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Abstract Cellular senescence contributes to tissue and
organismal aging, tumor suppression and progress, tissue
repair and regeneration, and age-related diseases. Thus,
aging intervention might be a promising target for
treatment and prevention of diverse age-related diseases.
In the present study, we investigated whether juglanin
purified from the crude extract of Polygonum aviculare
exerted inhibitory activity against cellular senescence in
human dermal fibroblasts (HDFs). Juglanin decreased
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senescence-associated [-galactosidase activity (SA-B-
gal) and the level of reactive oxygen species in senes-
cent cells induced by adriamycin treatment. Juglanin
also repressed SA-B-gal activity in HDFs under repli-
cative senescence. These results suggest that juglanin
represses cellular senescence in HDFs and might be
useful for the development of dietary supplements or
cosmetics that alleviate tissue aging or age-related
diseases.
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Abbreviations
HDF Human dermal fibroblast

HUVEC Human umbilical vein endothelial cell

EGM-2 Endothelial cell growth medium-2

SA-B-gal Senescence-associated -galactosidase

mTOR Mammalian target of rapamycin

X-gal 5-Bromo-4-chloro-3-indolyl--p-
galactopyranoside

PD Population doubling

DMEM Dulbecco’s modified Eagle medium

H,DCFDA 2',7-Dichlorodihydrofluorescein diacetate

DMSO Dimethyl sulfoxide

Introduction

Cellular senescence can be defined as irreversible growth
arrest of normal somatic cells [1] induced by telomere
shortening [2], activation of tumor suppressor genes and
oncogenes, chronic inflammation, oxidative stress, che-
motherapeutic agents, and UV or ionizing irradiation [3].
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In addition to growth arrest, as cells senesce they become
enlarged and flattened and reveal DNA damage foci in the
nucleus, senescence-associated secretory phenotypes
(SASP), and senescence-associated B-galactosidase (SA-f-
gal) activity [4, 5]. Even though many factors are involved
in cellular senescence, the well-known tumor suppressor
pathways p53/p21 and Rb/pl6 are important in the regu-
lation of cellular senescence [6]. A variety of evidence
indicates that cellular senescence contributes to tissue and
organismal aging, tissue repair and regeneration, and
cancer progression and protection, as well as the patho-
genesis of diverse age-related diseases, including cancer,
atherosclerosis, skin aging, neurodegenerative disease,
muscle atrophy, osteoporosis, and benign prostate hyper-
plasia [4]. Inhibition of cellular senescence or removal of
senescent cells in vivo was recently shown to preclude or
delay age-related tissue dysfunction and lengthen health
span. Restoration of telomerase in telomerase null mice,
which show premature aging phenotypes, decreased DNA
damage signaling and rescued degenerative phenotypes
across multiple organs [7]. Elimination of senescent cells
with high levels of pl6INK4a in BubR1 progeroid mice
delayed onset of age-associated tissue phenotypes and
retarded progression of already initiated age-related dis-
orders [8].

Some extracts prepared from medicinal plants used in
East Asia have been shown to exert inhibitory effects
against cellular senescence [9—-11]. Additionally, chemicals
such as ascorbic acid [12], N-acetylcysteine and NS398
[13], and epifriedelanol [14] have been reported to rescue
cellular senescence in human primary cells. Rapamycin, an
mTOR inhibitor, elongated lifespan in mice by delaying
death from cancer, retarding mechanisms of ageing, or both
[15]. DDS (4,4'-diaminodiphenylsulfone), which is com-
monly used to treat Hansen disease patients, was shown to
increase lifespan in nematodes by retarding the aging
process and reducing the levels of a mitochondrial complex
[16].

Based on a free radical-scavenging assay (DPPH
assay), juglanin (kaempferol-3-O-o-L-arabinofuranoside)
has been reported to have antioxidant activity [17, 18] as
well as neuroprotective activities against glutamate-
induced toxicity in the mouse hippocampal neuronal cell
line, HT22 [19], and cytotoxic activity against the human
hepatoma cell line, HepG2 [20]. However, the effects of
juglanin on cellular senescence have not yet been
determined.

In this study, we investigated whether juglanin exerted
inhibitory activity against adriamycin-induced -cellular
senescence and replicative senescence in human dermal
fibroblasts and found that juglanin inhibited cellular
senescence in human dermal fibroblasts.
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Materials and methods
Materials

Human dermal fibroblasts (HDFs), human umbilical vein
endothelial cells (HUVECs), and endothelial cell growth
medium-2 (EGM-2) were purchased from Lonza (Walk-
ersville, MD, USA). Dulbecco’s Modified Eagle medium
(DMEM), fetal bovine serum (FBS), and penicillin—strep-
tomycin solution were obtained from WelGene (Daegu,
Republic of Korea). Antibodies against p53 and p21 were
acquired from Santa Cruz Biotech Inc. (Santa Cruz, CA,
USA) and antibody against phosphorylated S6 kinase was
obtained from Cell Signaling Technology Inc. (Beverly,
MA, USA). Additionally, rabbit polyclonal antibody
against  glyceraldehyde 3-phosphate  dehydrogenase
(GAPDH) was kindly provided by Dr. K. S. Kwon
(KRIBB, Daejeon, Republic of Korea). Adriamycin was
obtained from Ildong Pharmaceutical Co. Ltd. (Seoul,
Republic of Korea). N-Acetylcysteine (purity >99 %) and
rapamycin, as positive controls, were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).

Melting points were measured using a Fisher-Johns
melting point apparatus and reported uncorrected. Optical
rotations were measured using a JASCO DIP-1000 (Tokyo,
Japan) automatic digital polarimeter. NMR spectra were
acquired using a Bruker 250 MHz (DMX 250, Germany)
spectrometer with Bruker’s standard pulse program. Sam-
ples were dissolved in methanol-d, and chemical shifts were
reported in ppm downfield from TMS. FABMS was obtained
using a JEOL JMS700 spectrometer (JEOL, Japan). The
stationary phases used for column chromatography (silica
gel 60, 70-230 and 230-400 mesh, Lichroprep Rp-18 gel)
and TLC plates (silica gel 60 F254 and Rp-18 F254,
0.25 mm) were purchased from Merck KGaA (Darmstadt,
Germany). All other chemicals and solvents were of ana-
lytical grade and used without further purification.

Isolation of juglanin from P. aviculare

The dried aerial parts of P. aviculare L. (stems and leaves,
9 kg) were extracted with 70, 90, and 100 % MeOH by
reflux for 12 h, successively, after which the combined
MeOH solution was evaporated to dryness (1.4 kg). The
dried MeOH extract (1.4 kg) was resuspended in 1.5 L
distilled water and the solution was partitioned with n-
hexane (1.5 L x 3) and ethyl acetate (EtOAc, 1.5 L x 3),
successively. After drying, solvent fractions of n-hexane
(120 g) and EtOAc (65 g) were obtained. The EtOAc
fraction (50 g) was loaded onto a silica gel column
(50 x 12 cm, silica gel 70-230 mesh), which was subse-
quently eluted with n-hexane—EtOAc (step-wise gradient
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from n-hexane 100 % to EtOAc 100 %) and then EtOAc—
MeOH (step-wise gradient from EtOAc 100 % to MeOH
100 %). The eluent was combined on the basis of TLC,
giving 29 fractions (PAE 1-29). Juglanin (29 mg) was
obtained from PAE 20 (1 g) by reverse-phase column
chromatography (4 x 50 cm, MeOH-H,O, gradient from
35:65 to 100 % MeOH).

Spectroscopic data of juglanin

Yellow powder; CyoH13010; m.p. 181-183 °C; "H-NMR
(250 MHz, methanol-d,) ¢ 5.47 (1H, brs, H-1"), 6.20 (1H,
d, J = 2.0 Hz, H-6), 6.40 (1H, d, J = 2.1 Hz, H-8), 6.93
(2H, d, J = 8.8 Hz, H-3', 5'), 7.97 (2H, d, J = 8.8 Hz, H-
2, 6'); >*C-NMR (62.9 MHz, methanol-d,) 6 62.7 (C-5")
78.8 (C-3"), 83.5 (C-2"), 88.1 (C-4"), 94.9 (C-8), 100.0 (C-
6), 105.8 (C-10), 109.8 (C-1"), 116.7 (C-3’, 5'), 122.9 (C-
1), 132.2 (C-2/, 6'), 135.1 (C-3), 158.7 (C-2), 159.6 (C-9),
161.8 (C-4), 163.3 (C-5), 166.2 (C-7), 180.1 (C-4); posi-
tive FABMS m/z 419.0 [M+H]™; [o]5: —162.7° (¢ 0.1
methanol). The purity of juglanin measured based on the
"H-NMR spectrum was 98 %.

Cell culture

HDFs in DMEM with 10 % FBS and 1 % antibiotics
(penicillin 10,000 unit/mL and streptomycin 10,000 pg/
mL) were seeded at 1 x 10° cells per 100-mm culture plate
and incubated at 37 °C in 5 % CO, humidified air. When
subcultures reached 80-90 % confluence, serial passaging
was performed by trypsinization. HUVECs in EGM-2
media were cultured under the same conditions. The
number of population doublings (PDs) was monitored for
further experiments. PD was calculated using the geometric
equation: PD = log,F/log,I, where F' = final cell number
and / = initial cell number. HDFs in PD <35 and HUVECs
in PD <30 were used for adriamycin-induced cellular
senescence. HDFs in PD >75 and HUVECs in PD >50
were used as old cells under replicative senescence [21,
22].

Induction of cellular senescence by adriamycin
treatment

HDFs in DMEM media or HUVECs in EGM-2 media were
plated at 1.5 x 10’ cells per 100-mm culture plate. After
incubation at 37 °C in a CO, incubator for 3 days, cells
were washed twice with DMEM containing 1 % antibiotics
and then treated with 500 nM adriamycin for 4 h. Fol-
lowing three rinses with DMEM containing 1 % antibiot-
ics, HDFs in DMEM containing 10 % FBS and 1 %
antibiotics and HUVECs in EGM-2 were incubated in a

5 % CO, incubator for 4 days. Adriamycin-induced cel-
lular senescence was confirmed by senescence-associated
B-galactosidase (SA-B-gal) activity staining.

Treatment with juglanin

To determine whether juglanin would inhibit adriamycin-
induced cellular senescence, adriamycin-treated cells were
dissociated by trypsinization. Juglalin was dissolved in
DMSO. HDFs and HUVECs were then plated at 500 and
1,000 cells/well, respectively, in 96-well plates. Cells were
incubated at 37 °C in 5 % CO, humidified air for 24 h,
after which they were further treated with 10 pg/mL of
juglanin, 0.5 % DMSO, 5 mM NAC, or 500 nM rapamycin
for 3 days. Cell toxicity was measured by MTT assay and
cellular senescence by SA-B-gal activity staining.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay

Cells were treated with 0.1 % MTT solution for 3 h, after
which the media was discarded and the resulting formazan
crystals were solubilized with 100 pL. DMSO. Viability
was assessed by measuring the absorbance at 550 nm using
a microplate reader.

Senescence-associated f-galactosidase (SA-fB-gal)
activity assay

SA-B-gal activity was determined as previously described
[5]. Briefly, cells were fixed with 3.7 % paraformaldehyde
in PBS and then incubated in staining solution (40 mM
citric acid/phosphate, pH 5.8, 5 mM potassium ferrocya-
nide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM
MgCl,, 1 mg/mL X-gal) at 37 °C for 1618 h. Next, cells
were washed twice with PBS, after which they were
counterstained with 1 % eosin solution for 5 min. Finally,
a total of 100 cells were counted in five randomized fields
and the percentage of blue cells was calculated.

Protein extraction

Cells were plated at a density of 1 x 10° in 60-mm culture
dishes and incubated for 24 h, after which they were
treated with the indicated concentrations of single com-
pounds for 1 h prior to adriamycin treatment and incubated
for 4 h. Cells were then lysed in 50 pL of ice-cold RIPA
buffer (25 mM Tris—HCI, pH 7.6, 150 mM NaCl, 1 %
Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS,
1 mM sodium vanadate, 5 mM NaF, protease inhibitor or
1 mM PMSF). The particulate debris was removed by
centrifugation at 12,000g for 10 min at 4 °C. Finally, the
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protein concentration in the supernatants was quantified by
the bicinchoninic acid (BCA) method (Pierce Biotechnol-
ogy Inc., Rockford, IL, USA) using bovine serum albumin
as a standard.

Western blot analysis

Proteins (30 pg) were separated on 10 % SDS—polyacryl-
amide gels and then transferred to nitrocellulose mem-
branes. Following blocking of membranes with Tween-20
Tris-buffered saline (TTBS) containing 5 % skim milk for
1 h, the membranes were incubated overnight with anti-
bodies against p53, p21, phosphorylated S6 kinase (pS6K),
and GAPDH. The membranes were then washed three
times in TTBS, after which horseradish peroxidase-conju-
gated goat anti-mouse or goat anti-rabbit antibodies were
applied for 1.5 h. Antigen—antibody complexes were
detected using Western Blotting Luminol Reagent (Santa
Cruz Biotech Inc.) and images of membranes were
obtained using a LAS-3000 imaging system (Fujifilm Inc.,
Stamford, CT, USA). Equal loading of proteins was veri-
fied with GAPDH antibody.

Measurement of intracellular ROS level

Adriamycin-treated cells were seeded at 1.5 x 10° in
60-mm culture dishes and incubated for 24 h at 37 °C in a
5 % CO, incubator. Cells were then treated with 10 pg/mL
of juglanin, 0.5 % DMSO, 5 mM NAC, or 500 nM rapa-
mcyin for 3 days, after which they were washed twice with
DMEM containing antibiotics and then treated with
250 uM 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) for 20 min at 37 °C in a 5 % CO, incubator.
Following incubation, cells were harvested by trypsiniza-
tion, washed twice with PBS containing 2 % FBS, and then
suspended in 1 % paraformaldehyde (pH 7.4). Finally, the
DCF fluorescence intensity of each population of 10,000
cells was measured using a BD FACS Canto II flow
cytometer (BD Biosciences, San Jose, CA, USA).

Statistical analysis

All data in the present study are presented as mean = SD
from three independent experiments measured in triplicate.
Statistical significance was measured by a paired Student’s
t test and a p value of <0.05 was considered statistically
significant.

Results

Juglanin was purified from MeOH extract of P. aviculare
L. and its chemical structure was determined by

@ Springer

OH

HO \\\\\\~ OH

Fig. 1 Chemical structure of juglanin

comparison of melting points, optical rotation values, 'H-
and '>C-NMR, and mass spectral data [23] with those of
previously reported values (Fig. 1).

We initially attempted to determine whether juglanin
exerts cytotoxicity toward HDFs and HUVECs by MTT
assay. Treatment with 10 pg/mL juglanin revealed no
cytotoxicity in HDFs or HUVECs (data not shown). We
then tested the effects of juglanin on cellular senescence in
HDFs and HUVECsS induced by treatment with adriamycin
by measuring SA-B-gal activity [5]. Juglanin significantly
decreased SA-B-gal activity in HDFs that had been treated
with adriamycin (Fig. 2a, b). However, juglanin did not
repress SA-B-gal activity which had been upregulated in
HUVECs by adriamycin treatment (Fig. 3a, b). Therefore,
we used HDFs to measure the effects of juglanin on cel-
lular senescence in subsequent experiments. Since juglanin
exerted inhibitory activity against cellular senescence
induced by adriamycin, we further tested its dose-depen-
dent effects on cellular senescence and confirmed that
juglanin reduced SA-B-gal activity in a dose-dependent
manner (Fig. 4a, b). The expression levels of p53 and p21
proteins were reported to increase during cellular senes-
cence [22]; we therefore measured whether juglanin
decreased the p53 and p2l levels in adriamycin-treated
cells. As expected, juglanin reduced the levels of p53 and
p21 proteins that were upregulated in HDFs in response to
adriamycin treatment (Fig. 5).

Intracellular ROS are known to increase in cells during
adriamycin-induced premature cellular senescence [14];
we therefore evaluated whether juglanin would reduce the
upregulation of ROS in HDFs caused by adriamycin
treatment by measuring the intracellular DCF fluorescence
intensity. The results revealed that juglanin attenuated the
increase in intracellular ROS induced by adriamycin
treatment in HDFs (Fig. 6).

Since juglanin inhibited adriamycin-induced cellular
senescence in HDFs, we investigated whether it also res-
cues replicative senescence in HDFs. Juglanin led to a
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Fig. 2 Effects of juglanin on adriamycin-induced cellular senescence
in HDFs. Cells treated with 500 nM adriamycin for 4 h were seeded
at 500 cells/well (HDFs) in 96-well plates. After treatment with
10 pg/mL juglanin, cells were incubated for 3 days and cellular
senescence was assessed by SA-B-gal activity staining. a SA-B-gal
activity staining in HDFs (x 100). b Percentages of SA-B-gal positive

a HUVEC
e
{ ~ | % A P
J, A
«
. C
s - <

Fig. 3 Effects of juglanin on adriamycin-induced cellular senescence
in HUVEGs. Cells treated with 500 nM adriamycin for 4 h were
seeded at 1,000 cells/well (HUVECs) in 96-well plates. After
treatment with increasing concentrations of juglanin, cells were
incubated for 3 days and cellular senescence was assessed by SA-B-
gal activity staining. a SA-B-gal activity staining (x100).
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cells. Representative SA-B-gal staining pictures of three independent
experiments are shown. Values are the mean £ SD from three
independent experiments measured in triplicate. C control, D 0.5 %
DMSO, N 5 mM N-acetylcysteine, R 500 nM rapamycin, J juglanin.
*p < 0.05 or **p < 0.01 vs. D
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b Percentages of SA-B-gal positive cells. Representative SA-B-gal
staining pictures of three independent experiments are shown. Values
are the mean £ SD from three independent experiments measured in
triplicate. C control, D 0.5 % DMSO, N 5 mM N-acetylcysteine,
R 500 nM rapamycin, J juglanin. *p < 0.05 or **p < 0.01 vs. D
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Fig. 4 Dose-dependent effects a
of juglanin on adriamycin-

induced cellular senescence in

HDFs. Cells treated with

500 nM adriamycin for 4 h

were seeded at 500 cells/well

(HDFs) in 96-well plates. After
treatment with 1-10 pg/mL

juglanin, cells were incubated

for 3 days and cellular

senescence was assessed by SA-

B-gal activity staining. a SA-f-

gal activity staining in HDFs

(x100). b Percentages of SA-B-

gal positive cells.

Representative SA-B-gal

staining pictures of three

independent experiments are

shown. Values are the X
mean + SD from three !
independent experiments

measured in triplicate.

C control, D 0.5 % DMSO, N
N 5 mM N-acetylcysteine,

R 500 nM rapamycin,

J juglanin. *p < 0.05 or

**p < 0.01 vs. D
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Fig. 5 Effects of juglanin on the expression levels of p53, pS6K, and
p21 proteins in HDFs treated with adriamycin. Cells were treated with
the indicated concentrations of juglanin for 1 h prior to adriamycin
treatment and incubated for 4 h. Proteins from cells were extracted
and separated. The expression levels of each protein were analyzed by
Western blotting. Representative data of three independent experi-
ments are shown. NT not treated with adriamycin, ADR adriamycin,
C control, D 0.5 % DMSO, N 5 mM N-acetylcysteine, R 500 nM
rapamycin, J juglanin

significant decrease in SA-B-gal activity in HDFs under
replicative senescence, and this decrease occurred in a
dose-dependent manner (Fig. 7).

Overall, these results suggest that juglanin represses
adriamycin-induced premature senescence as well as rep-
licative senescence in HDFs.
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Discussion

The results of this study revealed that juglanin repressed
premature senescence induced by adriamycin treatment as
well as replicative senescence, which was confirmed based
on the SA-B-gal activity, levels of p53 and p21 proteins,
and intracellular ROS.

Juglanin is known to exert antioxidant activity [17, 18],
neuroprotective activities against glutamate-induced tox-
icity in HT22 cells [19], and cytotoxic activity against
HepG2 cells [20]. However, to the best of our knowledge
this is the first report to identify anti-senescence activity of
juglanin based on SA-B-gal activity and the levels of p53
and p21 proteins in HDFs.

In this study, we attempted to elucidate the inhibitory
effects of juglanin on premature-cell senescence induced in
HDFs and HUVECs by adriamycin treatment. However,
the inhibitory effects of juglanin on cellular senescence
were only observed in HDFs (Figs. 2, 3). These findings
suggest that the inhibitory effects of juglanin on cellular
senescence could be cell context-dependent or specific
regulatory target-dependent, which is in accordance with
the results of previous studies that revealed differential
effects of plant extracts on cellular senescence among cell
types [9]. Additional investigations should be conducted to
determine the mechanisms by which juglanin inhibits cel-
lular senescence in HDFs.
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Fig. 6 Effects of juglanin on intracellular ROS levels upregulated in
response to adriamycin treatment in HDFs. Young cells (1.5 x 10°)
treated with or without adriamycin were seeded in 60-mm culture
dishes and incubated for 24 h. Following treatment of cells with
10 pg/mL  juglanin, 0.5 % DMSO, 5 mM N-acetylcysteine, or
500 nM rapamcyin for 3 days, cells were loaded with 250 uM
H,DCFDA for 20 min. The DCF fluorescence intensity of each

Fig. 7 Effects of juglanin on a
replicative senescence of HDFs.

Old cells (3 x 10%/well) were

seeded in 6-well plates and

incubated with or without

10 pg/mL juglanin for 3 days.
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staining. Representative pictures

of three independent

experiments are shown (x100).
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population of 10,000 cells was then measured by flow cytometry.
Representative data from three independent experiments are shown.
Median fluorescence intensities were obtained and compared. Values
are the mean &+ SD from three independent experiments. NT not
treated with adriamycin, ADR adriamycin, C control, D 0.5 %
DMSO, N 5 mM N-acetylcysteine, R 500 nM rapamycin, J juglanin.
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It is well known that reactive oxygen species (ROS)
function in the regulation of cellular senescence [3, 14].
Intracellular ROS levels increase in premature and repli-
cative senescence, and treatment with antioxidants such as
N-acetylcysteine has been reported to inhibit cellular
senescence [24, 25]. ROS induces cellular senescence
through activation of the DNA damage signaling cascade
[24, 25]. Our study revealed that juglanin decreased the
ROS level in adriamycin-treated HDFs (Fig. 6), implying
that its inhibitory effects on cellular senescence might be
due to its antioxidant activity.

Our data were obtained from experiments conducted
using an in vitro cellular model. Accordingly, further study
is needed to determine the mechanism by which juglanin
rescues cellular senescence and to demonstrate its inhibi-
tory effects using in vivo animal models.

Overall, we found that juglanin purified from P. avicu-
lare exerts an inhibitory effect on cellular senescence in
HDFs, suggesting that it may be a useful candidate for
development of dietary supplements or cosmetics to mod-
ulate tissue aging or aging-associated diseases.
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