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Abstract. Extensive solar ultraviolet B (UVB) exposure of 
the skin results in inflammation and oxidative stress, which 
may contribute to skin cancer. Natural products have attracted 
attention for their role in the effective treatment of cutaneous 
neoplasia. Juglanin is purified from the crude extract of 
Polygonum aviculare, exhibiting anti‑oxidant, anti‑inflam-
matory and anti‑cancer activities. Jugalanin was used in the 
current study to investigate whether it may ameliorate UVB 
irradiation‑induced skin damage by reducing oxidative stress 
and suppressing the inflammatory response in vivo and 
in vitro. In the present study, hairless mice were exposed to 
UVB irradiation in the absence or presence of juglanin admin-
istration for 10 weeks. The findings indicated that juglanin 
inhibited UVB‑induced hyperplasia and decreased infiltration 
in the skin of mice. UVB exposure‑induced oxidative stress 
in mice and cells was inhibited by juglanin via enhancing 
anti‑oxidant activity. Additionally, juglanin markedly reduced 
pro‑inflammatory cytokine release, including cyclic oxidase 2, 
interleukin-1β and tumor necrosis factor‑α, triggered by 
chronic UVB irradiation. Juglanin‑ameliorated skin damage 
was associated with its suppression of mitogen activated 
protein kinases (MAPKs), including p38, extracellular signal 
regulated 1/2, and c‑Jun N‑terminal kinases, as well as nuclear 
factor (NF)‑κB signaling pathways, which was dependent on 
nuclear factor‑E2‑related factor 2 (Nrf2)‑modulated reactive 
oxygen species generation. Taken together, these data indicate 
that juglanin protected against UVB‑triggered oxidative 
stress and inflammatory responses by suppressing MAPK and 
NF-κB activation via enhancing Nrf2 activity.

Introduction

Ultraviolet B (UVB) radiation (wavelength, 280‑315 nm) is 
reported as the most damaging component of solar radiation 
reaching the surface of the Earth, predominantly exerting 
its action on the epidermal layer of the skin (1,2). Extensive 
exposure of the skin to UVB results in various harmful 
responses, including edema, sunburn, hyperplasia, inflam-
mation, erythema, as well as immunosuppression, which 
have been reported in different types of skin disease, and 
which may eventually develop into skin cancer (3,4). Various 
molecular mechanisms associated with skin injury induced 
by UVB have been investigated, including oxidative stress, 
inflammatory responses and apoptosis (5‑7). In the present 
study, female animal models were used. Previous studies 
using an SKH‑1 mouse model demonstrated that acute UVB 
exposure induces higher levels of inflammation and lower 
levels of DNA damage in female mice compared with male 
mice (8). Furthermore, male SKH‑1 mice exhibited a reduced 
capacity to eliminate reactive oxygen species (ROS) produced 
following UVB exposure (9), and a reduction of the immu-
noprotective response following UVA exposure, as well as a 
reduction of the immunoprotective response following UVA 
exposure relative to females (10,11).

As previously described, ROS is crucial for skin damage, 
accounting for 50% of skin injury due to UVB irradiation (12). 
Exposure of skin to UVB initiates a photo‑oxidative reaction, 
accelerating cellular ROS levels (13). The redox‑sensitive 
transcription factor, nuclear factor‑E2‑related factor 2 (Nrf2) 
is important in modulating ROS production. Nrf2, thus, has 
been considered as an essential molecular target for various 
pharmacological prevention strategies in human and animal 
pathologies due to exposure to environmental toxicants, which 
involve UV light (14,15). According to a previous study, Nrf2 
is proposed as a protective signal in gene expression media-
tion to inhibit skin damage induced by UV irradiation (16). 
Therefore, pharmacological modulation of Nrf2 may poten-
tially protect skin from damage by UV exposure. Additionally, 
skin inflammation is another major mechanism that causes 
skin injury induced by UV (17). Nuclear factor (NF)‑κB), a 
redox‑sensitive transcriptional factor, is critical in the patho-
genesis of UVB‑triggered inflammation, which is linked to 
skin carcinogenesis (18).  NF‑κB activation modulates inflam-
matory responses by enhancing pro‑inflammatory cytokine 
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secretion, including tumor necrosis factor (TNF)‑α, inter-
leukin (IL)-1β and cyclic oxidase 2 (COX2) (19,20). Hence, 
NF-κB inactivation blocks inflammatory responses induced 
by UVB irradiation. 

Juglanin (Fig. 1A), as a natural compound extracted from 
the crude Polygonum aviculare, displayed inhibitory activity 
against the inflammatory response, dependent on NF‑κB 
de‑phosphorylation, as well as anticancer activity through 
regulating ROS production with little cytotoxicity on normal 
cells (21‑23). Considering its effect on inflammation and ROS, 
in the current study, the effects of juglanin on skin damage 
induced by UVB were investigated. The underlying molecular 
mechanisms were also further explored in vitro and in vivo. 

Materials and methods

Animals and treatment. Sixty female, SKH‑1 hairless mice 
(age, 6‑8 weeks; weight, 18‑20 g) were purchased from the 
Shanghai Laboratory Animal Research Center (Shanghai, 
China). The mice were acclimatized for 1 week prior to the 
experiments in specific pathogen‑free (SPF) conditions in static 
micro‑isolator cages with access to tap water ad libitum and 
maintained under standard conditions (12‑h light/dark cycle; 
8:00 a.m. to 8:00 p.m.) at a temperature of 23±2˚C and relative 
humidity of 50±5%. All animal experiments were conducted 
according to the Guide for the Care and Use of Laboratory 
Animals, issued by the National Institutes of Health in 1996 
and approved by the Institutional Animal Ethics Committee 
for the Guide for the Care and Use of Laboratory Animals of 
Huai'an First People's Hospital, Nanjing Medical University 
(Huai'an, China). SKH‑1 hairless mice were then randomly 
divided into 4 groups with 15 mice per group. Mice were 
exposed to UVB lamps (GL20SE; Sankyo Denki Co., Ltd., 
Kanagawa, Japan) equipped with a controller to modulate UV 
dosage, with a distance of 20 cm between the target skin and 
the light source. The treatment groups (n=15 per group) were 
as follows: Group 1, untreated animals (Con); group 2, animals 
irradiated with UVB only (UVB); group 3, UVB irradiation 
with application of 15 mg/kg juglanin (cat. no. 5041‑67‑8; 
purity ≥98%; Shanghai YuanMu Biological Technology 
Co., Ltd., Shanghai, China) by gavage (UVB+15); group 4, 
UVB irradiation with application of juglanin (30 mg/kg) by 
gavage (UVB+30), which was subsequent to 30 min UVB 
(50 mJ/cm2). Murine skin exposure consisted of 50 mJ/cm2 
UVB following juglanin treatment for 1 h, 3 times per week 
for 10 consecutive weeks. During the period of exposure, 
mice were individually housed in stainless steel chambers. 
A non‑irradiated group of animals was included as a UVB 
negative control. After 10 weeks of exposure with or without 
juglanin treatment, the animals were euthanized 24 h after 
the final UVB irradiation, and the dorsal skin tissues from the 
mice were excised, maintained in liquid nitrogen and stored at 
‑80˚C for subsequent research. A total of 6 skin tissue samples 
(1x1 cm2) were selected randomly and fixed in 4% formalin 
for 48 h at room temperature and subsequently embedded in 
paraffin for immunohistochemical analysis.

Cell culture and treatment. Human epidermal cells, HaCaT, 
were purchased from the American Type Culture Collection 
(Manassas, VA, USA). Cells were cultured in Dulbecco's 

modified Eagle's medium supplemented with 10% fetal bovine 
serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml) 
at 37˚C in an atmosphere of 5% CO2. The HaCaT cells were 
cultured until 80% confluence and then pretreated with various 
concentrations of juglanin (80 and 160 µM). Following a 12‑h 
incubation at 37˚C, the culture medium was replaced with 
1.5 ml phosphate‑buffered saline (PBS). HaCaT cells were then 
exposed to 15 mJ/cm2 UVB (light source, 312 nm). After UVB 
exposure, the cells were treated with various concentrations 
of juglanin (80 and 160 µM) in serum‑free DMEM medium 
(Gibco; Thermo Fisher Scientific, Inc.) for another 12 h (21,23). 
Mitogen activated protein kinases (MAPK) inhibitors of 
SB203580 [high‑performance liquid chromatography (HPLC) 
≥98%], PD98059, SP600125 (HPLC, ≥98%), and NF‑κB 
(p65) inhibitor, JSH‑23 (HPLC, ≥98%), were purchased from 
Sigma‑Aldrich (Merck KGaA, Darmstad, Germany). The 
inhibitors were dissolved in dimethyl sulfoxide (DMSO; 
Beyotime Institute of Biotechnology, Shanghai, China) and 
added to the culture media. The cells were pre‑treated with 
each inhibitor at the indicated concentrations [SB203580 
(50 nM), PD98059 (10 nM) and SP600125 (50 µM)] for 1 h 
and/or with juglanin for 12 h, and exposed to 15 mJ/cm2 UVB 
irradiation for 24 h, followed by incubation for another 12 h in 
the absence or presence of juglanin (160 µM) at 37˚C. After 
48 h treatment, the cells were harvested for further study.

Intracellular ROS analysis. Following incubation with 
various concentrations of juglanin (0, 80 and 160 µM), 
5x105 cells/200 µl HaCaT cells were re‑incubated with 
dihydroethidium (DHE) for 10 min at room temperature 
using a Reactive Oxygen Species Assay kit (cat. no. C1300; 
BestBio, Shanghai, China) according to the manufacturer's 
protocol in Hanks' balanced salt solution for 30 min at 37˚C. 
Following incubation, the fluorescence of DHE was measured 
spectro‑fluorimeterically at 535 nm excitation and 610 nm 
emission wavelengths.

Cell viability assays. A 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑di-
phenyltetrazolium bromide (MTT; cat. no. C0009; Beyotime 
Institute of Biotechnology) colorimetric assay kit was used 
to measure cell viability, according to the manufacturer's 
protocol. A total of 103 HaCaT cells were maintained until 
80% confluence and then pretreated with different concen-
trations (0, 5, 10, 20, 40, 80 and 160 µM) of juglanin for 
various durations (0, 6, 12, 24, 36 and 48 h). Cell medium 
was replaced with 150 µl MTT and incubated at 37˚C for an 
additional 4 h. Once the HaCaT cells were washed using PBS 
twice, the insoluble formazan crystals were dissolved in 200 µl 
DMSO. The absorbance was read by spectrophotometry at a 
wavelength of 540 nm using a Multiskan EX microplate reader 
(Thermo Fisher Scientific, Inc.). The data were represented as 
percentage cell viability compared with the untreated control 
group.

Biochemical indicator analysis. The activities of enzymatic 
antioxidants in skin tissue samples, including superoxide 
dismutase (SOD), catalase (CAT) and glutathione peroxides 
(GPx) were analyzed using SOD (cat. no. A001‑1‑1), CAT 
(cat. no. A007‑1‑1) and GPx (cat. no. A005) assay kits (all from 
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Nanjing Jiancheng Bioengineering Institute, Nanjing, China), 
respectively. The levels of reduced glutathione (GSH) and 
malondialdehyde (MDA) in skin tissue samples were measured 
using GSH (cat. no. A006‑2) and MDA (cat. no. A003‑1) assay 
kits (Nanjing Jiancheng Bioengineering Institute) according to 
the manufacturer's protocol. The thiobarbituric acid reactive 
substance (TBARS) levels in the skin tissues were calcu-
lated using a mouse TBARS ELISA kit (cat. no. xy‑E10068; 
Runyubio‑Technology Co., Ltd., Shanghai, China) according 
to the manufacturer's protocol.

ELISA for transforming growth factor‑β1 (TGF‑β1) assess‑
ment. The skin samples were frozen in liquid nitrogen and 
crushed into a powder using a multibead shocker. The powder 

was dissolved in cell lysis buffer for Western and IP (Beyotime 
Institute of Biotechnology) with protease inhibitor cocktail 
(Roche Diagnostics, Indianapolis, IN, USA). The skin extract 
was prepared by centrifugation at 12,000 x g for 10 min at 4˚C, 
and the supernatant was stored for further experiments. The 
sample protein concentrations were calculated using a BCA 
protein assay kit (cat. no. 23250; Thermo Fisher Scientific 
Inc.) according to the manufacturer's protocol. TGF‑β1 protein 
expression levels were assessed using a Mouse ELISA kit 
(R&D Systems, Inc., Minneapolis, MN, USA) according to the 
manufacturer's protocol.

Transepidermal water loss (TEWL) analysis. TEWL (g/m2/h) 
is a marker of epidermal skin barrier function, and was 

Figure 1. Juglanin suppresses UVB‑induced skin injury in a mouse model. (A) Chemical structure of juglanin. (B) Representative images of mouse skin samples 
from each group (Con, UVB, UVB+15, and UVB+30) via hematoxylin and eosin staining analysis. The epidermal thickness was also quantified. (C) MPO 
levels were calculated in each group of mice. (D) TEWL levels were measured in the hairless mice treated under various conditions. Data are presented 
as the mean ± standard error of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05 and ++P<0.01 vs. the UVB group. UVB, ultraviolet B; 
MPO, myeloperoxidase; TEWL, transepidermal water loss; Con, control; UVB+15, UVB treatment plus juglanin administration (15 mg/kg); UVB+30, UVB 
treatment plus juglanin administration (30 mg/kg).
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measured using a Tewameter™ 300 (Courage + Khazaka 
Electronic GmbH, Köln, Germany). Briefly, under isoflurane 
anesthesia, a medical adhesive tape (Honsmed, Shanghai, 
China) was used to apply a gentle pressure on the mouse skin; 
then it was removed. Mice were tape‑stripped 5 times. TEWL 
was then recorded using a Tewameter™ 300.

Calculation of wrinkle formation in the dorsal skin. The 
dorsal skin samples of mice were collected following the final 
UVB irradiation and replicated using a silicone product under 
isoflurane anesthesia. The representative images of the mouse 
skin replica were analyzed using a 3D Magic Mirror Skin 
Analyzer Machine SW‑26A equipped with Skin‑Visiometer 
VL 650 software (Sunwein‑tech, Guangdong, China). The 
parameters to evaluate skin wrinkles were wrinkle volume 
ratio, wrinkle area ratio, total groove volume ratio and the 
number of wrinkles. 

Assessment of ROS generation. ROS generation in cells 
was measured with DHE using a Dihydroethidium kit 
(cat. no. S0063; Beyotime Institute of Biotechnology), 
purchased from Beyotime Institute of Biotechnology according 
to the manufacturer's protocol. Following the various treat-
ments, cells were incubated with DHE (10 µM) for 30 min 
under 37˚C, and the cells were washed with serum‑free 
DMEM medium three times. The fluorescence intensity was 
observed under a confocal microscope (Olympus Corporation, 
Tokyo, Japan) at a magnification of x200.

Immunohistochemical (IHC) analysis. The fixed skin tissue 
samples obtained from mice were embedded in paraffin 
blocks following euthanasia. Skin samples were dehydrated in 
ascending concentrations of ethanol (80, 95 and 100%), cleared 
in xylene, embedded in Paraplast (Sigma Aldrich; Merck 
KGaA) and 3‑µm thick sections were cut. Skin sections were 
deparaffinized and stained for 15 min with hematoxylin and 
eosin (H&E) at room temperature. The thickness of the skin 
epidermis was assessed using Magnuspro software (version 3.0; 
Plan Achromate, Olympus, Germany). Epidermal thickness of 
the H&E‑stained sections was further assessed with ImageJ 
Software (version 1.47; National Institutes of Health, Bethesda, 
MD, USA). For immunohistochemical images, the skin tissue 
sections were exposed to HCl (3.5 M) for 20 min at room 
temperature and washed using PBS three times. Subsequently, 
the skin tissue sections were treated with peroxidase (0.3%) to 
diminish endogenous peroxidase activity. Tissue sections were 
incubated with normal goat serum (5%) for 30 min followed 
by incubation with primary antibodies [inducible nitric oxide 
synthase (iNOS; cat. no. 13120) and TGF‑β1 (cat. no. 3711); 
Cell Signaling Technology, Inc., Danvers, MA, USA)] at 
1:100 dilution for 2 h at room temperature. The section was 
then incubated with goat anti‑rabbit immunoglobulin G 
(IgG) horseradish peroxidase (HRP)‑conjugated secondary 
antibody (1:250; cat. no. 150077; Abcam, Cambridge, MA, 
USA) at room temperature for 30 min. Diaminobenzidine 
(ChemService, Inc., West Chester, PA, USA) served as the 
chromogen according to the manufacturer's protocol.

Immunofluorescent analysis of skin tissue. The skin tissue 
sections were dried for 10 min at room temperature, fixed with 

chilled acetone for 10 min at ‑20˚C, and washed with PBS three 
times (5 min per wash). The pre‑incubation was conducted 
with 5% normal rabbit serum (SouthernBiotech, Birmingham, 
AL, USA) at room temperature for 1 h, and sections were incu-
bated with the respective specific antibodies: Polyclonal rabbit 
anti‑phosphorylated (p)‑NF‑κB (cat. no. 86299; dilution, 1:50; 
Abcam), polyclonal rabbit anti‑iNOS (cat. no. 13120; dilution, 
1:100; CST Biological Reagents Co., Ltd., Shanghai, China) 
at 4˚C overnight. Subsequently, the slides were washed with 
PBS three times and treated with HRP‑conjugated anti‑rabbit 
monoclonal IgG secondary antibody (cat. no. A0208; dilution: 
1:200; Beyotime Institute of Biotechnology) for 15 min at room 
temperature. Sections were counterstained for cell nucleus 
detection using 4',6‑diamidino‑2‑phenylindole (Thermo 
Fisher Scientific, Inc.) solution for 5 min at room temperature, 
washed with PBS three times (5 min per wash), and mounted 
in 17984‑25‑Fluoromount‑G™ Slide Mounting Medium 
(Southern Biotech, Birmingham, AL, USA). All fluorescent 
images were obtained using a fluorescence microscope (BX53, 
Olympus, Japan) at a magnification of x200.

Determination of myeloperoxidase (MPO) activity. Tissue 
MPO was evaluated according to the protocol provided by the 
MPO kit's manufacturer (USCNK, Wuhan, China). This assay 
provides a fluorescence‑based method for detecting the MPO 
activity in tissue lysates.

Western blot analysis. Following various cell treatments as 
described previously in the cell culture and treatment sections, 
all HaCaT cells were collected for western blot analysis. Briefly, 
HaCaT cells were pelleted and lysed with cell lysis reagent 
(0.216% Beta glycerophosphate, 0.19% Sodium orthovanadate, 
0.001% Leupeptin, 0.38% EGTA, 10% Triton‑X‑100, 3.15% 
Tris HCl, 8.8% Sodium chloride, 0.29% Sodium EDTA, 1.12% 
Sodium pyrophosphate decahydrate; Beyotime Institute of 
Biotechnology) in the presence of protease inhibitor cocktail 
(Beyotime Institute of Biotechnology). Mice were euthanized 
and dorsal‑skin tissue samples were isolated. The skin tissue 
samples were homogenized into 10% (w/v) hypotonic buffer 
[25 mM Tris‑HCl (pH 8.0), 1 mM EDTA, 5 µg/ml leupeptin, 
1 mM Pefabloc SC, 50 µg/ml aprotinin, 5 µg/ml soybean trypsin 
inhibitor and 4 mM benzamidine] to yield a homogenate. The final 
supernatants from the cells and skin tissue samples were obtained 
by centrifugation at 12,000 x g for 20 min at 4˚C. Protein content 
was calculated using a BCA Protein Assay kit (cat. no. 23250; 
Thermo Fisher Scientific, Inc.). The extracted proteins were 
denatured at 100˚C for 5 min. Proteins (40 µg/well) were loaded 
in 10% Tris‑SDS gel and transferred to polyvinylidene difluo-
ride membranes, (EMD Millipore, Billerica, MA, USA) using 
the wet transfer system. After blocking for 2 h at 37˚C with 5% 
skimmed milk in Tris‑buffered saline with 0.1% Tween‑20, the 
membranes were incubated overnight at 4˚C with anti‑protein 
primary antibodies against p‑NF‑κB (cat. no. ab86299; dilution, 
1:1,000), NF-κB (cat. no. ab16502; dilution, 1:1,000) (both from 
Abcam), p‑ERK1/2 (cat. no. 8544; dilution, 1:1,000), ERK1/2 
(cat. no. 4695; dilution, 1:1,000) (both from CST Biological 
Reagents Co., Ltd.), p‑JNK (cat. no. ab47337; dilution, 1:1,000), 
Nrf2 (cat. no. ab62352; dilution, 1:1,000), JNK (cat. no. 112501; 
dilution 1:1,000) (all from Abcam), p‑p38 (cat. no. 4511; dilu-
tion, 1:1,000), p38 (cat. no. 8690; dilution, 1:1,000), COX2 
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(cat. no. 12282; dilution, 1:1,000), IL‑1β (cat. no. 12703; dilu-
tion, 1:1,000), TNF-α (cat. no. 11948; dilution, 1:1,000), iNOS 
(cat. no. 13120; dilution, 1:1,000), TGF‑β1 (cat. no. 3711; dilu-
tion, 1:1,000) (all from CST Biological Reagents Co., Ltd.), 
and GAPDH (cat. no. sc293335; dilution, 1:500; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) in blocking buffer. The 
membrane was then incubated for 3 h at room temperature 
with secondary anti‑primary immunoglobulin G‑conjugated 
with HRP (dilution, 1:5,000; cat. no. GTX213110‑01; GeneTex, 
Inc., Irvine, CA, USA), followed by application of immobilon 
Western Chemiluminescent HRP substrate (EMD Millipore). 
Western blot bands were observed using an ECL Western 
Blotting Analysis System (GE Healthcare, Chicago, IL, USA) 
and exposed to X‑ray films (Kodak, Rochester, NY, USA) for 
protein expression analysis (using ImageJ software version 1.47d; 
National Institutes of Health, Bethesda, MD, USA). 

Small interfering RNA (siRNA) treatment. The HaCaT cells 
(4.0x105) were cultured at 37˚C in 6‑well plates for 24 h. 
Then, Nrf2 siRNA (Nrf2 siRNA, 5'‑AUG GGC UAC UCG 
GCU AGC AAU‑3; negative control, 5'‑UGU AAU GGU GCC 
cAG Acc G‑3') were added to the cells using the transfection 
reagent Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
A final concentration of 50 nM was prepared in the 6‑well 
plates.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was isolated from the skin 
tissue samples and HaCaT cells using the TRIzol reagent 
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). RT‑PCR 
was conducted using the PrimeScript RT Reagent kit (Takara 
Biotechnology Co., Ltd., Dalian, China) according to the 
manufacturer's protocol and cDNA then served as the template 
for subsequent reactions. RT‑qPCR was conducted with SYBR 
Premix Ex Taq II obtained from Takara Biotechnology Co., 
Ltd. The ABI‑Prism 7500 Sequence Detection System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. The primer sequences used in the 
current study were commercially synthesized and presented 
in Table I. The mRNA level of GAPDH served as the loading 
control. The 2-ΔΔCq method was applied to evaluate the fold 
changes of mRNA levels in each group (24).

Statistical analysis. Data were expressed as the mean ± standard 
error of the mean. Statistical analyses were performed using 
GraphPad Prism (version 6.0; GraphPad Software, Inc., 
La Jolla, CA, USA) by one‑way analysis of variance with 
Dunnet's least significant difference post‑hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Juglanin suppresses UVB‑induced skin injury in a mouse model. 
Irradiation of UVB has been reported to cause hyperplasia, cuta-
neous edema, leukocyte infiltration, vascular hyperpermeability 
and erythema (3,5). Thus, it is necessary to establish an effective 
treatment. In the present study, the role of juglanin (Fig. 1A) in 
UVB‑induced skin damage was investigated in hairless mice. As 
demonstrated in Fig. 1B, UVB exposure led to skin damage with 
higher skin thickness compared with the control group, which 
was significantly reduced by juglanin administration (P<0.05 
and P<0.01 compared with the UVB group), as demonstrated by 
H&E staining, indicating that juglanin ameliorated UVB‑induced 
hyperplasia and cell infiltration in the dermis of skin. MPO is 
considered to be a marker of cutaneous infiltration induced by 
UVB exposure (25). The current study identified that MPO was 
upregulated by ~2.0‑fold in UVB‑induced skin when compared 
with the control group, indicating MPO activity resulting from 
UVB exposure. Notably, juglanin treatment reduced MPO in 
hairless mice with UVB induction (Fig. 1C). Finally, in order 
to investigate the epidermal permeability barrier function, the 
TEWL of the stratum corneum was measured following UVB 
induction with or without juglanin administration. As presented 
in Fig. 1D, TEWL was highly increased for UVB irradiation, 
which was suppressed by exposure to juglanin. Thus, juglanin 
may contribute to improvement of skin injury induced by UVB 
irradiation.

Effects of juglanin treatment on UVB‑induced wrinkle 
progression in hairless mice. The process of wrinkle forma-
tion may indicate the extent of skin damage (26). The levels 
of wrinkle formation were evaluated in the present study. 
In Fig. 2A, deep coarse wrinkles were observed to be formed in 
mice following UVB exposure, which was attenuated following 
juglanin administration. The extent of wrinkle formation was 
analyzed using a 3D image analysis system. The ratios of 

Table I. Primer sequences for the reverse transcription‑polymerase chain reaction. 

 Primer (5'→3')
 -----------------------------------------------------------------------------------------------------------------------------------------------------
Items Forward Reverse

Cyclic oxidase 2 TTATAGATTGATACTCACCA AGTGACAGTAGATCTGAGG
Interleukin-1β TGGccTGAccAcAGGAGTTA cTTccGTGAcTTAGTATAcTAT
Tumor necrosis factor‑α GcTcTTcTcTGTcGTGTcTGcc AATGTATTGTTGGAATTATAc
Superoxide dismutase 1 AGCATCCAAGTGGCAGTAA AGACCAACGACCAGCTCAG
Superoxide dismutase 2 GTCTGTAGACACCGCACA CGAGGCCATAACTGTGACT
catalase AGAGAGcTcGATGTTAcG ccTTcTcGTcTGAcAcTGAG
Nuclear factor‑E2‑related factor 2 CCAGCCGTTCTACTTCCAC GGAAGCACTCCAGTGGACTA
GAPDH AGAATGGCAGCTTGTGCGTG CTTGGAGGTGCCAACACCTC
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Figure 3. Role of juglanin in UVB‑induced MDA, anti‑oxidants and TBARS levels in hairless mice. (A) MDA levels, and (B) SOD, (C) CAT, and (D) GPx 
activity, and (E) GSH and (F) TBARS levels in the skin tissue of hairless mice treated under different conditions. Data are presented as the mean ± standard error 
of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB group. UVB, ultraviolet B; MDA, malondialdehyde; 
TBARS, thiobarbituric acid reactive substance; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxides; GSH, glutathione; Con, control.

Figure 2. Effects of juglanin treatment on UVB‑induced wrinkle progression in hairless mice. (A) Representative images of the skin from mice in each group 
treated under different conditions. (B) Total groove volume ratio, (C) wrinkle area ratio, (D) wrinkle volume ratio, and (E) the number of wrinkles were 
evaluated. Data are presented as the mean ± standard error of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05 and ++P<0.01 vs. the UVB 
group. UVB, ultraviolet B; Con, control.
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total groove volume (Fig. 2B), wrinkle area (Fig. 2C), wrinkle 
volume (Fig. 2D) and the number of wrinkles (Fig. 2E) were 
significantly increased in the UVB‑treated group compared to 
the Con group (P<0.01 and P<0.001 compared with the Con 
group). Notably, juglanin treatment markedly reduced these 
indicators, indicating its role in improving UVB‑induced skin 
damage. 

Role of juglanin in UVB‑induced MDA, anti‑oxidants and 
TBARS levels in hairless mice. According to previous studies, 

UVB irradiation induces oxidative stress, which is associated 
with membrane lipids (27). In the current study, MDA was 
evaluated to assess the extent of oxidative stress. In Fig. 3A, 
MDA levels were identified to be increased in the UVB group, 
which was an increase of >2.0‑fold when compared with 
the control group. In addition, juglanin apparently reduced 
MDA production. Furthermore, anti‑oxidant levels, including 
SOD, CAT, GPx and GSH, were analyzed to evaluate the 
role of juglanin in regulating UVB‑induced oxidative stress 
in hairless mice. From Fig. 3B‑E, the SOD, CAT and GPx 

Figure 4. Juglanin inhibits UVB‑induced oxidative stress in hairless mice. Immunohistochemical analysis was used to examine (A) iNOS and (B) TGF‑β1 
expression levels in the skin tissue samples from each group of mice. The representative images and the quantification of iNOS and TGF‑β1 are exhibited. 
(C) Anti‑oxidant Nrf2 expression levels were evaluated by immunohistochemical analysis, and the representative images and quantification are presented. 
(D) Western blot analysis was performed to assess iNOS, TGF‑β1 and Nrf2 protein expression levels. The representative band images were exhibited. The 
quantification of (E) iNOS, (F) TGF‑β1 and (G) Nrf2 were calculated following western blot analysis using ImageJ software. Data are presented as the 
mean ± standard error of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB group. UVB, ultraviolet B; 
iNOS, inducible nitric oxide synthase; TGF‑β1, transforming growth factor‑β1; Nrf2, nuclear factor‑E2‑related factor 2; Con, control.
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activities, as well as the GSH levels were markedly reduced 
following UVB exposure. Treatment with juglanin markedly 
restored SOD, CAT and GPx activity. The GSH levels were 
also reversed, which was comparable with the UVB‑alone 
group. TBARS, a lipid peroxidation product, was observed 
at high levels following UVB irradiation, and juglanin 
decreased the TBARS levels markedly when compared with 
the UVB‑exposed skin (Fig. 3F). These findings elucidated 
that juglanin may increase anti‑oxidant levels and decrease 
lipid peroxidation induced by UVB, thus improving oxidative 
stress.

Juglanin inhibits UVB‑induced oxidative stress in hairless 
mice. According to the results, oxidative stress may be 
involved in juglanin‑ameliorated skin damage triggered by 
UVB. Therefore, the present study attempted to investigate 
the potential molecular mechanism by which juglanin attenu-
ated skin injury. In Fig. 4A and B, IHC analysis indicated that 
iNOS and TGF‑β1 expression levels were markedly induced 
in the UVB‑alone treatment group. Notably, juglanin exerted 
a suppressive role in regulating iNOS and TGF‑β1 expression 
levels. By contrast, Nrf2 (an essential anti‑oxidative factor) 
was revealed to be reduced in the skin tissue sections from 
mice with UVB irradiation alone. Additionally, co‑treatment 
with juglanin elevated Nrf2 expression levels, indicating a 
potential mechanism to inhibit oxidative stress (Fig. 4C). 

Furthermore, in line with the IHC findings, western blotting 
confirmed the results that iNOS and TGF‑β1 expression levels 
were highly induced in the UVB‑treated group, and were 
reversed by juglanin treatment (Fig. 4D‑F). In addition, the 
UVB‑induced reduction in Nrf2 protein expression levels was 
augmented by juglanin exposure (Fig. 4D and G). Thus, the 
findings illustrated that juglanin‑reduced oxidative stress was 
associated with iNOS and TGF‑β1 downregulation, as well as 
Nrf2 upregulation.

The MAPK signaling pathway is closely associated with 
oxidative stress development (28). p38, ERK1/2, and JNK 
are three significant members of the MAPK family (29). The 
present study identified that p38, ERK1/2 and JNK phos-
phorylation levels were markedly induced in the UVB group, 
according to western blotting (Fig. 5A). Juglanin administra-
tion significantly (P<0.05, P<0.01 and P<0.001 compared with 
the UVB group) reduced phosphorylation of p38, ERK1/2 and 
JNK compared to UVB group (Fig. 5B‑D). Thus, it is proposed 
that juglanin‑attenuated oxidative stress is associated with 
MAPK signaling pathway suppression.

Jugalanin inhibits the inflammatory response in UVB‑induced 
hairless mice. Pro‑inflammatory cytokine release is important 
in modulating tissue damage (30). Previous reports indicated 
that UVB enhanced the inflammatory response in the skin 
of mice, contributing to skin injury (31). Hence, the current 

Figure 5. Juglanin impedes ROS generation via MAPK signaling pathway suppression. (A) Western blot analysis was applied to determine p‑p38, p‑ERK1/2, 
and p‑JNK protein expression levels. (B) The p‑p38, (C) p‑ERK1/2, and (D) p‑JNK expression levels were quantified according to the results of immunoblot-
ting analysis. Data are presented as the mean ± standard error of the mean (n=8). ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB 
group. ROS, reactive oxygen species; MAPK, mitogen activated protein kinases; p, phosphorylated; ERK, extracellular signal‑regulated kinase; JNK, c‑Jun 
N‑terminal kinases; Con, control; UVB, ultraviolet B.
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study investigated whether juglanin could perform its role 
in ameliorating skin damage by altering the inflammatory 
response. As demonstrated in Fig. 6A, western blotting indi-
cated that pro‑inflammatory cytokines, COX2, IL‑1β, and 
TNF-α were highly induced in the UVB group, which was 
consistent with previous studies (32). Notably, juglanin was 
demonstrated to reduce the expression levels of these cyto-
kines, indicating its role in ameliorating the inflammatory 
response. NF‑κB is important for pro‑inflammatory cyto-
kine secretion via transcription modulation (17). In Fig. 6B, 
NF-κB was phosphorylated in the UVB group, which was 
inactivated by juglanin administration in a dose‑dependent 

manner. Furthermore, immunofluorescent analysis confirmed 
that juglanin reduced UVB‑induced NF‑κB phosphoryla-
tion (Fig. 6C). Thus, the data indicated that juglanin reduces 
pro‑inflammatory cytokine release by dephosphorylating 
NF-κB to attenuate UVB‑induced skin damage in mice. 

Juglanin ameliorates UVB‑induced ROS generation in human 
skin cells in vitro. In order to further confirm the effects of 
juglanin on skin damage attenuation, the human epidemical 
cell line, HaCaT, was included and cells were treated under 
various conditions. The cytotoxicity of juglanin in HaCaT 
was evaluated using MTT analysis. As shown in Fig. 7A, 

Figure 6. Jugalanin inhibits the inflammatory response in UVB‑exposed hairless mice. (A) Western blot analysis was performed to examine COX2, IL‑1β 
and TNF‑α expression levels in the skin tissue samples isolated from mice, and the quantified levels are presented. (B) p‑NF‑κB levels were measured using 
western blot analysis and quantified. (C) Immunofluorescent assays were performed to determine the NF‑κB phosphorylation levels in the skin sections 
isolated from the hairless mice. The positive cells expressing p‑NF‑κB levels were quantified. Scale bar, 50 µm. Data are presented as the mean ± standard 
error of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05, and ++P<0.01  vs. the UVB group. UVB, ultraviolet B; COX2, cyclic oxidase 2; 
IL-1β, interleukin-1β; TNF‑α, tumor necrosis factor‑α; p, phosphorylated; NF‑κB, nuclear factor‑κB; Con, control.
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HaCaT were exposed to various concentrations of juglanin 
(0‑160 µM), for 24 h, which was followed by cell viability 
analysis. No significant difference was observed between the 
different groups. Additionally, 160 µM juglanin was admin-
istered to cells for different times as indicated. Consistently, 
the cell viability was not markedly changed at the highest 
concentration treatment, even after 72 h. Subsequently, HaCaT 
cells were exposed to 80 and 160 µM juglanin following UVB 
exposure for 24 h. DHE analysis was performed to analyze 
ROS generation. Similar to the results in vivo, ROS production 
was markedly induced in the HaCaT cells subsequent to UVB 
irradiation. Notably, juglanin administration reduced ROS 

generation in a dose‑dependent manner (Fig. 7B). RT‑qPCR 
assays were performed to investigate the anti‑oxidants, 
SOD1, SOD2 and CAT and Nrf2 gene expression levels. 
The data demonstrated that juglanin restored SOD1, SOD2, 
CAT and Nrf2 mRNA expression levels that were reduced 
by UVB (Fig. 7C). Furthermore, iNOS fluorescent intensity 
was downregulated in UVB‑treated cells following juglanin 
exposure (Fig. 7D). Finally, the UVB‑induced elevated 
expression levels of TGF-β1 in the supernatant of cells 
were reduced by co‑culture with juglanin (Fig. 7E). These 
data illustrated that juglanin reduced UVB‑induced ROS 
production in vitro.

Figure 7. Juglanin ameliorates UVB‑induced ROS generation in human skin cells in vitro. (A) Human epidermal cells, HaCaT, were treated with various 
concentrations of juglanin, ranging from 0 to 160 µm, for 24 h, followed by cell viability analysis by MTT assay. HaCaT cells were treated with 160 µm 
juglanin for various durations as indicated. MTT analysis was used to evaluate the cell viability for assessing juglanin cytotoxicity in vitro. HaCaT cells 
were pretreated with juglanin for 12 h, and exposed to 15 mJ/cm2 UVB irradiation for 24 h, followed by incubation for another 12 h in the absence or 
presence of juglanin at the indicated concentrations. Cells were then harvested for subsequent investigation. (B) ROS production was evaluated using DHE 
analysis and the quantification of ROS levels is presented. Scale bar, 100 µm. (C) Reverse transcription‑quantitative polymerase chain reaction analysis was 
performed to evaluate SOD1, SOD2, CAT and Nrf2 mRNA abundance in cells treated under different conditions. (D) The immunofluorescent analysis was 
used to evaluated iNOS‑positive cells following various treatments. Scale bar, 25 µm. (E) The supernatant of cells was collected after different treatments 
for TGF-β1 assessment using ELISA method and the quantified results are presented. Data are presented as the mean ± standard error of the mean (n=8). 
**P<0.01 and ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB group. UVB, ultraviolet B; ROS, reactive oxygen species; MTT, 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide; SOD, superoxide dismutase; CAT, catalase; Nrf2, nuclear factor‑E2‑related factor 2; iNOS, 
inducible nitric oxide synthase; TGF‑β1, transforming growth factor‑β1; Con, control.
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Juglanin‑induced suppression of ROS generation is depen‑
dent on Nrf2 activity. The MAPK signaling pathway was 
identified to be involved in juglanin‑attenuated skin damage 
in vivo. Thus, the present study attempted to further confirm 
its role in vitro. Western blotting indicated that p38, ERK1/2 
and JNK phosphorylation was induced by UVB irradiation, 
which was consistent with the findings in vivo. Similarly, 
juglanin displayed inhibitory effects (Fig. 8A‑D). Nrf2 is 
a key gene in the regulation of ROS generation (33). The 
MAPK signaling pathway is regulated by Nrf2 activity, as 
previously described (34). Thus, to further investigate the 
molecular mechanism, Nrf2 was silenced using a specific 
siRNA sequence. Western blotting indicated that Nrf2 knock-
down was successfully induced (Fig. 8E). HaCaT cells were 
then exposed to UVB with or without juglanin and Nrf2 
silencing. The findings indicated that subsequent to Nrf2 
knockdown, juglanin exhibited no significant effects on p38, 
ERK1/2 and JNK phosphorylation in UVB‑induced HaCaT 
cells, indicating that juglanin may depend on Nrf2 activity 
to modulate MAPK expression, which is involved in ROS 
production (Fig. 8F). 

As juglanin was revealed to suppress the inflammatory 
response induced by UVB exposure in vivo, further studies 
were also conducted in vitro to confirm the results of the 
present study. Consistently, COX2, IL‑1β and TNF‑α gene 
expression levels were higher in the UVB‑treated group 
compared with those of the control group, which were 

reversed following juglanin administration (Fig. 9A). In addi-
tion, western blot analysis confirmed the effects of juglanin 
on reducing pro‑inflammatory cytokine secretion in cells 
subsequent to UVB irradiation (Fig. 9B and C). In addition, 
NF-κB de‑phosphorylation by juglanin in UVB‑induced 
HaCaT cells was observed (Fig. 9D). The results indicated 
that juglanin, indeed, reduced the inflammatory response by 
regulating NF‑κB activity. Furthermore, there is a close asso-
ciation between Nrf2 and NF‑κB phosphorylation, influencing 
pro‑inflammatory cytokine secretion. Thus, Nrf2 was silenced 
to further investigate the inflammatory response. As demon-
strated in Fig. 9E, following Nrf2 knockdown and similar to 
MAPK expression, NF-κB phosphorylation was not reduced 
following juglanin administration in UVB‑induced cells, and 
the pro‑inflammatory cytokines demonstrated a similar trend, 
which indicated that juglanin‑reversed inflammatory response 
may be dependent on Nrf2 activity.

The results indicated that similar to the treatment with each 
inhibitor, juglanin significantly (P<0.05, P<0.01 and P<0.001 
compared with the UVB group) reduced UVB‑induced p38, 
ERK1/2 and JNK phosphorylation in comparison to the 
UVB group. Notably, the combination of juglanin with each 
inhibitor further suppressed the activation of p38, ERK1/2 
and JNK (Fig. 10A‑C). In addition, administration of NF‑κB 
inhibitor, JSH‑23, and juglanin reduced the levels of phos-
phorylated NF‑κB. Though no significant difference was 
observed between the JSH‑23‑ and juglanin‑alone treatment 

Figure 8. Juglanin‑induced suppression of ROS generation is dependent on Nrf2 activity via the inactivation of the MAPK signaling pathway. (A) Western blot 
analysis was used to calculate p38, ERK1/2 and JNK phosphorylation. (B) p‑p38, (C) p‑ERK1/2, and (D) p‑JNK expression levels were calculated following 
immunoblotting analysis. (E) Nrf2 was silenced using a specific Nrf2 siRNA sequence. Western blotting was performed to calculate Nrf2 expression levels 
following knockdown. The representative images are presented. (F) The HaCaT cells were pretreated with juglanin administration in the presence or absence 
of Nrf2 siRNA for 12 h, and exposed to UVB for 24 h, followed by juglanin administration for another 12 h. Immunoblotting analysis was performed to 
evaluate p‑p38, p‑ERK1/2 and p‑JNK levels for investigating the role of Nrf2 in juglanin‑treated cells following UVB exposure. Data are presented as the 
mean ± standard error of the mean (n=8). **P<0.01 and ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB group. ROS, reactive 
oxygen species; MAPK, mitogen activated protein kinase; Nrf2, nuclear factor‑E2‑related factor 2; UVB, ultraviolet B; ERK, extracellular signal‑regulated 
kinase; JNK, c‑Jun N‑terminal kinases; Con, control.
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and the two combinations, the downregulated expression 
levels were observed (Fig. 10D). Subsequently, pro‑inflamma-
tory cytokines were observed to be reduced by JSH‑23‑ and 
juglanin‑alone treatment, and the two as a combined treatment 
further impeded COX2, IL‑1β and TNF‑α expression levels, 
as demonstrated by RT‑qPCR analysis (Fig. 10E). These data 
indicated that juglanin functioned as the inhibitors of MAPKs 
and NF‑κB, thus attenuating UVB‑induced skin injury.

Discussion

Acute or chronic exposure to UV light, particularly 
UVB, results in skin damage, which may progress to skin 
cancer (1‑3,35). Annually, there are increasing numbers 

of newly diagnosed cases of skin cancer reported, and UV 
exposure is considered to be a major factor leading to skin 
cancer (36). Given the increased incidence, morbidity, and 
the cost of the disease, identifying safe, chemo‑preventive 
compounds to protect people from UV light damage has 
attracted attention (37). Natural products are widely found 
to inhibit various types of cancer or disease progression to 
reduce the morbidity or incidence (38,39). Recently, studies 
have been conducted to investigate the role of juglanin 
in different types of disease by regulating inflammatory 
response and ROS generation (21,22,40). Inhibiting inflam-
mation and scavenging ROS generation have been applied in 
various types of human chronic disease (20). In the present 
study, H&E staining demonstrated that juglanin ameliorated 

Figure 9. Juglanin reduces the inflammatory response by suppressing NF‑κB associated with Nrf2 activation. (A) Inflammatory cytokines, including COX2, 
IL-1β and TNF‑α, were calculated to investigate their gene expression levels using reverse transcription‑quantitative polymerase chain reaction analysis. 
(B) COX2, IL‑1β and TNF‑α protein expression levels in cells treated under various conditions were assessed via western blotting. (C) The quantification of 
COX2, IL‑1β and TNF‑α is presented. (D) Western blotting was performed to evaluate NF‑κB phosphorylation in HaCaT cells. (E) The HaCaT cells were 
pretreated with juglanin in the presence or absence of Nrf2 siRNA for 12 h, and then exposed to UVB for 24 h, followed by juglanin administration for another 
12 h. Then, the NF‑κB phosphorylation, COX2, IL‑1β and TNF‑α protein expression levels were calculated by western blot analysis. Data are presented as 
the mean ± standard error of the mean (n=8). ***P<0.001 vs. the Con group. +P<0.05, ++P<0.01 and +++P<0.001 vs. the UVB group. NF‑κB, nuclear factor‑κB; 
Nrf2, nuclear factor‑E2‑related factor 2; COX2, cyclic oxidase 2; IL‑1β, interleukin-1β; TNF‑α, tumor necrosis factor‑α; p, phosphorylated; NF‑κB, nuclear 
factor‑κB; Con, control; UVB, ultraviolet B.
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UVB‑induced skin damage, as reduced hyperplasia and cell 
infiltration were observed in the dermis of the mice, directly 
indicating the potential value of juglanin in preventing skin 
injury. Tissue MPO activity is an indicator of the neutrophil 
infiltration at sites where inflammation is present (41). The 
current data indicated that juglanin administration to mice 
with UVB‑irradiation caused a decrease in MPO activities, 
further confirming the effects of juglanin on inflammation 
inhibition.

The skin exposure to UVB has a close association with 
oxidative stress, which is associated with anti‑oxidants and 
oxidants occurring in tissues (42). Certain major anti‑oxidant 
enzymes, including CAT, GPx and SOD, as well as the 
limiting enzyme, GSH, have been reported to be depleted in 

UVB‑induced skin injury, which contribute to the abnormal 
homeostasis of oxygen radicals in skin tissues (43). Free 
radicals or other harmful species formed upon UV irradiation 
exert important effects on diminishing anti‑oxidants as previ-
ously described (44). Additionally, anti‑oxidative enzymes are 
crucial in DNA damage in UVB‑irradiated blood lympho-
cytes (45). Thus, restoring anti‑oxidants is a potential target for 
drug investigation to suppress UVB‑induced tissue injury (46). 
In the present study, UVB‑exposed mice exhibited decreased 
levels of SOD, CAT, GSH and GPx, while MDA levels increased 
in the skin of mice, which was consistent with previous 
studies. Notably, the reduced intracellular ROS generation 
was observed following juglanin treatment in in vitro studies, 
demonstrated by DHE analysis. Studies have reported that the 

Figure 10. Juglanin functions as the inhibitors of MAPKs and NF‑κB (p65) to attenuate UVB‑induced skin injury in vitro. HaCaT cells were pre‑treated with 
(A) SB203580 (50 nM), (B) PD98059 (10 nM) and (C) SP600125 (50 µM) for 1 h or/and with juglanin exposure for 12 h, and then exposed to 15 mJ/cm2 of 
UVB irradiation for 24 h, followed by incubation for another 12 h in the absence or presence of juglanin. Phosphorylated p38, ERK1/2 and JNK were calculated 
using western blot analysis. (D) The cells were pre‑treated with NF‑κB (p65) inhibitor, JSH‑23 (8 µM), for 1 h or/and with juglanin exposure for 12 h, and then 
exposed to 15 mJ/cm2 of UVB irradiation for 24 h, followed by incubation for another 12 h in the absence or presence of juglanin (160 µM). Phosphorylated 
p38 was calculated using western blot analysis. ERK1/2 activation was measured using western blot analysis. (E) The cells after treatment as indicated were 
harvested for RT‑qPCR analysis of COX2, IL‑1β and TNF‑α. Data are represented as the mean ± SEM, n=8. *P<0.05, and ***P<0.001. p, phosphorylated; ERK, 
extracellular signal‑regulated kinase; JNK, c‑Jun N‑terminal kinases; NF‑κB, nuclear factor‑κB; UVB, ultraviolet B.
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MAPK family is an essential signaling cascade involved in 
signal transduction from the membrane to nucleus, influencing 
ROS generation (47,48). p38, ERK1/2 and JNK, members of 
the MAPK family, have been reported as key in regulating cell 
proliferation (49,50). ROS generation in the present study was 
further supported by p38, ERK1/2, and JNK phosphorylation 
in the skin tissue of mice following UVB irradiation, which 
was ameliorated by juglanin administration, which likely 
reduced oxidative stress. 

The induction of pro‑inflammatory cytokines, including 
TNF-α, IL-1β, COX‑2 and iNOS has been illustrated in 
pre‑cancerous and malignant lesions (51). UV induction of 
COX2 may result in even the earliest stages of skin injury 
and inflammation (52). Thus, the suppression of COX2 
expression may prevent the skin damage, even cancer devel-
opment. Furthermore, UVB exposure induces the expression 
levels of pro‑inflammatory cytokines, IL‑1β and TNF‑α in 
the skin of mice (53). Overexpression of TGF‑β1 and iNOS 
in the mice skin following UVB irradiation is also reported, 
which enhances skin cancer progression, metastasis as well 
as epithelial‑to‑mesenchymal transition at later stages (54). 
NF-κB has been reported in skin damage, whose sustained 
activation has been elucidated in numerous types of tumor and 
was involved in various stages of carcinogenesis (55). NF‑κB 
phosphorylation is crucial for pro‑inflammatory cytokine 
release (16,56). In the present study, UVB irradiation induced 
Overexpression of COX2, TNF‑α, IL-1β, TGF-β1 and iNOS, in 
line with NF‑κB activity. Notably, juglanin reduced the levels 

of pro‑inflammatory cytokine expression, which is associated 
with NF‑κB de‑phosphorylation. 

Recently, the photo‑chemopreventive effects of the 
constitutive genetic activation of Nrf2 have been reported in 
photo‑carcinogenesis animal models, and activation of Nrf2 
has been considered as a novel and effective molecular strategy 
for cutaneous photo‑protection (57,58). Furthermore, Nrf2 
activation may protect fibroblasts against the cytotoxic effects 
of UVB (59). Nrf2, as the major effector of ROS in the cell, 
regulates numerous cellular processes (32,33). Nrf2 knockout 
enhances oxidative stress, and extensive ROS generation 
suppresses Nrf2 activity, which influences the downstream 
signaling pathways, including MAPKs and NF‑κB (34,60). To 
further investigate the association between Nrf2 activity, and 
MAPKs and NF‑κB pathways regulated by juglanin, Nrf2 was 
silenced using specific siRNA sequence in cells in vitro. The data 
illustrated that Nrf2 knockdown diminished the role of juglanin 
in reducing UVB‑induced MAPKs and NF‑κB phosphoryla-
tion, which indicated that juglanin‑ameliorated skin damage 
induced by UVB was likely to be dependent on Nrf2 activity, 
contributing to MAPKs and NF‑κB inactivation (Fig. 11).

In conclusion, UVB resulted in elevated ROS generation, 
leading to activation of MAPKs and NF‑κB and promoting the 
pro‑inflammatory cytokine expression, which may contribute 
to inflammation in mouse skin. In addition, juglanin may 
suppress ROS production via improving Nrf2 activity, thus 
ameliorating UVB‑induced skin damage. However, further 
study is still necessary in order to comprehensively reveal the 
underlying molecular mechanism by which juglanin performs 
its role against skin injury, in addition to test its safety for 
further potential uses.
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