradiation; T-SOD, total superoxide dismutase; CAT, catalase; H2O2, hydrogen peroxide; AGEs, advanced glycation end products; 
NADK, nicotinamide adenine dinucleotide kinase.

Table 4 Levels of Inflammatory Indexes in Serum and Skin of MiceC

Serum Levels

Group TNF-α (ng/L) IL-1β (ng/L) IL-4 (pg/L) IL-6 (pg/mL) IL-10 (pg/mL)

Control 238.87±67.66b 17.83±1.17c 102.14±15.80a 16.04±4.69c 320.38±47.29a

UVB 550.60±83.35a 21.87±1.42a 59.11±8.41c 75.78±8.46a 128.73±21.54c

VC+UVB 317.87±60.20b 20.12±1.18b 57.88±9.30c 50.12±8.02b 135.54±10.48c

NMN+UVB 250.27±51.28b 17.95±1.11c 71.40±10.87b 17.33±6.75c 179.35±50.09b

Skin Levels

Control 99.34±14.92b 6.34±0.69c 134.45±23.71a 34.67±4.65b 653.74±68.16a

UVB 158.79±14.03a 15.20±1.16a 41.06±6.94d 50.79±7.30a 95.71±19.20c

VC+UVB 151.18±26.87a 9.43±2.30b 69.80±14.44c 47.43±5.20a 141.91±35.56c

NMN+UVB 95.63±18.98b 5.28±0.63c 89.97±6.08b 31.22±8.03b 271.39±35.41b

Notes: CValues are mean ± standard deviation (N = 10/group). The difference in variance between the two groups was significant (p < 0.05). a–dMean values with different 
letters in the same column are significantly different (p < 0.05) according to Duncan’s honestly significantly different test. 
Abbreviations: UVB, mice treated with UV irradiation; VC+UVB, mice treated with vitamin C (300 mg/kg) and UV irradiation; NMN+UVB, mice treated with nicotinamide 
mononucleotide (300 mg/kg) and UV irradiation; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-4, interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10.
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levels of TNF-α, IL-1β, and IL-6, and increased IL-4 and IL- 
10 levels in serum and skin of mice when compared with the 
UVB group (p < 0.05), which indicated that the inflammation 
indicators of the NMN+UVB group were improved more than 
those of the VC +UVB group.

mRNA Expression of Oxidative Genes
To further evaluate the antioxidant effect of NMN on 
UVB-induced skin damage in mice, we determined the 
gene expression levels of SOD1, SOD2, CAT, and GSH 
in the liver and skin of mice. In Figure 3, the mRNA 
expression levels of SOD1, SOD2, CAT, and GSH in the 
skin and liver of UVB group mice decreased significantly 
compared with those in control group mice (p < 0.05). 
Although the mRNA expression levels of SOD1, SOD2, 
CAT, and GSH in the skin and liver increased to a certain 
degree in the VC+UVB group, there was no significance 
between the UVB group and VC+UVB group besides the 
SOD1 and SOD2 levels in the liver (p > 0.05). However, 
the mRNA expression levels of the above indicators in the 
NMN+UVB group were higher than those in the UVB 
group and were similar to those in the control group, 
which is in line with the oxidative indicators in serum 
and skin.

mRNA Expression of Inflammatory 
Genes
As shown in Figure 4, compared with the control group, 
UVB irradiation increased the mRNA expression level of 
NF-κBp65 in mouse skin and liver and reduced the expres-
sion level of the NF-κBp65 suppressor gene IκB-α. In 
addition, the expression of IL-10, a factor related to the 
NF-κBp65 signaling pathway, was also downregulated, 
and the most significant change was the upregulation of 
the expression of TNF-α and IL-6. Compared with UVB 
group, the mRNA expression levels of IκB-α and IL-10 in 
the skin and liver were significantly increased in the NMN 
+UVB group, while the expression levels of NF-κBp65, 
TNF-α and IL-6 decreased (p < 0.05). Additionally, the 
mRNA expression levels of the above indicators in the 
NMN+UVB group were close to those in the control 
group.

mRNA Expression of AMPK Signaling 
Pathway Related Genes
The AMPK signaling pathway is considered to be an 
important pathway in regulating the repair of UVB- 
induced DNA damage. SIRT1, LKB1, PGC-1α, APPL1, 
FOXO, and mTOR all belong to the AMPK pathway.42,43 

Figure 3 Gene expression of SOD1, SOD2, CAT and GSH in skin and liver tissues. *p < 0.05 compared to the UVB group; **p < 0.01 compared to UVB group; ***p < 0.001 
compared to the UVB group. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.
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As illustrated in Figure 5, the control group showed the 
highest gene expression of AMPK, SIRT1, LKB1, PGC- 
1α, APPL1, and FOXO in the skin (11.58-, 1.54-, 7.35-, 
1.53-, 1.47-, and 8.12-fold higher than those in the UVB 
group) and liver (5.46-, 3.43-, 2.71-, 1.96-, 2.44-, and 
3.23-fold higher than those in the UVB group) and the 
lowest expression level of mTOR (0.28-fold and 0.14- 

fold). The levels of the above genes in the skin and liver 
of the UVB group mice were opposite to those in the 
control group mice, and a significant difference was 
found between these two groups (p<0.05). After VC treat-
ment, the mRNA expression of AMPK, SIRT1, LKB1, 
PGC-1α, APPL1, and FOXO in the skin and liver 
increased, while the expression of mTOR decreased, but 

Figure 4 Gene expression of NF-κBp65, IκB-α, TNF-α, IL-6 and IL-10 in skin and liver tissues. *p < 0.05 compared to the UVB group; **p < 0.01 compared to UVB group; 
***p < 0.001 compared to the UVB group. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.
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Figure 5 Gene expression of AMPK, SIRT1, LKB1, PGC-1α, APPL1, mTOR and FOXO in skin and liver tissues. *p < 0.05 compared to the UVB group; **p < 0.01 compared 
to UVB group; ***p < 0.001 compared to the UVB group. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S327329                                                                                                                                                                                                                       

DovePress                                                                                                                       
5175

Dovepress                                                                                                                                                            Zhou et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


there was no significant difference was found between the 
UVB group and VC+UVB group besides AMPK and 
PGC-1α. The expression levels of the above indicators in 
the skin (5.87-, 1.50-, 4.84-, 1.40-, 1.33-, 4.44-, and 0.42- 
fold of those in the UVB group) and liver (1.96-, 2.52-, 
2.58-, 1.42-, 2.12-, 2.75-, and 0.48-fold of those in the 
UVB group) of NMN+UVB group were significantly dif-
ferent from UVB group and close to those in the control 
group.

Protein Expression
We used Western blotting to determine the protein expres-
sion of AMPK, NFκB-p65, IκB-α, SOD1, and CAT, which 
are representative proteins related to oxidant and inflam-
mation. As shown in Figure 6, the protein expression of 
AMPK, IκB-α, SOD1, and CAT in the skin tissues of the 
UVB group was significantly lower than that of the control 
group (6.07-, 1.31-, 2.87- and 1.38-fold higher than those 
in the UVB group), while NFκB-p65 was significantly 
higher in the UVB group than in the control group (0.47- 
fold lower than that in the UVB group) (p<0.05). The 
expression levels of AMPK, IκB-α, SOD1, and CAT in 
the mouse skin tissues increased, while the protein expres-
sion of NFκB-p65 decreased in the VC+UVB group (1.04- 

fold, 0.88-fold, 1.21-fold, 1.38-fold, and 0.84-fold) and 
NMN+UVB group (3.01-fold, 1.17-fold, 1.56-fold, 1.1.41- 
fold, and 0.76-fold) compared with the UVB group. The 
expression levels of the above indicators in the NMN 
+UVB group were similar to those in the control group.

Discussion
In the present study, the effect of intraperitoneal injection 
of NMN on mice with UVB-induced skin damage was 
explored. The results showed that at a macro level, NMN 
maintained the normal structure of skin and liver, and 
regulate the levels of oxidation and inflammation indica-
tors in serum and skin tissue. At a micro level, NMN 
reduces the inflammation damage and energy metabolism 
disorder caused by UVB to the skin by regulating signal 
pathways such as NF-κB and AMPK. Overall, the results 
in the present study are similar to our previous study 
where NMN was given by oral gavage.

Long-term skin exposure to ultraviolet radiation causes 
premature aging, inducing wrinkles, stains and laxity, and 
even benign or malignant tumors. Histopathological obser-
vations can be used to quickly evaluate the seriousness of 
skin damage caused by ultraviolet radiation.44 The pre-
vious study revealed that the thickness of the epidermal 

Figure 6 Protein expression of AMPK, NFκB-p65, IκB-α, SOD1 and CAT in skin tissues. (A) relative expression levels of proteins; (B) protein banding map. *p < 0.05 
compared to the UVB group; **p < 0.01 compared to the UVB group; ***p < 0.001 compared to the UVB group. 
Abbreviations: VC+UVB, mice treated with vitamin C(300mg/kg) and UVB irradiation; NMN+UVB, mice treated with nicotinamide mononucleotide (300mg/kg) and UVB 
irradiation.
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layer increased while the dermis of the skin decreased, the 
number of collagen fibers decreased, and the number of 
mast cells increased after the skin was irradiated by 
UVB,45,46 which is in line with our results. Other research 
found UVB irradiation significantly reduced GSH content 
and P450 isoenzymes activity in the liver, which may be 
related to the “bystander effect”.47,48 After intraperitoneal 
injection of NMN to the mice, we found the pathological 
morphology of skin exposed to UVB was greatly 
improved when compared to control skin exposed to 
UVB, and the livers of the mice also maintained normal 
morphology without obvious damage. It has been reported 
that NAD+ levels will decline in organs such as liver, skin, 
brain, and heart with age,49 but NAD+ level increased after 
administration with NMN in this study. This may explain 
our histopathological morphological findings on skin and 
liver of UVB-induced skin damage mice.

Disordered oxidation-antioxidant balance in the human 
body is closely related to the occurrence and development 
of aging. Long-term UVB irradiation induces a severe 
oxidative stress response, thereby accelerating the aging 
of the skin.50 Superoxide dismutase (SOD), Catalase 
(CAT), and Glutathione (GSH) act as antioxidants in the 
body, their enzymatic activity closely related to aging, 
biosynthesis, degradation, and defense.51–53 As an impor-
tant marker of skin aging, advanced glycation end- 
products (AGEs) are closely related to oxidative stress 
and cytokine release. Accumulation of AGEs will cause 
increased brittleness of collagen.54 Intracellular hydrogen 
peroxide (H2O2) levels are decomposed by CAT. An early 
study found UVB-irradiation downregulated CAT expres-
sion and increased H2O2 level.55 One study showed that 
NMN administration upregulated the protein expression of 
SOD2 in hippocampal tissue of mice by increasing the 
NADK levels.10 Similarly, our study also found that 
NMN intraperitoneal injection can help maintain relatively 
normal levels of T-SOD, CAT, AGEs, and H2O2 in mouse 
skin tissue. Notably, NMN can also greatly increase serum 
levels of T-SOD and CAT. Additionally, the enzyme activ-
ity of T-SOD in the NMN+UVB group was even higher 
than that in the control group. NMN can also upregulate 
the mRNA expression of SOD1, SOD2, CAT, and GSH 
and the protein expression of SOD1 and CAT in skin and 
liver tissues. This finding shows that NMN can improve 
not only the skin damage by adjusting the oxidative stress 
level of the body but also the overall antioxidant level of 
the body from the perspective of the serum and liver.

Studies have shown that UVB irradiation can cause 
a decrease in NADK in skin tissue.56 The oral administra-
tion of NMN, a precursor of NADK, can increase the level 
of NADK in skin tissue, thereby preventing skin cancer 
caused by UVB irradiation.57 The regulation of Na+-K+- 
ATPase enzyme activity can provide cells with the neces-
sary vitality. A decrease in Na+-K+-ATPase activity will 
lead to impaired intracellular energy production and ion 
transport, thus affecting cell function and promoting 
aging.16 This experiment found that the levels of NADK 
and Na+-K+-ATPase in mouse skin tissue decreased sig-
nificantly in the UVB group when compared to the control 
group, indicating that UVB irradiation causes skin energy 
metabolism disorders. After intraperitoneal injection with 
NMN, levels of NADK and Na+-K+-ATPase in irradiated 
skin increased significantly and were similar to those in 
the control group. Studies have shown that mammals can 
convert NMN into NADK, which may indicate that intra-
peritoneal injection with NMN in our study played a role 
in improving skin injury by promoting the synthesis of 
NMN into NADK.58

When the skin is exposed to ultraviolet rays for a long 
time, inflammation symptoms such as dryness, itching, 
erythema, and edema occur.59 A surprising discovery in 
this experiment was that NMN upregulates the expression 
of NF-kappa-B inhibitor-α (IκB-α) in skin and liver tis-
sues, thereby further inhibiting the activation of the 
NFκB-p65 signaling pathway. Nuclear factor-κB (NF-κB) 
is an important transcription factor in the body’s immune 
response. Normally, it is combined with its inhibitory 
protein IκB and therefore inactive.60 Studies have found 
that stressful conditions induce the phosphorylation of IκB 
protein, which subsequently activates NF-κB, and acti-
vated NF-κB further promotes the release of the proin-
flammatory cytokines tumor necrosis (TNF)-α, interleukin 
(IL)-6, interleukin (IL)-12, and amongst other.61 The NF- 
κB signaling dysfunction commonly occurs in skin 
damage.62 IκB-α is a repressor protein of NF-κB that can 
mask the nuclear localization signal of NF-κB so that NF- 
κB exists in the cell as an inactive compound.63 Studies 
have shown that almost all NF-κB inducers rapidly acti-
vate NF-κB due to the degradation of IκB-α, so it is 
possible to prevent the activation of NF-κB by preventing 
the phosphorylation of IκB-α.64 This study found that after 
UVB irradiation, the gene and protein expression of 
NFκB-p65 in mouse skin and liver tissues were increased 
significantly, and the mRNA and protein expression of 
IκB-α was decreased significantly, consistent with 
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previous findings.65,66 On the other hand, NMN can alle-
viate inflammation in mice by balancing the expression of 
NFκB-p65 and IκB-α. Other studies have also shown that 
NMN is beneficial in inflammation-related diseases.67

Both TNF-α and IL-6 are proinflammatory cytokines in 
the NF-κB signaling pathway. Among them, tumor necro-
sis factor-α (TNF-α) can induce NF-κB activation in dif-
ferent types of cells.68 IL-6 is a multidirectional 
proinflammatory cytokine with biological activity. The 
role of IL-6 is similar to that of interleukin (IL)-1β, both 
being key mediators of the inflammatory response. IL-6 
can also activate the NF-κB signaling pathway to a certain 
extent, causing chronic inflammation in the skin. In addi-
tion, overexpression of IL-6 can increase the permeability 
of the skin, promote inflammatory factors to infiltrate into 
the inflammation site, and initiate inflammation.68,69 IL-10 
is an important cytokine related to inflammation secreted 
by macrophages, dendritic cells, and T cells. It can inhibit 
the activation of NF-κB during inflammation and upregu-
late the ratio of IL-1RA/IL-1β.70 In this study, NMN 
downregulated the mRNA expression of the proinflamma-
tory cytokines TNF-α and IL-6 in the serum and skin 
tissue, and upregulated the expression of the inflammatory 

cytokine IL-10, thereby reducing the degree of inflamma-
tory damage induced by these inflammatory mediators in 
skin-damaged mice.

AMP-activated protein kinase (AMPK) is widely pre-
sent in various eukaryotic cells and plays an important role 
in maintaining the balance of energy metabolism in cells.71 

There are also many reports on the AMPK signaling path-
way’s role in host defense, such as infection, oxidative 
stress, inflammation, and immunity. In young cells, high 
expression levels of AMPK promote the activity of factors 
such as silent information regulator 1 (SIRT1), peroxisome 
proliferator-activated receptor γ co-activator-1α (PGC-1α) 
and forkhead transcription factor O (FOXO), thereby inhi-
biting the activity of NF-κB.72 Endoplasmic reticulum 
stress and oxidative stress are effective inducers of NF- 
κB signaling, while AMPK plays a role in protecting cells 
from mitochondrial dysfunction and inhibiting endoplas-
mic reticulum stress and oxidative stress. NF-κB signaling 
is enhanced due to decreased AMPK activity during cell 
aging.73 Studies have shown that UVB irradiation can 
inhibit the activation of AMPK, thereby aggravating 
DNA damage and inflammatory damage.42 We also 
obtained the same results that the relative mRNA and 

Figure 7 The possible mechanism of this study. The black arrows “↑” indicated those indicators were increased after intraperitoneal injection treatment with NMN, but the 
red arrows “↓” indicated those indicators were decreased after intraperitoneal injection treatment with NMN.
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protein expression of AMPK in the liver and skin of the 
UVB group mice was significantly lower than that of the 
control group. However, after intraperitoneal injection 
with NMN, the expression levels of AMPK in liver and 
skin tissues increased significantly. Other studies also 
revealed that NMN activated AMPK via increasing the 
level of NADK.74

In the process of exploring the protective effect of NMN 
on mice with skin injury, we also interestingly found 
changes in some genes related to the AMPK signaling 
pathway, such as adiponectin receptor-binding protein 
(APPL1), liver kinase B (LKB1), silencing information 
regulator (SIRT1), mammalian target of rapamycin 
(mTOR), forkhead transcription factor O1 (FOXO), and 
peroxisome proliferative receptor γ co-activator α (PGC- 
1α). APPL1 is a functional protein located on chromosome 
3 upstream of the gene encoding AMPK and is composed 
of 709 amino acids. It mediates a variety of cell signaling 
pathways, regulates the inflammatory response of cells, and 
has antioxidant and anti-arteriosclerotic effects.75 LKB1 is 
a kinase upstream of AMPK and is mainly localized in the 
nucleus. It can directly phosphorylate threonine 172 on the 
α subunit of AMPK to activate AMPK, thereby regulating 
the energy metabolism of cells.76 mTOR is an evolutiona-
rily conserved serine/threonine protein kinase and an inte-
grator of growth factors and nutritional signals. The 
activation of the mTOR pathway is thought to be closely 
related to the mechanism of cutaneous melanoma.77 In 
addition, an early study demonstrated UV radiation 
increased protein expression of mTOR and decreased 
expression of LKB1 by inhibiting the activation of 
AMPK.78 SIRT1 increases the expression of PGC-1α 
through deacetylation, which acts as an important regulator 
in mitochondrial biosynthesis and can directly regulate the 
number and function of mitochondria.79 Studies proved that 
UVA-irradiation decreased the activation of the AMPK/ 
SIRT-1/PGC-1α pathway in HaCaT cells and HFF-1 
cells.80 The present study also found the mRNA and protein 
expression of AMPK, SIRT-1, and PGC-1α decreased in 
UVB-induced skin damage. Other research using human 
dermal fibroblasts and a 3D skin model to evaluate the 
effect of Aquatide on UV-induced skin aging found that 
Aquatide upregulated the expression of FOXO1 by activat-
ing the expression of SIRT-1.81 In this study, we found that 
after intraperitoneal injection of NMN to UVB-exposed 
mice, the mRNA expression levels of APPL1, LKB1, 
SIRT1, FOXO1, and PGC-1α in mouse skin and liver sig-
nificantly increased, while the mRNA expression levels of 

mTOR decreased. This indicates that NMN blocks UVB- 
induced skin damage in mice by regulating the AMPK 
signaling pathway.

Conclusions
In summary, our experiment found that NMN intraperito-
neal injection had an obvious protective effect on UVB- 
induced skin damage in mice. The possible mechanisms of 
this effect are presented in Figure 7. NMN intraperitoneal 
injection inhibited the activation of the NF-κB signaling 
pathway by activating the AMPK signaling pathway. 
Moreover, the changes of these two pathways by NMN 
regulated the expression and release of other oxidative and 
inflammatory indicators, thereby reducing the skin damage 
caused by UVB irradiation. This study shows that the 
protective effect of NMN administered via intraperitoneal 
injection on UVB-induced skin damage in mice is similar 
to the effect of oral gavage of NMN that we reported 
previously. This study provides a reference for further 
research using the form of NMN administration.
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