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Bog blueberry anthocyanins alleviate photoaging in
ultraviolet-B irradiation-induced human dermal
fibroblasts
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Fruits of bog blueberry (Vaccinium uliginosum L.) are rich in anthocyanins that contribute pigmenta-
tion. Anthocyanins have received much attention as agents with potentials preventing chronic dis-
eases. This study investigated the capacity of anthocyanin-rich extract from bog blueberry (ATH-
BBe) to inhibit photoaging in UV-B-irradiated human dermal fibroblasts. BBe anthocyanins were
detected as cyanidin-3-glucoside, petunidin-3-glucoside, malvidin-3-glucoside, and delphinidin3-glu-
coside. ATH-BBe attenuated UV-B-induced toxicity accompanying reactive oxygen species (ROS)
production and the resultant DNA damage responsible for activation of p5S3 and Bad. Preincubation
of ATH-BBe markedly suppressed collagen degradation via blunting production of collagenolytic
matrix metalloproteinases (MMP). Additionally, ATH-BBe enhanced UV-B-downregulated procolla-
gen expression at transcriptional levels. We next attempted to explore whether ATH-BBe mitigated
the MMP-promoted collagen degradation through blocking nuclear factor kB (NF-xB) activation and
MAPK-signaling cascades. UV-B radiation enhanced nuclear translocation of NF-kB, which was
reversed by treatment with ATH-BBe. The UV-B irradiation rapidly activated apoptosis signal-regu-
lating kinase-1 (ASK-1)-signaling cascades of JNK and p38 mitogen-activated protein kinase (p38
MAPK), whereas ATH-BBe hampered phosphorylation of c-Jun, p53, and signal transducers and acti-
vators of transcription-1 (STAT-1) linked to these MAPK signaling pathways. ATH-BBe diminished
UV-B augmented-release of inflammatory interleukin (IL)-6 and IL-8. These results demonstrate that
ATH-BBe dampens UV-B-triggered collagen destruction and inflammatory responses through modu-
lating NF-kB-responsive and MAPK-dependent pathways. Therefore, anthocyanins from edible bog
blueberry may be protective against UV-induced skin photoaging.
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1 Introduction

Human skin is directly exposed to environmental factors
such as UV radiation from the sun [1], which is one of the
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most ubiquitous damaging environmental impacts [2, 3].
UV radiation is responsible as a causative factor for various
skin lesions including photoaging and photocarcinogenesis
[4, 5]. UV radiation is known to alter cellular function via
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DNA damage and inflammatory responses [4, 6, 7]. In addi-
tion, damage to the extracellular matrix (ECM) integrity in
skin tissues is an important event entailing skin wrinkle and
blister formation, hallmarks of photoaging [7, 8]. UV-
induced ECM alterations observed in premature skin aging
and in aged skin are considered as the result of the produc-
tion of various matrix metalloproteinases (MMP) by cuta-
neous cells [7, 9]. Human skin expresses various collageno-
lytic MMP including MMP-1, MMP-8, and MMP-13, all of
which attack native fibrillar collagen and elastin responsi-
ble for the strength and resiliency of skin [7]. Accordingly,
the fibril disarrangement during photoaging causes the skin
to appear aged [8]. Inhibition of MMP expression and activ-
ity is one of the strategies to prevent UV-initiated photo-
damage caused by a complex cascade of biochemical reac-
tions in human skin.

There is substantial evidence for underlying mechanisms
of human skin photoaging. UV radiation causes generation
of reactive oxygen species (ROS) and resultant alterations
in complex signaling events [10, 11]. In addition, UV irradi-
ation-triggered oxidative stress regulates a variety of cellu-
lar functions including collagen fragmentation and MMP
secretion [12]. It was proposed that antioxidants scavenging
and quenching ROS can prevent skin photoaging. Antioxi-
dant N-acetyl cysteine inhibited UV-induced human skin
aging through mitogen-activated protein kinase (MAPK)
signaling pathways [11]. In our previous study, epigalloca-
techin gallate (EGCG) mitigated UV-B radiation-induced
oxidative stress and activation of signaling pathways in
human dermal fibroblasts [12]. Furthermore, UV causes
increased synthesis and release of proinflammatory media-
tors from a variety of skin cells [7]. These mediators
increase infiltration and activation of neutrophils and other
phagocytic cells into the skin, resulting in further inflam-
mation and MMP activation. Blockade of inflammation
using inhibitors of cyclooxygenase and cytokine generation
might be an approach for the treatment of skin aging initi-
ated by UV [13]. The inflammation activates various matri-
ces-degrading MMP, leading to abnormal matrix degrada-
tion and accumulation of nonfunctional matrix components
[14].

Previous studies showed that polyphenols can be promis-
ing agents reducing the risk of skin diseases [15—17]. Inten-
sive interest has been focusing on the beneficial dermal
effects of dietary polyphenols due to their antioxidative and
anti-inflammatory activities in the skin [11, 18]. Silymarin
inhibited UV-induced oxidative stress in both epidermal
and dermal cells through targeting infiltrating the skin
CDI11b +cells [19]. In addition, polyphenol-rich plant
extracts are effective in dampening the oxidative cellular
damage of UV radiation and preventing skin cancer cell
proliferation [20, 21]. Administration of dietary grape seed
proanthocyanidins is effective in inhibiting and lightening
UV-B-induced photocarcinogenesis and pigmentation in
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animal skin models [22, 23]. However, inhibitory actions of
bog blueberry polyphenols in the photoaging are not well
defined. Considering that plant pigment proanthocyanidin
inhibits UV-B-induced oxidative stress in mice [22], it was
hypothesized that anthocyanin-related redox manipulations
block UV photoaging and skin inflammation by influencing
the MAPK signaling pathways.

To test this hypothesis, the current study elucidated the
mechanisms of action of anthocyanin-rich extract from edi-
ble bog blueberry (ATH-BBe) by downregulating mid-
wave UV-B (280—-320 nm) irradiation-induced collagen
degradation and inflammatory mediator production in
human dermal fibroblasts. UV-B is one of the most impor-
tant external stimuli that affects skin by inducing immuno-
suppression, cancer, premature skin aging, inflammation,
and cell death. We tested whether ATH-BBe manipulates
collagenolytic MMP production via modulating NF-«xB-
responsive and MAPK- dependent pathways that converge
at the level of transcriptional regulation in UV-B-exposed
human dermal fibroblasts.

2 Materials and methods

2.1 Materials

Human dermal fibroblasts were obtained from Clonetics
(San Diego, CA). Dulbecco's modified eagle's media
(DMEM) and culture reagents were purchased from
Sigma—Aldrich Chemicals (St. Louis, MO). Fetal bovine
serum (FBS), penicillin—streptomycin, and trypsin—EDTA
were provided from Lonza (Walkersville, MD). 3-(4,5-
Dimetylthiazol-yl)-diphenyl tetrazolium bromide (MTT)
and 2',7'-dichlorodihydrofluorescein diacetate (DCHF-DA)
were obtained from DUCHEFA Biochemie (Haarlem, The
Netherlands) and Sigma—Aldrich Chemicals, respectively.
Antibodies against human MMP-1, human MMP-8, human
MMP-13, human typel collagen, human typel procollagen,
and human nuclear factorkB (NF-kB) were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against phospho-apoptosis signal-regulating kinase-1
(ASK-1), phospho-c-Jun N-terminal kinase (JNK), phos-
pho-p38 mitogen-activated protein kinase (p38 MAPK),
phospho-c-Jun, phospho-p53, inhibitory kB (IkB), phos-
pho-IxB, phospho-signal transducers and activators of tran-
scription-1 (STAT-1), phospho-ataxia telangiectasia and
rad3-related kinase-1 (ATR-1), and phospho-Bad were all
provided by Cell Signaling Technology (Beverly, MA).
Horseradish peroxidase-conjugated goat antirabbit IgG,
goat antimouse, and donkey antigoat IgG were purchased
from Jackson ImmunoResearch Laboratories (West Grove,
PA). Cyanine 3-conjugated donkey antigoat IgG was pro-
vided by Rockland (Gilbertville, PA). Reverse transcriptase
and Taq DNA polymerase were purchased from Promega
(Madison, WI).
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2.2 Extraction of anthocyanins from the fruit of
bog blueberry

The edible bog blueberry (Vaccinium uliginosum L., Korean
name “Deol-Jugk’) was collected from the Mountain Beag-
Du (North Korea) on 10 August 2005. The fresh fruits
(100 g) were juiced with 100 mL water and filtered with
Whatman No. 2 filter paper. The filtrate (100 mL) was
adsorbed on Diaion HP-20 resin column (700 x 30 mm?id)
and washed with water (ca. 1500 mL) for washing of sugar
or the impure components, followed by ethanol (ca.
500 mL) for the anthocyanin-rich fraction. The obtained
anthocyanin fraction was lyophilized and stored at —20°C.

2.3 HPLC and MS analyses of ATH-BBe

Anthocyanin separation was conducted on an RP YMC
ODS H-80 column (4.6 x 250 mm? id, S-4 um; YMC,
Kyoto, Japan) using a Finnigan Surveyor HPLC system
(ThermoQuest, San Jose, CA) [24, 25]. The mobile phase
was composed of water containing 0.1% formic acid (sol-
vent A) and 100% ACN containing 0.1% formic acid (sol-
vent B). For the elution, the following gradient was
employed: initial, 10% solvent B; 23 min, 40% solvent B;
26 min, 100% solvent B; 29 min, 100% solvent B; 32 min,
10% solvent B. The flow rate was 600 uL/min and the injec-
tion volume 10 uL. Eluted substances were detected at
517 nm with a photodiode-array detector (PDA) between
200 and 600 nm with a bandwidth of 1.0 nm.

For the identification of the major anthocyanins, the col-
umn elute was split, and 0.2 mL/min was directed to a Finni-
gan LCQ Advantage IT mass spectrometer (ThermoQuest)
equipped with an ESI interface after passing through the
flow cell of the PDA detector. Analysis was detected using
positive ion monitoring at a capillary temperature of 250°C,
spray voltage of 5.5 kV, capillary voltage of 2.3 V, and tube
lens offset of 48 V. Spectral data were recorded with N, as
collision gas (sheath gas of 28 arbitrary units). The detection
of' each compounds were confirmed using m/z value follow-
ing MS/MS of m/z value. The MS/MS collision energy was
set to 35%. For purposes of presentation, data for figures in
this paper were collected using dual analysis in full-scan
mode from 100 to 1000 amu and MS/MS modes. Data were
collected and processed using the Xcalibur 1.4 version soft-
ware program (Thermo Electron, Waltham, MA).

The final concentrations of the prepared bog blueberry
solutions for the HPLC analysis were 5 g/L. ATH-BBe was
dissolved in DMSO for cell culture; its final culture concen-
tration was <0.05%.

2.4 Culture and UV-B irradiation of fibroblasts

Human dermal fibroblasts were cultured in DMEM con-
taining 10% FBS, 2 mmol/L glutamine, 100000 U/L peni-
cillin, and 100 mg/L streptomycin at 37°C humidified
atmosphere of 5% CO; in air. The cells were plated at 90—
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95% confluence in all experiments. The UV-B light source
(312 nm) was provided from Bio-Sun lamps (Vilber-Lour-
mat, Marine, France). Dermal fibroblasts were pretreated
with 1—10 mg/L ATH-BBe, exposed to 100 mJ/cm? UV-B
in PBS and further incubated for 48 h in DMEM. In our pre-
vious study [12], it was shown that the irradiation energy of
UV-B at =100 mJ/cm? significantly and dose-dependently
reduced the viability of 48 h-cultured cells in a range of
50—3000 mJ/cm?. Accordingly, fibroblasts were exposed to
UV-B at the irradiation energy of 100 mJ/cm?.

After challenge of dermal fibroblasts with UV-B, MTT
assay was performed to quantitatively determine cellular
viability [26]. The cells were incubated in a fresh medium
containing 1 g/t MTT for 3 h at 37°C. After removal of
unconverted MTT, the purple formazan product was dis-
solved in 0.5 mL isopropanol. Absorbance of formazan dye
was measured at 4 = 570 nm. In addition, the cellular gener-
ation of ROS was measured by DCF fluorescence [26]. The
cells were treated for 30 min at 37°C with 10 pmol/L
DCHF-DA in prewarmed DMEM. The cell images were
photographed by a fluorescence microscope.

2.5 Western blot analysis

Western blot analysis was carried out using whole cell
lysates and culture media prepared from human dermal
fibroblasts [27]. Whole cell lysates were prepared in a lysis
buffer containing 1% B-mercaproethanol, 1 mol/L B-glyc-
erophosphate, 0.1 mol/L Na;VO,, 0.5 mol/L NaF, and pro-
tease inhibitor cocktail. Cell lysates containing equal
amounts of total proteins or equal volumes of culture super-
natants were electrophoresed on 6—12% SDS-PAGE gels
and transferred onto a nitrocellulose membrane. Nonspe-
cific binding was blocked by soaking the membrane in a
TBS-T buffer (50 mmol/L Tris-HCI (pH 7.5), 150 mmol/L
NacCl, and 0.1% Tween 20) containing 3% BSA for 3 h. The
membrane was incubated with monoclonal mouse antihu-
man MMP-1, polyclonal goat antibodies (human MMP-§,
human MMP-13, human typel collagen, and human typel
procollagen) and polyclonal rabbit antibodies (human NF-
kB, human IxB, human phospho-IxB, human phospho-
ASKT1 (Ser 967), human phospho-JNK (Thr 183/Tyr 185),
human phospho-p38 MAPK (Thr 180/Tyr 182), human
phospho-c-Jun (Ser 73), human phospho-p53 (Ser 46).
human phospho-p53 (Ser 15), human phospho-STAT1 (Ser
727), human phospho-ATR (Ser 428), and human phospho-
Bad (Ser 112)). The membrane was then incubated with a
secondary antibody, a goat antirabbit IgG, goat antimouse
IgG, or donkey antigoat IgG conjugated to horseradish per-
oxidase. The protein levels were determined by using
Supersignal West Pico Chemiluminescence detection
reagents (Pierce Biotechnology, Rockford, IL), and Konica
X-ray film (Konica, Tokyo, Japan). Incubation with poly-
clonal mouse antihuman B-actin antibody was performed
for comparative control.
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2.6 p53 nucleofection

This study attempted to determine the involvement of p53
signaling in UV-B-triggered bad activation. Human-spe-
cific pS3 small interfering RNA (siRNA) kit (Cell Signal-
ing Technology) was used to specifically inhibit p53
expression. Dermal fibroblasts were transfected with p53-
targeted siRNA by electroporated with a NucleofectorTM
(Amaxa, Koeln, Germany) according to the optimized pro-
tocols provided by the manufacturer recommendations.
Briefly, cells were pelleted and gently resuspended in
100 pL of nucleofector, mixed with 2 pL of transfection
reagent and 6 pL of 10 pmol/L human-specific p53 siRNA
in an Amaxa cuvette, and pulsed in the nucleofector device
(program U-23). Transfected cells were transferred into
prewarmed fresh medium in six-well plates. After 24 h
nucleofection, the transfected cells were exposed to
100 mJ/em? UV-B prior to 18 h incubation and cell lysates
were prepared for Western blot analysis.

2.7 Immunocytochemistry

After fibroblasts grown on 24-well glass slides were washed
with PBS containing 0.05% Tween 20, cells were fixed with
4% ice-cold formaldehyde for 30 min and treated for 2 min
with 0.1% Triton-X100 and 0.1% citric acid in PBS. For
blocking any nonspecific binding, cells were incubated
with 20% FBS for 1 h. After washing fixed cells, polyclonal
goat antihuman antibody (type 1 procollagen or collagen)
was sufficiently added and incubated overnight at 4°C. The
cells were incubated with FITC conjugated antigoat IgG
(1:10000) for procollagen and cyanine 3-conjugated anti-
goat IgG (1:10000) for collagen as a secondary antibody.
Fluorescent images were obtained by a fluorescence micro-
scopy with an Olympus BX51 fluorescent microscope with
differential interference contrast and reflected light fluores-
cence.

2.8 Analyses of reverse transcriptase-polymerase
chain reaction (RT-PCR) and real-time PCR

Following culture protocols, total RNA was isolated from
human dermal fibroblasts using a commercially available
Trizol reagent kit (Invitrogen, Carlsbad, CA). The RNA
(2 ng) was reversibly transcribed with 200 units of reverse
transcriptase and 0.5 g/ oligo-(dT),;s primer (Bioneer,
Korea).

2.8.1 RT-PCR

The expression of mRNA transcripts of MMP-1 (forward
primer: 5'-ATTCTACTGATATCGGGGCTTTGA-3’, rever-
se primer: 5-ATGTCCTTGGGGTATCCGTGTAG-3'), and
B-actin (forward primer: 5-GACTACCTCATGAAG ATC-
3', reverse primer: 5-GATCCACATCTGCTGGAA-3')
were evaluated by RT-PCR as previously described [28].
The PCR was carried out in a buffer (10 mmol/L Tris-HCI
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(pH 9.0), 25 mmol/L MgCl,, 10 mmol/L dNTP, 5 units of
Taq DNA polymerase and 10 pmol/L of each primer) and
terminated by heating at 94°C for 10 min. After thermocy-
cling and electrophoresis of 25 uL. PCR products on 2%
agarose-formaldehyde gel, the bands were visualized using
a TFX-20 M model-UV transilluminator (Vilber-Lourmat)
and gel photographs were obtained. The absence of contam-
inants was routinely checked by the RT-PCR assay of nega-
tive control samples without a primer addition.

2.8.2 Real-time PCR

The levels of mRNA transcripts of procollagen type 1 (for-
ward primer: 5- TTCTTGCAGTGGTAGGTGATGTTC-3/,
reverse primer: 5- GCTACCCAACTTGCCTTCATG-3'),
MMP-1 (forward primer: 5'-ACGGATACCCCAAGGA-
CATCT-3', reverse primer: 5- CTCAGAAAGAGCAG-
CATCGATATG-3'), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (forward primer: 5'- GAAGGT-
GAAGGTCGGAGTC-3', reverse primer: 5- GAA-
GATGGTGATGGGATTTC-3") were quantified by real-
time RT-PCR using SYBR Green PCR kit (Quagen, Valen-
cia, CA) and data analysis of real-time RT-PCR results and
calculation of the relative quantitations was performed
using the Delta CT analysis by the Rotor-gene software ver-
sion 6.0 (Corbett Research, Australia). The housekeeping
gene GAPDH was used for internal normalization. The
standard PCR conditions were 95°C for 10 min, then 40
cycles at 95°C (10s), 60°C (15 ), and 72°C (20 s), fol-
lowed by the melting curve analysis.

2.9 ELISA

The cytokine secretion from fibroblasts UV-B-irradiated
was determined using ELISA. Collected culture media
were assayed for secretion of TNF-a, interleukin (IL)-8,
IL-6, and IL-1P using ELISA kits (R&D Systems, Minne-
apolis, MN) according to the manufacturer's instructions.

2.10 Nuclear extract preparation

Cytosolic and nuclear protein fractions were prepared by a
detergent lysis procedure to determine the translocation of
NF-«kB [28]. The cells were lysed in 10 mmol/L HEPES buf-
fer (pH 7.9, 10 mmol/L KCl, 0.4 mmol/L PMSE, 1 mmol/L
DTT, 1 mmol/L EDTA, 0.5% Nonidet P40, 20 mg/L of each
of aprotinin, antipain, and leupeptin) and incubated on ice
for 1 h. Nuclei were pelleted by a centrifugation at 3000 x g
for 20 min. Proteins were extracted from nuclear pellets by
incubation in a high-salt buffer containing 420 mmol/L
NaCl, 20 mmol/L HEPES ((pH 7.9), 0.4 mmol/L PMSE,
1 mmol/L DTT, I mmol/L EDTA, 20% glycerol, and 10 mg/
L of each of aprotinin, antipain, and leupeptin) at 4°C with
vigorous shaking. The nuclear debris was pelleted by a brief
centrifugation at 20000 x g for 30 min and the supernatant
was stored for further experiments.
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Figure 1. Cell viability (A) and intracellular oxidant generation (B) in ATH-BBe-treated human dermal fibroblasts challenged with
UV-B irradiation. Confluent fibroblasts were left untreated or stimulated with 100 mJ/cm? UV-B prior to incubation for 48 h with ATH-
BBe. Cell viability was measured using MTT assay and presented as means = SEM from three independent experiments with multi-
ple estimations (A). Values not sharing a letter are different at p < 0.05. Confluent cells were left untreated or stimulated by 100 mJ/
cm? UV-B prior to incubation for 48 h and loaded with DCHF-DA. Oxidant generation was measured by DCF fluorescence (B). Rep-
resentative fluorescent images of no UV-B controls and UV-B-irradiated cells were measured using a fluorescence microscopy.

Magnification: 200-fold.

2.11 Data analysis

The results are presented as means + SEM for each treat-
ment group. Statistical analyses were conducted using Stat-
istical Analysis Systems (SAS Institute, Cary, NC). Signifi-
cance was determined by one-way ANOVA followed by
Duncan range test for multiple comparisons and were con-
sidered significant at p < 0.05.

3 Results

3.1 Identification of anthocyanins rich in bog
blueberry

The UV/Vis and ESI-MS/MS spectral data showed various
anthocyanins quantified at 517 nm; five anthocyanins were
detected in bog blueberry fruit juice and identified as cyani-
din-3-glucoside, petunidin-3-glucoside, malvidin-3-gluco-
side, and delphinidin3-glucoside, and delphinidin-3-arabi-
noside (Table 1). The MS/MS spectra of anthocyanins pro-
vided clear and characteristic fragmentation pattern data.
Masses for the aglycones are (MW): cyanidin, 287; petuni-
din, 317; malvidin, 331; delphinidin, 303.
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3.2 Inhibition of UV-B-triggered toxicity of
fibroblasts by ATH-BBe

To examine cell viability in UV-B-exposed human dermal
fibroblasts, MTT analysis was conducted. The UV-B irradi-
ation reduced the viability with >30% cell killing at
100 mJ/cm? (Fig. 1A). When ATH-BBe was added to UV-
B-irradiated cells in concentrations between 1 and
10 mg/L, the viability was dose-dependently increased. The
UV-B induction of ROS was dampened by adding ATH-
BBe at doses of =5 mg/L, evidenced by a disappearance of
DCEF staining (Fig. 1B). ROS generation enhanced by UV-B
was most likely responsible for dermal fibroblast toxicity.
Thus, ATH-BBe appears to be capable of inhibiting an
accumulation of intracellular ROS in fibroblasts damaged
by oxidative stress cause by UV-B.

UV-B light-triggered oxidative stress appeared to elicit
DNA damage leading to rapid activation of ATR-1 and
induce subsequent phosphorylation of the transcription
factor p53 at Serl5 (Figs. 2A and B). Pretreatment of UV-
B-exposed fibroblasts with 10 mg/L ATH-BBe abolished
activation of ATR and p53. It was deemed that the p53
activation was upregulated by ATR-1 activation in

www.mnf-journal.com
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Table 1. Identification of major anthocyanins detected in the fruit of bog blueberry?

Compounds R: (min) UV/VisZ max (nm) LC—-ESI-MS Structure
m/z[M + H]* MS/MS fragments®
1 9.21 2383, 280,517 449 448.76 (Cy + Glc) Cyanidin-3-glucoside
- - - - 286.99 (Cy)* -
2 9.81 2383, 278, 521 479 478.74 (Pt + Glc) Petunidin-3-glucoside
- - - - 316.96 (Pg)* -
3 10.70 234,278,525 493 492.82 (Mv + Glc) Malvidin-3-glucoside
- - - - 330.95 (Mv)* -
4 17.12 253, 356 465 464.67 (Dp + Glc) Delphinidin-3-glucoside
- - - - 302.98 (Dp)* -
5 18.69 255, 356 435 434.66 (Dp + Ara) Delphinidin-3-arabinoside
- - - - 302.97 (Dp)* -
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Figure 2. Western blot data showing phosphorylation of ATR
(A), p53 at Ser15 (B) and Bad (C) in UV-B-exposed and ATH-
BBe-treated human dermal fibroblasts. Confluent fibroblasts
were exposed to 100 mJ/cm? UV-B incubation in the presence
of 10 mg/L ATH-BBe. Phosphorylation of Bad by UV-B was
examined in human dermal fibroblasts transfected by p53
siRNA (D). Total cell protein extracts were electrophoresed,
followed by Western blot analysis with a primary antibody
against each protein (three independent experiments). -Actin
protein was used as an internal control.

response to UV-B-elicited DNA damage. In addition, the
UV-B-elevated phosphorylation of proapoptotic Bad gene
protein was blocked by an addition of ATH-BBe (Fig. 2C).
Furthermore, the siRNA-mediated knockdown of p53
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Peaks 1-5 were identified based on photo didode array (PDA) absorbance and mass fragmentation pattern.
) Fragments: cyanidin (Cy); glucoside (Gic); petunidin (Pt); malvidin (Mv); delphinidin (Dp); arabinoside (Ara).

expression augmented UV-B-dependent expression of
phosphorylated Bad in dermal fibroblasts (Fig. 2D), indi-
cating that the phosphorylation of p53 at Serl5 led to
fibroblast apoptosis.

3.3 Inhibitory effects of ATH-BBe on fibroblast
collagen collapse of UV-B irradiation

Western blot data revealed that UV-B exposure caused a
marked reduction in the expression level of procollagen
(Fig. 3A). The diminished procollagen levels were dose-
dependently boosted by adding ATH-BBe to fibroblasts.
Consistent with the blot data, the immunocytochemical
staining with a specific procollagen antibody confirmed
that ATH-BBe reversed the UV-B-induced reduction in the
procollagen levels; the favorable effects were evident with
=5 mg/L ATH-BBe. UV-B light at 100 mJ/cm? markedly
attenuated intracellular collagen levels, indicative of
enhanced collagen degradation (Fig. 3B). When ATH-BBe
at doses of 1-10 mg/L was added to dermal fibroblasts
exposed to UV-B, the cellular level of collagen protein was
restored in a dose-dependent manner. Additionally, the col-
lagen secretion was dampened in UV-B-exposed fibro-
blasts, whereas pretreatment with ATH-BBe boosted colla-
gen levels in culture media (Fig. 3C). The real time PCR
data showed that UV-B diminished the mRNA levels of pro-
collagen, suggesting the downregulation of procollagen
protein at transcriptional levels (Fig. 3D). In contrast,
10 mg/L ATH-BBe-treated and UV-B-irradiated cells ele-
vated procollagen mRNA levels.

3.4 Inhibition of collagenolytic MMP secretion by
ATH-BBe

Collagen is synthesized in a precursor form of procollagen
and secreted out of dermal cells. It was explored whether
production of collagenolytic MMP was responsible for UV-
B light-promoted collagen degradation and whether ATH-
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Figure 3. Inhibitory dose responses of ATH-BBe to levels of type 1 procollagen (A) and collagen (B) in 100 mJ/cm? UV-B-irradiated
human dermal fibroblasts. Cell lysates were subjected to 6% SDS-PAGE and Western blot analysis with a primary antibody against
type 1 procollagen and collagen. B-Actin protein was used as an internal control. In immunocytochemical experiments, cells were
fixed and then incubated with goat antihuman type 1 procollagen (A) and collagen (B). Antibody localization was detected with FITC
conjugated donkey antigoat IgG (A) or Cyanine 3-conjugated donkey antigoat IgG (B) using a fluorescence microscopy. Magnifica-
tion: 100-fold (A). Secretion of collagen (C) in culture media was measured using Western blot analysis and transcriptional levels of
procollagen mRNA (D) examined using real-time RT-PCR in ATH-BBe-treated and UV-B-irradiated human dermal fibroblasts.
GAPDH gene was used as an internal control for the coamplification with procollagen. The bar graphs (means + SEM, n = 3) repre-
sent quantitative mRNA transcript levels of procollagen relative to GAPDH. Values not sharing a letter refer to significant different at
p<0.05.

BBe was capable of suppressing MMP secretion in UV-B- 4C). UV-B sharply induced MMP-1 transcript expression
irradiated fibroblasts. The UV-B irradiation markedly by =five-fold compared to that of no-UV-B control cells.
increased secretion of MMP-1, MMP-8, and MMP-13, The mRNA expression level of MMP-1 in cells treated with
whereas the treatment of irradiated cells with 1-10 mg/L 10 mg/L. ATH-BBe was dropped off. Indeed, this was con-
ATH-BBe downregulated the production of all of three sistent with a substantial attenuation of MMP-1 production
enzymes in similar dose dependent ways (Fig. 4A). Ele- due to ATH-BBe addition shown in Fig. 4A. These results
vated MMP production was reversed by a treatment with imply that ATH-BBe inhibits the secretion of MMP pro-
=5 mg/L ATH-BBe. teins via a direct modulation at their gene transcriptional
There were moderate signals for the basal mRNA expres- levels.

sion of MMP-1 in quiescent fibroblasts (Fig. 4B). In con-
trast, the expression of MMP-1 mRNA was increased in
24 h-UV-B-stimulated dermal fibroblasts. However, the
RT-PCR data showed that the UV-induced mRNA accumu-

3.5 Abolishment of release of inflammatory
cytokines by ATH-BBe

lation level of MMP-1 was diminished in cells treated with The UV-B irradiation promoted the 48 h-production of the
10 mg/L ATH-BBe. Furthermore, the MMP-1 gene expres- proinflammatory cytokines of IL-1f, IL-6, IL-8, and
sion was confirmed by quantitative real time-PCR (Fig. TNF-o with different magnitudes, as quantified by ELISA
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(+superscripts) refer to significant different at p < 0.05. The RT-PCR data (B) and real time-PCR (C) showing transcriptional levels of
MMP-1 mRNA in ATH-BBe-treated and UV-B-exposed human dermal fibroblasts. f-Actin and GAPDH genes were used as an inter-
nal control for the coamplification with MMP-1. The bar graphs (panel C, means + SEM, n= 3) represent quantitative mRNA tran-
script levels of MMP-1 relative to GAPDH. Values not sharing a letter refer to significant different at p < 0.05.
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Figure 6. Inhibition of IkBa degradation from NF-xB complex
(A) and translocation of NF-xB p65 (A) by ATH-BBe in
100 mJ/cm? UV-B-irradiated human dermal fibroblasts. Sam-
ples (whole cell lysate for IkB, cytosolic and nuclear protein
fractions for NF-«xB) of cells pretreated with 1—10 mg/L ATH-
BBe and irradiated to 100 mJ/cm? UV-B were electrophoresed
on 8% SDS-PAGE gel, followed by Western blot analysis with
a primary antibody against each protein (three independent
experiments). 3-Actin protein was used as an internal control.

(Fig. 5). The UV-B potency for elevating secretion of these
cytokines were in the order of IL-8 > IL-6> TNF-
o =1IL-1B; IL-8 was secreted as much as >10 mg/L in
response to UV-B exposure. The inhibitory effects of ATH-
BBe on individual secretion of these cytokines in UV-B-
exposed dermal fibroblasts were achieved with similar pat-
terns (Fig. 5).

3.6 ATH-BBe blockade of NF-kB activation and
MAPK signaling

Immunoblot analysis revealed that UV-B light triggered
phosphorylation of IxB in human dermal fibroblasts, indi-
cative of increase in [kB dissociation from NF-kB complex
(Fig. 6A). In contrast, pretreatment with ATH-BBe reduced
phosphorylation of IkB in UV-B-irradiated fibroblasts in a
dose-dependent way. Additionally, the nuclear translocation
of NF-xB was further examined in UV-B-irradiated fibro-
blasts. An increase of NF-xB p65 in the nucleus was
observed following an exposure of cells to 100 mJ/cm? UV-
B, indicating that UV-B enhanced nuclear translocation of
NF-kB (Fig. 6B). UV-B-irradiated cells treated with
=5 mg/L ATH-BBe diminished nuclear NF-kB levels with
enhancing levels of cytosolic NF-kB. Thus, microgram
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doses of =5 mg/L were required for achieving full inhibi-
tory effect of ATH-BBe on NF-kB translocation and tran-
scriptional activity in dermal fibroblast photoaging models.

This study attempted to determine whether ATH-BBe
may alleviate photoaging in UV-B-irradiated fibroblasts
through interfering with ASK-1-MAPK signaling cascades.
The UV-B-irradiated fibroblasts rapidly induced phosphor-
ylation of JNK and p38 MAPK pertaining to ASK-1 (Fig.
7A). In addition, it was also observed that ATH-BBe inhib-
ited activation of nuclear transcription factors of the JNK
downstream target of c-Jun, and of the p38 MAPK down-
stream targets of p53 at Ser 46 and STAT-1 (Fig. 7B). There
were multiple pathways of p53 phosphorylation upon expo-
sure to UV-B light (Fig. 2B). When 10 mg/L ATH-BBe was
treated with fibroblasts exposed to UV-B, the ASK-1-
diverged JNK, and p38 MAPK signaling pathways were
markedly attenuated (Fig. 7). Accordingly, ATH-BBe
blocked the regulation of ASK-1-MAPK signal transduc-
tion and related pathways leading to transcription of gene
proteins involved in collagen degradation and inflammation
as well as apoptosis.

4 Discussion

The current study elucidated the action mechanisms of
ATH-BBe in UV-B irradiation-induced collagen degrada-
tion and inflammatory mediator production in human der-
mal fibroblasts. UV-B is one of the most important external
stimuli that affect skin by inducing cancer, premature skin
aging, inflammation, and cell death [4—6, 12]. Six major
observations were obtained from this study. (i) Five antho-
cyanins were detected in bog blueberry fruit juice and iden-
tified as cyanidin-3-glucoside, petunidin-3-glucoside, mal-
vidin-3-glucoside, and delphinidin3-glucoside, and delphi-
nidin-3-arabinoside. (ii) ATH-BBe at doses of 1—10 mg/L
mitigated the UV-B irradiation-induced human dermal
fibroblast toxicity with blockade of ROS production lead-
ing to apoptotic Bad activation. (iii) ATH-BBe reversed
procollagen expression downregulated in UV-B-exposed
fibroblasts at transcriptional levels. (iv) UV-B augmented
secretion of collagenolytic enzymes of MMP-1, MMP-§,
and MMP-13, thereby enhancing collagen degradation,
which was diminished in ATH-BBe-treated fibroblasts. (v)
ATH-BBe dampened production of inflammatory cyto-
kines responsible for UV-B-elicited photoaging responses.
(vi) ATH-BBe attenuated UV-B-triggered dermal collagen
destruction through hampering nuclear activation of NF-xB
and signaling pathways of JNK and p38 MAPK. These
overall results demonstrate that ATH-BBe has the capabil-
ity to prevent UV-B-induced skin photoaging at its phar-
maco-nutraceutical doses. The capability of edible ATH-
BBe to block the UV-B-induced collagen destruction and
inflammatory responses was possibly mediated via tran-
scriptional mechanisms of NF-kB and MAPK signaling.
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Figure 7. Inhibitory effects of ATH-BBe on phosphorylation (A) of ASK, JNK, p38 MAPK, and activation of transcription factors (B) of
c-Jun, p53 (ser 46) and STAT-1 in UV-B-exposed human dermal fibroblasts. Confluent fibroblasts were exposed to 100 mJ/cm? UV-
B incubation in the presence of 10 mg/L ATH-BBe. Total cell protein extracts were electrophoresed, followed by Western blot anal-
ysis with a primary antibody against each protein (three independent experiments). B-Actin protein was used as an internal control.

Prolonged or repeated sun exposure is known to elicit
cutaneous damages such as sunburn or long-term effects
such as photoaging and UV-induced skin cancer. These
damages are clearly linked to the biological effects of solar
UV light including radiation of UV-B (290—-320 nm) and
UV-A (320—400 nm) on the epidermis and dermis [29].
Although the amount of UV-B is far less than UV-A, it is
mostly responsible for photocarcinogenesis [5]. When the
UV-B energy source of 100 mJ/cm? were irradiated on cul-
tured fibroblasts for 48 h, cell viability was diminished up
to >30%. The solar UV irradiation promotes the formation
of free radicals that directly damage DNA by inducing
lesions and pyrimidine photoproducts [5]. It was assumed
that the UV-B-induced fibroblast toxicity in this study was
in consequence of ROS formation. The DCF staining
showed that 100 mJ/cm? UV-B resulted in oxidative stress
by accompanying excessive generation of ROS. Thus, the
strategies to prevent early pathological events induced by
UV light may be useful for providing efficient and adequate
photoprotection. One approach to ameliorate adverse
effects of UV-B on the skin is the use of antioxidants scav-
enging and quenching ROS [30]. Use of botanical antioxi-
dants appears to be an effective strategy for reducing inci-
dences of UV-mediated oxidative photodamage [16]. Sev-
eral studies have shown that polyphenols possessing antiox-
idant properties are promise agents reducing the risk of skin
diseases [12, 17—-20]. EGCG protected against the oxida-
tive cellular and genotoxic damage of UV-A radiation [17].

It has been reported that UV-B-triggered ROS induces
MMP in photoaged skin, which affects connective tissue
breakdown [9]. In addition, UV irradiation hampered ECM
preservation in premature skin aging [31]. Approaches to
avert photodamage resulted from biological events initiated
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by UV include inhibition of MMP activity to prevent ECM
damage. Antioxidant EGCG prevented collagen collapse
through inhibiting MMP activity UV-B-irradiated human
dermal fibroblasts [12]. The UV-B exposure to cultured
dermal fibroblasts elicited dramatic reduction of collagen
with a marked increase in the MMP secretion, which was
reversed by ATH-BBe. Oral administration of green tea pol-
yphenols resulted in inhibition of UV-B-induced expression
of ECM degrading MMP including MMP-2, MMP-3,
MMP-7, and MMP-9 in hairless mouse skin [32], suggest-
ing that green tea polyphenols as a dietary supplement
could be useful to attenuate solar UV-B light-induced skin
carcinogenesis [33]. Therefore, dietary interventions with
plant extracts containing anthocyanins have beneficial
effects toward diverse skin degenerative diseases initiated
by solar UV radiation.

Inflammation and the resulting free radical generation
play an important role in the intrinsic and photoaging of
human skin in vivo [34]. UV irradiation causes increased
synthesis and release of proinflammatory mediators from a
variety of skin cells leading to infiltration and activation of
neutrophils and other phagocytic cells into the skin [7].
Thus, inflammatory mechanisms may accentuate the effect
of UV radiation to amplify direct damaging effects on mol-
ecules and cells which cause photoaging. It was shown that
inflammation activates various MMP leading to abnormal
ECM degradation and accumulation of nonfunctional
matrix components in the dermal and epidermal compart-
ments, contributing to the etiology of photoaging [7]. The
present study showed that the UV-B exposure induced vari-
ous proinflammatory cytokines possibly linked to the tran-
scription of MMP resulting in the fibroblast collagen col-
lapse. Inhibition of the cutaneous inflammatory response to
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photoskin interactions is crucial to comprehensively protect
the skin from adverse solar effects. Prevention of inflamma-
tion using anti-inflammatory compounds, e.g., cyclooxyge-
nase inhibitors and inhibitors of cytokine generation, is one
of strategies to prevent photoaging triggered by UV [7, 13].
It was observed that ATH-BBe dampened fibroblast secre-
tion of proinflammatory cytokines augmented by UV-B.
Red orange extract was potentially able to efficiently coun-
teract UV-B-induced responses pertaining to cellular oxida-
tive stress-related inflammation and apoptosis in human
keratinocytes [34]. Treatment of silymarin, a flavonoid
from milk thistle, inhibited UV-induced oxidative stress
generated by both epidermal and dermal cells through tar-
geting infiltrating CD11b + macrophages in the skin [19].

Previous studies have shown that antioxidants inhibit
UV-induced oxidative stress in the skin, proposing as prom-
ise agents reducing the risk of skin diseases [10—12, 15].
However, the cellular targets responsible for the inhibition
of UV-induced oxidative stress and inflammation leading to
photoaging by antioxidants are not clearly defined. UV-B-
light-initiated skin aging and nonmelanoma skin cancer
may be averted by targeting cellular signaling [35]. Damage
of dermal cells induced by UV light at the molecular levels
elicits the activation of transcription factor pathways, which
in turn modulate the expression of diverse UV-responsive
genes [5, 35]. The present study revealed that UV-B irradia-
tion enhanced the activation of apoptotic Bad protein of
dermal fibroblasts through triggering p53 signaling by ATR
activated due to DNA damage. In addition, ATH-BBe
appeared to inhibit the apoptotic toxicity of fibroblasts by
hampering the ATR-p53-Bad signaling cascade. Delphini-
din, an anthocyanidin in pigmented fruits and vegetables,
protected keratinocytes and mouse skin against UV-B medi-
ated oxidative stress and cellular apoptosis via reducing
DNA damage and boosting Bcl-2 family [30]. Naringenin,
a naturally occurring citrus flavonone, exhibited an antia-
poptotic effect in p53-mutant human HaCaT keratinocytes
by enhancing the removal of UV-B-induced cyclobutane
pyrimidine dimers in genomic DNA and by modulating
UV-B-induced caspase cascade pathway [36]. Additionally,
a soybean isoflavone genistein substantially inhibited UV
light-induced skin carcinogenesis, photodamage, and cuta-
neous aging through preventing DNA damage and downre-
gulating activated signal transduction cascades [37]. This
study provides a molecular basis for the action of anthocya-
nins as a promising natural flavonoid in preventing skin
aging and carcinogenesis.

Oxidative stress in photocarcinogenesis may cause acti-
vation of transcription factors including NF-xB and AP-1
[35]. These transcription factor pathways and the crosstalk
between them in response to UV-B exposure may help with
the development of new dietary strategies for the prevention
of UV-B-induced skin aging. ATH-BBe attenuated release
of proinflammatory cytokines, which appeared to be medi-
ated through hindering NF-kB activation and other tran-
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scriptional factors. In a recent study [38], cyanidin-3-ruti-
noside, an anthocyanin found in abundance in black rasp-
berries was found to contribute to the inhibition of UV-B-
induced signaling pathways leading to activation of NF-kB
in mouse epidermal cells. Dietary grape seed proanthocya-
nidins inhibited UV-B-induced activation of NF-kB/p65 to
target genes pivotal in inflammation and cellular prolifera-
tion, whereby the expression of cyclin D1, inducible nitric
oxide synthase, and cyclooxygenase-2 was dampened in the
skin [22].

This study hypothesized that ATH-BBe blocks MMP-
mediated photoaging by influencing the UV-B-modulated
MAPK-dependent pathways. It has been reported that oxi-
dative stress in UV light-induced skin carcinogenesis may
cause activation of transcription factors and protoonco-
genes such as c-fos and c-Jun as well as genetic instability
[5]. In addition, the molecular mechanisms by which UV
light causes photoaging involve activation of downstream
signal transduction through activation of MAPK pathways
of INK and p38 [12], and these signaling pathways activate
nuclear AP-1 leading to an induction of collagenases that
degrade skin connective tissue [11]. It is deemed that the
ability of antioxidants to protect the skin from the adverse
effects of UV-B radiation may be mediated via modulation
of the MAPK signaling pathways. The current study
revealed that ROS-quenching ATH-BBe retarded activation
of JNK and p38 MAPK pathways linked to ASK-1 signal-
ing which in turn converged in the nucleus of fibroblasts to
activate c-Jun, STAT-1 and p53. Our data suggest that bota-
nical compounds with antioxidative activities are able to
protect against the adverse effects of UV radiation via mod-
ulations in MAPK signaling cascades in in vitro dermal cell
and in vivo animal model systems. Genistein may prevent
photoaging with inhibiting UV induction of both extracellu-
lar signal-regulated kinase (ERK1/2) and JNK activities
[11]. Dietary polyphenols were found to have photoprotec-
tive effects in in vivo animal models through inhibition of
UV-B-induced phosphorylation of MAPK protein family of
INK, p38 MAPK, and ERK1/2 [22, 39]. Additionally, sily-
marin pretreatment reversed the effect of UV irradiation on
phosphorylation of Akt and activation of its downstream
p53, followed by modulation of apoptotic and antiapoptotic
gene proteins including Bax, Bcl-2, and Bcel-xL proteins
leading to apoptosis in UV-irradiated human malignant
melanoma cells [40].

In summary, the present results revealed the photoprotec-
tive actions of ATH-BBe on fibroblast collagen collapse
and inflammatory responses pertaining to photoaging.
ATH-BBe at pharmaco-nutraceutical doses mitigated UV-
B-induced oxidant injury leading to DNA damage and sub-
sequent activation of ATR-p53-Bad apoptotic pathway,
which appeared to be responsible for the fibroblast survival.
The contributions of NF-kB and MAPK signalings may
entail photodamage caused by the destructing cascade of
collagen initiated by UV. Therefore, dietary interventions
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with botanical antioxidants such as edible ATH-BBe pro-
vide a promising rationale for the design and development
of treatment strategies aimed at limiting sun light-induced
cellular oxidative damage eliciting photoaging and skin
cancer.
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