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Juglanin ameliorates UVB-induced skin carcinogenesis
via anti-inflammatory and proapoptotic effects
in vivo and in vitro
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Abstract. Ultraviolet (UV) radiation induces skin injury, and is
associated with the development and formation of melanoma,
which is a highly lethal form of skin cancer. Juglanin is a natural
product, which is predominantly extracted from Polygonum
aviculare, and is considered a functional component among its
various compounds. Juglanin has been reported to exert marked
protective effects in various diseases via the inhibition of
inflammation and tumor cell growth. The present study aimed
to explore the effects of juglanin on human skin cancer induced
by UV and to reveal the underlying molecular mechanism. In
the present study, immunohistochemical analysis, western blot
analysis, RT-qPCR analysis and flow cytometry assays were
mainly used in vivo and/or in vitro. The results indicated that
in mice, UVB exposure increased susceptibility to carcinogens,
and accelerated disease pathogenesis. Conversely, juglanin was
able to ameliorate this condition via inhibition of inflammation,
suppression of cell proliferation and induction of apoptosis
via p38/c-Jun N-terminal kinase (JNK) blockage, nuclear
factor (NF)-«xB inactivation and caspase stimulation in vivo.
In addition, in vitro, the present study demonstrated that treat-
ment of UVB-stimulated BI6F10 melanoma cells with juglanin
resulted in a dose-dependent decrease in cell viability, as well
as increased apoptosis via the upregulation of caspase expres-
sion and poly (ADP-ribose) polymerase cleavage. In addition,
juglanin markedly attenuated p38/JNK signaling, inactivated
the phosphoinositide 3-kinase/protein kinase B pathway and
suppressed UVB-induced NF-«B activation. Taken together,
these results indicated the possibility of applying juglanin in
combination with UVB as a potential therapeutic strategy for
preventing skin cancer.
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Introduction

Skin cancer, particularly non-melanoma skin cancers (NMSCs),
including basal cell carcinoma and squamous cell carcinoma, is
considered one of the most prevalent health concerns worldwide.
Approximately 132,000 cases of melanoma and 2-3 million
cases of NMSC are reported per annum globally (1,2). Extensive
exposure to sunlight has been closely associated with skin
cancer (3), and the formation of skin cancer has been reported
to be associated with one or numerous signaling pathways (4).
Various coordinated biological alterations, including but not
limited to epidermal hyperplasia, inflammation, oxidative stress
and proliferation, are essential events associated with skin tumor
progression (4,5).

Juglanin is a natural compound extracted from crude
Polygonum aviculare, which has been reported to exert
inhibitory activity against the inflammatory response, as well
as cancer growth (6-8). It has previously been suggested that
juglanin inhibits apoptosis and the inflammatory response
through Toll-like receptor 4-modulated mitogen-activated
protein kinase (MAPK)/nuclear factor (NF)-xB and Janus
kinase 2/signal transducer and activator of transcription 3
signaling pathways, respectively, in rats with hepatitis (9). In
addition, juglanin has been revealed to decrease the levels of
reactive oxygen species in senescent cells induced by adriam-
ycin treatment (10). Furthermore, juglanin may exert inhibitory
effects against lipopolysaccharide-induced cytokine production
in RAW 264.7 macrophages, including interleukin (IL)-18,
tumor necrosis factor (TNF)-a and IL-6 (11). However, to the
best of our knowledge, the role of juglanin in autophagy and
apoptosis in UVB-induced skin injury remains to be elucidated.
Furthermore, it remains to be determined as to whether juglanin
suppresses the growth of human skin cancer.

A previous study indicated that NF-xB may serve an impor-
tant role in the maintenance of skin homeostasis, as well as the
regulation of various types of cell proliferation, resistance to
apoptosis and survival (12). Various signaling pathways have
been reported to have a crucial role in the response of cells to
ultraviolet B (UVB) irradiation, including phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) signaling. In addition,
the MAPK family subgroups, c-Jun N-terminal kinase (JNK)
and p38, have been reported to serve an important role in cell
apoptosis and proliferation (13,14). UVB induces potentially
lethal injuries to cellular DNA, thus initiating cellular recovery
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mechanisms, including activation of DNA damage response
pathways and apoptosis (15). However, some DNA-injured cells
could induce apoptosis, destruct differentiation control and
even lead to the formation of cancerous cells in the end (16).
Therefore, exploring novel therapeutic strategies for apoptotic
induction, and the suppression of cell proliferation and inflam-
mation in skin cancer is necessary.

The present study aimed to explore the effects of various
doses of juglanin on UVB-induced mouse skin tumor forma-
tion and promotion in vivo. In vitro, BI6F10 cells were
used as a model of melanoma to determine the molecular
mechanisms underlying the proapoptotic effects of juglanin
on UVB-irradiated melanoma cells. The results demonstrated
that juglanin promoted cell death of UVB-irradiated B16F10
cells, thus indicating that juglanin may be considered a potential
compound to prevent against UVB-irradiated skin damage and
skin cancer.

Materials and methods

Animals and treatment. A total of 40 SKH-1 hairless mice (age,
5-6 weeks; weight, ~20 g) were initially obtained from Jackson
Laboratory (Bar Harbor, ME, USA), and were maintained in
our facility with free access to water and food, under a 12-h
light/dark cycle, with 35% humidity. The mice were divided into
four groups: The control (Con) group (without any UVB irra-
diation and juglanin treatment), the model (Mod) group (UVB
irradiation), and the 10 and 20 mg/kg juglanin-treated groups,
which were treated with juglanin after UVB irradiation. All
experimental procedures were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals, and,
before the animal experiments were carried out, the proce-
dures were approved by the Research Ethical Committee of
Southern Medical University (Guangdong, China).

The UV lamp (UVA-340; SolarSystems & Solutions, LLC,
Clifford, PA, USA) used to irradiate mice in the present study
simulates sunlight in the critical short wavelength region, from
365 nm to the solar cut-off of 295 nm, with a peak emission
at 340 nm. The radiant dose was quantified, at the appropriate
distance, using a UVB Daavlin Flex Control Integrating
Dosimeter (Daavlin, Bryan, OH, USA) and was further
confirmed using an external radiometer (X-96 Irradiance
Meter; Daavlin) before and after each irradiation session. An
electrical fan was used to avoid excessive heating. As for the
acute radiation experiments, mice were exposed to UV radia-
tion at a dose of 600 mJ/cm?in groups and were euthanized
24 or 72 h after irradiation. For skin carcinogenesis experi-
ments, the animals were exposed twice a week for 10 weeks on
Mondays and Wednesdays to solar-simulated UV radiation in
clear bedding-free cages. During the process, the animals were
consecutively administered various doses (10 and 20 mg/kg)
of juglanin by gavage. Finally, the dorsal skin was harvested,
and computer-assisted image analysis, using a Zeiss KS300
(version 3.0; Miinchen, Germany,) was used to observe vessel
size. Some of the fresh skin tissue samples were immediately
frozen in liquid N, and stored at -80°C for subsequent experi-
ments.

Histopathological analysis. Fresh tissue samples were fixed in
formalin for 48 h at room temperature. Then, the formalin-fixed,

paraffin-embedded mouse skin samples were processed and
were then stained with hematoxylin and eosin, based on a routine
protocol (17). The stained tissue sections (5-um thick) were then
observed under a light microscope and digital micrographs of
slides were captured for analysis.

Immunohistochemical analysis. For immunohistochemistry,
fresh tissue samples were fixed in formalin for 48 h at room
temperature. Subsequently, tissue samples were embedded in
paraffin and cut into sections (5-um thick) using a microtome.
The sections were then fixed onto slides. Endogenous peroxi-
dase was blocked with 3% H,0,, and non-specific proteins
were blocked with 10% goat serum for 30 min. The samples
were then incubated with antibodies against K167, TNF-a and
proliferating cell nuclear antigen (PCNA) (1:100 dilution) in
5% horse serum (Life Technologies, Grand Island, NY, USA)
with PBS at 4°C overnight. Sections were then incubated with
diluted streptavidin-peroxidase horseradish peroxidase (1:200;
cat. no. 6721; Abcam, Cambridge, MA, USA) for 30 min at
room temperature using a Foxp3 staining kit (eBioscience, San
Diego, CA, USA), according to the manufacturer's protocol.
Finally, sections were stained with hematoxylin for 3 min, and
were mounted and assessed using a phase-contrast microscope
(DP70; Olympus, Tokyo, Japan).

Cell culture and treatment. BI6F10 murine melanoma cells
and Hs68 human foreskin fibroblast cells were purchased from
American Type Culture Collection (Manassas, VA, USA). The
cells were maintained in a monolayer culture in Dulbecco's
modified Eagle's medium (DMEM; Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco),
0.012% penicillin G, 0.027% streptomycin, 0.022% sodium
pyruvate and 0.26% sodium bicarbonate at 37°C in an atmo-
sphere containing 95% air and 5% CO,. Juglanin stock solution
was prepared in dimethyl sulfoxide (DMSO) and was diluted
to the desired final concentration (10 and 20 gM) in culture
medium 24 h prior to use. The final concentration of DMSO did
not exceed 0.1% (V/v).

Cell viability analysis. The antiproliferative role of juglanin
in B1I6F10 and human Hs68 cells was determined using the
MTS Cell Proliferation Colorimetric Assay kit (Biovision,
Inc., Milpitas, CA, USA). Briefly, cells were plated in 96-well
plates at a density of 5x10° cells/well. After 12 h, the cells were
treated with various concentrations of juglanin (0-30 M) and/
or UVB (5 mJ/cm?) for 24 h. Subsequently, fresh MTS and PMS
mixture was added and incubated for 2-4 h at 37°C according
to the manufacturer's protocol. A MR7000 microplate reader
(Dynatech Laboratories Inc., Chantilly, VA, USA) was used to
determine the absorbance at 500 nm. In addition, half maximal
inhibitory concentration values were determined. Data are
presented as the mean of five replicates; each experiment was
conducted in triplicate.

Flow cytometric analysis. Cancer cell apoptosis was calcu-
lated via flow cytometry. Cells were harvested and washed
three times with PBS, after which they were stained with
Annexin V-fluorescein isothiocyanate (FITC) and propidium
iodide (PI) in binding buffer. Apoptosis was assessed using a
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes,
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NJ, USA) after 15 min incubation at room temperature in the
dark. Fluorescence was detected at an excitation wavelength
of 480 nm via FL-1 (530 nm) and FL-2 filters (585 nm). The
number of apoptotic cells was then analyzed using Win-MDI
software (version 2.9; http:/facs.scripps.edu/wm29w98.exe).

Fluorescence imaging. Tissue samples were washed twice with
PBS and fixed with 3.7% (v/v) formaldehyde in PBS for 15 min.
Cells were permeabilized for 5 min with 0.1% Triton X-100.
For immunofluorescence, phosphorylated (p)-NF-«xB and
50 ug/ml mouse anti-caspase-3 antibodies were employed,
followed by incubation with 2 ug/ml Alexa Fluor 488-goat
anti-mouse secondary antibodies. DAPI (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) was also used to stain
cells. Images were acquired by confocal laser scanning using
epifluorescence microscopy (Nikon TE2000-E; Shanghai
Sunny Biotech Co., Ltd., Shanghai, China).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was extracted from tissue samples
using the mirVana miRNA Isolation kit (Ambion; Thermo
Fisher Scientific, Inc. , Waltham, MA, USA) according to the
manufacturer's protocol. Subsequently, cDNA was synthesized
from total RNA using the TagMan miRNA RT kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. qQPCR was conducted using the
Applied Biosystems 7500 Sequence Detection system with iQ™
SYBR-Green Supermix (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) containing 5 ng cDNA and 10 pM each primer.
Amplification of pre-denaturated products was conducted at
94°C for 60 sec; followed by 45 cycles at 95°C for 30 sec, 58°C
for 30 sec and 72°C for 30 sec; followed by 95°C for 10 sec, 65°C
for 45 sec, and 40°C for 60 sec. Data were normalized to the
geometric mean of the housekeeping gene GAPDH, and relative
mRNA expression levels were calculated using the
2-44C4 method (18). Fold changes in the mRNA levels of target
genes relative to the endogenous GAPDH control were calcu-
lated. Briefly, the quantification cycle (Cq) values of each target
gene were subtracted from the Cq values of the housekeeping
gene GAPDH (ACq). The target gene AACq was calculated as
ACq of target gene - ACq of control gene. The fold change in
mRNA expression was evaluated as 2224, The primer
sequences used in the present study were as follows: IL-1f3,
sense (5'-3") GTG AGG AGA AGA TGG GTA G, antisense
(5-3") AGA CCT AGG GAA GAA CCA AT; IL-18, sense (5-3")
AGG TAA CCT ACA AGA CGT GG, antisense (5'-3") TTA
CCA GAT CGG TGA GAG AT; and GAPDH, sense (5'-3') ATC
AAC ACG AGG CTA GCA GG and antisense (5'-3') CAT CAT
ACA CGC ACC ACA GTC AC.

Western blotting. Melanoma cells were homogenized in
10% (wt/vol) hypotonic buffer [25 mM Tris-HCI (pH 8.0),
1 mM EDTA, 5 pg/ml leupeptin, 1 mM Pefabloc SC, 50 pg/ml
aprotinin, 5 pg/ml soybean trypsin inhibitor and 4 mM benza-
midine] to yield a homogenate. The final supernatants were
obtained by centrifugation at 10,800 x g for 20 min at 4°C.
Protein concentration was determined using the bicinchoninic
acid protein assay kit (Thermo Fisher Scientific, Inc.) with
bovine serum albumin as a standard. Total protein extracts
were used for western blotting. Equal amounts of total protein

(40 ug) were loaded and proteins were separated using
10% SDS-PAGE and electrophoretically transferred to the
polyvinylidene difluoride membranes (Millipore, Billerica,
MA, USA). The membranes were then blocked with 5% skim
milk Tris buffered saline with 0.1% Tween 20 (TBST), washed,
and then incubated with primary antibodies overnight at 4°C.
The membrane was then washed with TBST for three times,
followed by incubation with a horseradish peroxidase (HRP)-
conjugated secondary antibody (1:2,500; cat. no. 6721; Abcam)
at room temperature for 2 h. Following another round of
washing with TBST, the membrane was then developed using
ECL (Thermo Fisher Scientific, Inc.), and exposed to Kodak
X-ray film (Kodak, Rochester, NY, USA). Protein expression
levels were defined as grey value using ImageJ (version 1.4.2b,
Mac OS X; National Institutes of Health, Bethesda, MD, USA)
and standardized to the housekeeping gene (GAPDH) and
expressed as a fold of control. All experiments were performed
in triplicate and done three times independently. The primary
polyclonal antibodies used were as follows: rabbit anti-GAPDH
(1:500; cat. no. sc-293335; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), p38 (1:1,000; cat. no. 8690; Cell Signaling
Technology, Inc., Danvers, MA, USA), p-p38 (1:1,000;
cat. no. 4511, Cell Signaling Technology, Inc.), p-JNK (1:1,000;
cat. no. 4668, Cell Signaling Technology, Inc.), JNK (1:1,000;
cat. no. 9252, Cell Signaling Technology, Inc.), TNF-a (1:1,000;
cat. no. ab1793; Abcam), IL-18 (1:1,000; cat. no. ab71495;
Abcam), IL-1p (1:1,000; cat. no. ab9722; Abcam), p-NF-xB
(1:1,000; cat. no. ab86299; Abcam), NF-xB (1:1,000;
cat. no. ab207297; Abcam), PI3K (1:1,000; cat. no. ab86714;
Abcam), p-AKT (1:1,000; cat. no. 81283; Abcam), AKT (1:1,000;
cat. no. ab8805; Abcam), p-mammalian target of rapamycin
(mTOR; 1:1,000; cat. no. ab109268; Abcam), mTOR (1:1,000;
cat. no. ab2732; Abcam), poly (ADP-ribose) polymerase
(PARP; 1:1,000; cat. no. ab13907; Abcam), cyclin-dependent
kinase (CDK1; 1:1,000; cat. no. abl8; Abcam), cyclin D
(1:1,000; cat. no. ab134175; Abcam), pS3 (1:1,000; cat. no. ab26;
Abcam), p21 (1:1,000; cat. no. ab109199; Abcam), p27 (1:1,000;
cat. no. ab62364; Abcam), caspase-8 (1:1,000; cat. no. ab25901;
Abcam), caspase-3 (1:1,000; cat. no. ab52293; Abcam) and
PCNA (1:1,000; cat. no. ab29; Abcam).

Statistical analysis. Data are presented as the means =+ standard
deviation (SD). Experimental groups were compared using
GraphPad PRISM (version 6.0; GraphPad Software, Inc., La
Jolla, CA, USA) by one-way analysis of variance with Dunn's
least significant difference tests. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Juglanin ameliorates UVB-induced skin carcinogenesis. UVB
exposure has been known to stimulate hyperplasia or infiltra-
tion of inflammatory cells into animal skin (19). Therefore, the
present study explored the role of juglanin in UVB-induced skin
carcinogenesis. Notably, 72 h after exposure to solar-simulated
UV radiation, when erythema development was most obvious,
the skin of the juglanin-treated mice exhibited no apparent
erythema compared with the mice in the Mod group (Fig. 1A).
Having established the effects of juglanin on UVB-induced
skin injury, the present study explored the effects of 600 mJ/cm?
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KI67 positive levels (%)

Figure 1. Juglanin ameliorates UVB-induced skin carcinogenesis. (A) Photographs of Con, Mod and juglanin-treated hairless mice exhibiting erythema following
irradiation. (B) Representative images of dorsal skin vasculature of 6 individual animals from each group. (C) Hematoxylin and eosin staining. The representative
photomicrographs from each group were shown (scale bar, 100 gzm). (D) Immunohistochemical analysis of KI-67 was conducted on 5-um sections. Representative
photomicrographs from each group were shown (scale bar, 100 #m). Data are presented as the means =+ standard deviation of three independent experiments.
"P<0.001 compared with the Con group; “P<0.01 and ““P<0.001 compared with the Mod group. Con, control; JugH, high juglanin; JugL, low juglanin; Mod,
model; UVB, ultraviolet B.
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Figure 2. Effects of juglanin on UVB-induced p38/JNK and PI3K/AKT signaling activity. Western blotting was conducted and relative protein expression
levels of (A) p-p38 and p-JNK, and (B) PI3K, p-AKT and p-mTOR were determined. Data are presented as the means + standard deviation of three independent
experiments. “P<0.01 and "*P<0.001 compared with the Con group; "P<0.05, “P<0.01 and “"P<0.001 compared with the Mod group. AKT, protein kinase B;
Con, control; JNK, c-Jun N-terminal kinase; JugH, high juglanin; JugL, low juglanin; Mod, model; mTOR, mammalian target of rapamycin; p-, phosphorylated;
PI3K, phosphoinositide 3-kinase; UVB, ultraviolet B.
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Figure 3. Effects of juglanin on UVB-induced inflammation. (A) Western blotting was conducted and relative expression levels of the following inflamma-
tion-associated proteins, TNF-a, IL-1f, IL-18 and p-NF-«kB , were determined. (B) Reverse transcription-quantitative polymerase chain reaction analysis
was performed to determine the mRNA expression levels of inflammation-associated genes, IL-1p3 and IL-18. (C) Immunohistochemical analysis of TNF-a
was conducted on 5-ym sections. Representative photomicrographs from each group were shown (scale bar, 100 ym). (D) Immunofluorescence analysis of
p-NF-kB was conducted on tissue sections. Representative photomicrographs from each group were shown (scale bar, 100 ym). Data are presented as the
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means + standard deviation of three independent experiments. “*P<0.001 compared with the Con group; “P<0.01 and ““P<0.001 compared with the Mod
group. Con, control; IL, interleukin; JugH, high juglanin; JugL, low juglanin; Mod, model; NF-kB, nuclear factor-xB; p-, phosphorylated; TNF-a, tumor necrosis

factor-a; UVB, ultraviolet B.

solar-simulated UV radiation on normal mice; juglanin exerted
dose-dependent alterations in the appearance of skin vascu-
lature 24 h after exposure (Fig. 1B). UVB exposure led to
upregulated epidermal thickness in the Mod group, as well
as the infiltration of inflammatory cells compared with in the
control mice (Fig. 1C). Following UVB exposure, administra-
tion of juglanin (10 and 20 mg/kg to mice) led to the suppression
of epidermal hyperplasia and inflammatory cell infiltration
compared with in the Mod group (Fig. 1C). KI67 expression
was assessed in the skin of UVB-induced mice administered
juglanin. In mice in the Mod group, the expression levels of
K167 were markedly higher compared with in the control mice.
However, juglanin treatment significantly downregulated KI67
expression in the skin of UVB-exposed mice compared with in

the Mod group (Fig. 1D). Taken together, these results suggested
that juglanin exerts potential effects on the amelioration of
UVB-stimulated skin carcinogenesis in animals.

Juglanin suppresses UVB-induced p38/JNK and PI3K/AKT
activity. Phosphorylation of p38 and JNK is an indicator
of cellular stress following exposure to UV radiation (20).
Therefore, the phosphorylated levels of p38 and JNK were inves-
tigated in the present study. The results suggested that p38 and
JNK phosphorylation levels were increased in mice following
UV exposure compared with in the control group (Fig. 2A).
However, juglanin treatment significantly reduced the increased
expression of p-p38 and p-JNK compared with in the Mod
group (Fig. 2A). In addition, the PI3K/AKT signaling pathway
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Figure 4. Effects of juglanin on UVB-induced cell proliferation markers. (A) Western blotting was conducted and relative protein expression levels of cyclin DI,
CDKI1 and PCNA were determined. Equal protein loading was confirmed by stripping the immunoblot and reprobing it for GAPDH. (B) Western blotting was
conducted and relative protein expression levels of p53, p27 and p21 were determined. (C) Immunohistochemical analysis of PCNA was conducted on 5-pm
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independent experiments. 7*P<0.001 compared with the Con group; “P<0.01 and ““P<0.001 compared with the Mod group. CDK 1, cyclin-dependent kinase 1;
Con, control; JugH, high juglanin; JugL, low juglanin; Mod, model; PCNA, proliferating cell nuclear antigen; UVB, ultraviolet B.

has been reported to be involved in UV exposure-induced
skin cancer (21). In the present study, PI3K was activated in
the Mod group, whereas juglanin reduced PI3K expression. In
addition, UV-induced p-AKT expression was downregulated
by juglanin in a dose-dependent manner (Fig. 2B). mTOR is
regulated by the PI3K/AKT signaling pathway, and is closely
associated with cancer progression (22). Finally, the present study
demonstrated that upregulated mTOR phosphorylation was
induced by UV, and was downregulated in the juglanin-treated
groups (Fig. 2B). These findings indicated that p38/JNK and
PI3K/AKT may be involved in the inhibitory effects of juglanin
on skin cancer.

Juglanin inhibits UVB-induced inflammation. Skin inflamma-
tion has been reported to serve a role in UVB exposure-induced
cancer progression, as determined by the enhancement of proin-

flammatory cytokines, including IL-1p3, TNF-a and IL-18 (23).
IL-1B is associated with the hemostatic function of normal skin
in animals, but is also involved in various pathophysiological
situations, including inflammation, when generated excessively.
IL-1p can be secreted from infiltrated macrophages, mast cells
and keratinocytes following exposure to UV (24). TNF-a
enhances the local inflammatory response in the epidermis and
possesses an essential role in photodamage (25). Furthermore,
IL-6 has an essential role in the acute phase response during
acute inflammation, and production of IL-6 is increased in
the skin following UV exposure (26). The expression levels
of proinflammatory cytokines were detected in the skin from
UVB-exposed mice treated with juglanin. In UVB-exposed
mice, the protein expression levels of TNF-a, IL-1f and IL-6
were significantly upregulated compared with in the control
group. Conversely, treatment with juglanin significantly
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reduced the protein expression levels of IL-1f, TNF-a and
IL-6 in the skin of UVB-exposed mice compared with in the
Mod group (Fig. 3A). NF-«xB is an essential regulator that
contributes to the release of proinflammatory cytokines (27).
The present study demonstrated that NF-kB was activated in
mice exposed to UV, which was downregulated by juglanin
administration (Fig. 3A). As shown in Fig. 3B, RT-qPCR was
used to confirm that UV-induced activation of IL-1f and IL-6
was downregulated by juglanin administration (Fig. 3B). In
addition, TNF-a was stimulated in the Mod group, whereas
juglanin treatment could reverse this UV-induced overexpres-
sion, as determined by immunohistochemical analysis (Fig. 3C).
Finally, immunofluorescence analysis indicated that NF-kB
was activated in the Mod group, whereas juglanin administra-
tion was able to reduce p-NF-«B activation (Fig. 3D). Taken
together, these data indicated that juglanin may ameliorate skin
carcinogenesis via the suppression of inflammation.

Role of juglanin in UVB-induced cell proliferation. UVB
induces cell proliferation by initiating cell cycle-associated
signaling pathway activation. Therefore, the present study
explored the role of juglanin in the proliferative potential
of epidermal cells following exposure to UVB. As shown
in Fig. 4A, exposure of mice to UVB led to upregulated

expression of cyclin D1, CDK1 and PCNA compared with in
the control group. Conversely, juglanin treatment decreased
the expression levels of these proteins. UVB-induced skin
damage is associated with the ability of cells to assess or
reverse DNA damage, regulating the cell cycle and inducing
apoptosis if necessary. In UVB-exposed skin, DNA damage
leads to p53 expression, as well as its downstream target
proteins p27 and p21 (28). As presented in Fig. 4B, UVB
exposure downregulated p53, p27 and p21 protein expression
compared with in the control group. In addition, juglanin
administration to UVB-induced mice promoted p53, p27
and p21 expression. Immunohistochemical analysis indicated
that PCNA was upregulated in UV-induced mice, whereas
juglanin administration was able to reduce PCNA expression;
this finding was in accordance with the results of western
blotting (Fig. 4C).

Juglanin induces caspase activation and PARP-1 cleavage. As
aforementioned, apoptosis may be associated with UV-induced
skin cancer progression. In the present study, the results
of an immunofluorescence assay suggested that caspase-3
was suppressed following UV induction in mice (Fig. 5A).
Notably, juglanin significantly enhanced caspase-3 levels;
caspase-3 is an essential regulator that leads to apoptosis (29).
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Furthermore, western blotting indicated that PARP, caspase-8
and -3 cleavage was enhanced in UV-exposed mice treated with
juglanin (Fig. 5B).

Juglanin promotes UVB-induced cell death.In orderto further
examine the effects of juglanin on skin cancer, B16F10 cells
were exposed to UVB (1-40 mJ/cm?) and the cell viability
was determined at 24 h post-UVB irradiation. In addition,
B16F10 cells were administered juglanin (2.5-30 xM) and
cell viability was investigated. Juglanin (2.5-10 uM) did not
induce B16F10 cell death, whereas 20 and 30 xM juglanin
significantly reduced cell viability (Fig. 6A). To determine
the specificity of the proapoptotic effects of juglanin, Hs68
fibroblast cells were treated with juglanin and cell viability
was analyzed. Notably, juglanin induced no significant cell
death in Hs68 cells (Fig. 6B). In addition, the present study
indicated that UVB exposure led to a significant downregula-

tion in the viability of B16F10 cells (Fig. 6C). Upon UVB
irradiation at 10 mJ/cm?, the viability of B16F10 cells was
decreased by ~40% compared with in unirradiated control
cells. However, 10 mJ/cm? UVB induced no apparent cell
death of normal Hs68 human fibroblast cells, and was
therefore selected for further experiments (Fig. 6D). The
present study investigated whether juglanin enhanced cell
death of UVB-irradiated B16F10 cells. The results indicated
that treatment of UVB-irradiated B16F10 cells with 2.5,
5, 10 and 20 M juglanin increased the percentage of cell
death (Fig. 6E). These results indicated that the effectiveness
of juglanin to induce cell death was, at least partly, contrib-
uted to specific cell type and may rely on the concentration
of administration.

UVB and juglanin cotreatment enhances apoptotic cell death
and induces caspase activation and PARP-1 cleavage. To
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determine if the reduction in cell viability was caused by apop-
tosis, Annexin V/PI double staining was used to detect apoptosis
in control and treated cells. Consistent with the previous results,
juglanin led to a substantial increase in UVB-induced apoptosis
(Fig. 7A and B). In addition, western blotting suggested that
UVB and juglanin cotreatment promoted caspase activation
and PARP cleavage, which are hallmark features of apop-
tosis (Fig. 7C and D).

Effects of juglanin on major protein regulators of p38/JNK
and cell proliferation-associated signals in UVB-irradiated
BI6F10 cells. The MAPK pathway, which is activated in virtu-
ally all melanomas, regulates cell metastasis, proliferation and
survival (13). The present study explored the effects of juglanin
on p38 and JNK in UVB-irradiated B16F10 cells via western
blotting. UVB irradiation of BI6F10 cells downregulated the
protein expression levels of p-p38 and p-JNK. Administration
of UVB-irradiated BI16F10 cells with juglanin induced further
inactivation of p-p38 and p-JNK (Fig. 8A). Furthermore,
p-NF-xB was downregulated in cells expose to UV and treated
with juglanin (Fig. 8A). Finally, p53, p27 and p21 were assessed
to explore the role of juglanin in human skin cancer cells in vitro.
The results indicated that p53, p27 and p21 were lowly expressed
in the control group, and were stimulated by UV exposure when
combined with juglanin, in a dose-dependent manner (Fig. 8B).
These data further indicated that juglanin may perform its
role in skin cancer suppression via cell proliferation inhibition
in vitro.

Discussion

Skin cancer is one of the most common cancers worldwide,
particularly in USA, which accounts for ~50% of all human
cancers (30). Solar UVB radiation is an ubiquitous environ-
mental carcinogen, which leads to various cutaneous disorders,
including melanoma and NMSCs (31). Previous studies have
indicated that plant-derived compounds possess potential anti-
mutagenic, anti-inflammatory and anticarcinogenic properties,
and are gaining considerable attention regarding the prevention
and inhibition of UVB-induced skin damage (32). Juglanin is a
natural compound extracted from crude Polygonum aviculare,
which exhibits inhibitory activity against inflammation and
cancer growth (7). In the present study, juglanin was topically
applied to UVB-exposed SKH-1 hairless mice by gavage in order
to explore its effects on inflammatory markers, and the p38/JNK
and PI3K/AKT-associated apoptosis signaling pathways (33). In
response to UVB irradiation, activation of p38 MAPK and JNK
is considered to induce apoptosis (34). Therefore, the inactiva-
tion of p38 and JNK is likely to enhance the therapeutic efficacy
of juglanin in UVB-irradiated mice and cells. In our study, we
found that in vivo p38 MAPK and JNK MAPK pathway was
inactivated by juglanin in UVB-treated animals, while apop-
tosis was induced by juglanin. Herein, we supposed that there
might be other signals involved in juglanin-regulated apoptosis
in the skin of mice with UVB irradiation. Furthermore, in vivo,
UV reduced caspase activation and PARP cleavage, whereas
in vitro, it increased them. As for this, we hypothesized that
there were different types of cells in tissue composition, while
in vitro, only skin cancer cells were included (35). Consequently,
different results were observed. Thus, further study is still

required in future to comprehensively reveal the underlying
molecular mechanism by which juglanin modulates apoptotic
response in multiple types of cells.

Increasing evidence has indicated that exposure of the skin to
UVB leads to the induction of inflammatory cytokine expression
and production (36). The inflammatory response promotes skin
cancer progression. In addition, TNF-a, IL-18 and IL-18 serve a
critical role in induction of UVB-induced skin hyperplasia and
inflammation (37). In the present study, the expression levels of
TNF-a, IL-1p and IL-18 were increased following UVB expo-
sure, whereas juglanin treatment significantly inhibited TNF-a,,
IL-1p and IL-18 expression in the skin of UVB-exposed mice.
Increased expression of proinflammatory cytokines further
promotes infiltration of inflammatory cells (38). In addition, the
NF-«B signaling pathway is associated with the transcription of
numerous proinflammatory genes, including IL-1p, IL-18 and
TNF-a (39). It has previously been suggested that UVB radia-
tion enhances NF-«kB signaling in mouse skin (40). PI3K/AKT
has been suggested to have an important role in modulating the
inflammatory response via regulation of NF-«B (41). A previous
study reported that the PI3K/AKT-regulated NF-kB pathway was
involved in myocardial injury following chronic stress (42). In
addition, UVB radiation has been reported to stimulate numerous
signal transduction pathways, including the PI3K/AKT pathway
in vivo and in vitro (43). Given the possible causal relationship
of inflammation with cancer, the present study hypothesized
that the PI3K/AKT-regulated NF-«B pathway may be involved
in UVB-induced skin cancer. The in vivo results of the present
study indicated that the NF-kB signaling pathway was activated,
accompanied with increased PI3K/AKT phosphorylation, in
UVB-exposed mice. Notably, juglanin was able to suppress
inflammation via NF-kB inactivation and AKT inhibition.

DNA injury caused by UVB radiation results in stabilization
and accumulation of p53 protein via transcriptional activation,
which serves an essential role in cell cycle arrest. Once activated,
the p53 protein translocates to the nucleus and activates
numerous DNA-binding proteins and downstream effectors
associated with cell cycle arrest and apoptotic induction (44).
In UVB-exposed skin, p53 activation leads to p27 and p21
activation, which in turn suppresses cyclin D/CDKI1 kinases in
skin cancer. Blockage of the cell cycle helps to repair damaged
DNA via nucleotide excision repair mechanisms (45). In the
present study, western blotting clearly demonstrated that p53, p27
and p21 expression was decreased in the skin of UVB-exposed
mice and cells. Juglanin treatment further augmented protein
expression of p53, p27 and p21 in UVB-exposed mice and
cells in vivo and in vitro. PCNA enhances degradation of the
replication initiation factor complex induced by DNA damage;
upregulated PCNA expression in UVB-induced DNA-injured
cells is a result of the combination of p53 and the PCNA
promoter (46). In the present study, treatment with juglanin
significantly suppressed the protein expression levels of PCNA
in the skin of UVB-exposed mice. In addition, cyclin D1
is an important proliferative marker, which regulates cell
proliferation (47). Overexpression of cyclin DI is associated with
the development and progression of numerous types of cancer,
including UVB-induced skin carcinogenesis (48). In the present
study, UVB exposure significantly upregulated cyclin DI
expression. However, juglanin treatment significantly inhibited
the expression of cyclin D1 in the skin of UVB-exposed mice.
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In conclusion, the present study indicated that juglanin

treatment of SKH-1 mice following UVB exposure may lead
to a significant decrease in the expression of inflammatory
mediators, inflammatory cytokines, including TNF-a, IL-1p
and IL-18, and cell proliferative markers. In addition, juglanin
suppressed the p38/JNK and PI3K/AKT/NF-kB signaling
pathways, which are involved in UVB-induced inflammation,
cell survival, apoptosis and proliferation. Juglanin treatment also
enhanced UVB-mediated p53, p27 and p21 protein expression.
Notably, juglanin treatment is not toxic to mouse skin. Overall,
these results indicated that juglanin may be developed as a
natural and novel chemopreventive agent for the therapeutic
treatment of UVB-induced skin cancer.
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