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3,4-Dihydroxytoluene suppresses UVB-induced wrinkle formation by
inhibiting Raf-1
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Abstract This study examined the effect of 3,4-dihydroxytoluene (DHT) on UVB-induced photoaging and determined its
molecular mechanisms, using HaCaT human keratinocytes and SKH-1 hairless mice. DHT suppressed UVB-induced matrix
metalloproteinase-1 (MMP-1) expression in HaCaT cells. In vivo data from mouse skin supported that DHT decreased UVB-
induced wrinkle formation, epidermal thickness, and matrix metalloproteinase-13 (MMP-13) expression. DHT appeared to
exert its anti-aging effects by suppressing UVB-induced Raf-1 kinase activity and subsequent attenuation of UVB-induced
phosphorylation of MEK, ERK, and p90RSK in HaCaT cells. In vitro and in vivo pull-down assays revealed that DHT
bound with Raf-1 in ATP-noncompetitive manner. Overall, DHT appears to anti-photoaging effects in vitro and in vivo

through the suppression of Raf-1 kinase activity and may have potential as a treatment for the prevention of skin aging.
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Introduction

Photoaging of human skin is caused by repeated exposures to

ultraviolet (UV) radiation over a prolonged period (Chung et al.,

2002). It has evolved from a variety of terms such as heliodermatosis,

actinic dermatosis, and accelerated skin aging. Extended life-span

has resulted in an ever increasing demand to protect human skin

against the detrimental effects of UV exposure of the skin to

ultraviolet light. Therefore, photoaging will be of an increasing

concern in the future (Berneburg et al., 2000).

UV radiation is composed of invisible wavelengths divided into

three types: UVA (320-400 nm), UVB (280-320 nm), and UVC

(200-280 nm) (Hwang et al., 2013; Lim et al., 2013). Particularly,

UVB component is the most biologically damaging UV type and

significantly affects the epidermal layer of the skin, causing

various skin disorders including premature skin aging (Afaq et al.,

2005; Goihman-Yahr, 1996). UVB irradiation damages the antioxidant

defense system, impairs signal transduction pathways in skin cells,

and degrades extracellular matrix (ECM) proteins, including collagen,

elastin, proteoglycans, and fibronectin. Furthermore, it has been

demonstrated that reactive oxygen species (ROS) affect signal

transduction pathways of growth factor receptors, mitogen-activated

protein kinases (MAPKs), activator protein-1 (AP-1) and activates

matrix metalloproteinases (MMPs), resulting in the degradation of

ECM proteins and subsequent formation of coarse wrinkles and

sagging skin (Rittie and Fisher, 2002).

MMPs are known to be overexpressed in human skin after

UVB exposure and degrades extracellular matrix components

(Gelse et al., 2003). MMP-1 (interstitial collagenase) plays the

most prominent role in degrading native type-I and type-III

collagen, major components of the skin dermis, while MMP-8

(neutrophil collagenase) and MMP-13 (collagenase-3) can cleave

collagen to some extent. The cleavage of collagen by collagenase

and the further degradation of cleaved collagen into gelatin and

small peptides by gelatinases (MMP-2 and MMP-9) causes ECM

breakdown, which is a major factor responsible for wrinkle

formation (Chung, 2003; Fisher et al., 2002; Fisher et al., 1997).

UVB irradiation-induced overexpression of MMP-1 is considered a

biomarker, and its inhibition has been proposed to prevent wrinkle

formation by stabilizing a balance between collagen degradation

and synthesis (Brennan et al., 2003; Chung, 2003).

MAPKs regulate the expression of MMP-1 (Lee et al., 2014;

Wang et al., 2014). Among them, the Raf serine/threonine kinase,

which derives its name from rapidly accelerated fibrosarcoma,

functions in the Ras/Raf/MEK/ERK signaling pathway (Moelling

et al., 1984). Raf is one of the molecules involved in UVA-induced

MMP-1 production in human dermal fibroblasts (Watanabe et al.,

2004), and specific inhibition of MEK suppresses MMP-9

production and cell movement activated by the Ras/Raf/MEK/

ERK- and AP-1-dependent signaling pathways (Cho et al., 2007).

Therefore, Raf may be a critical molecular target for anti-

photoaging therapies that act through the regulation of MMP

expression (Jung et al., 2010).

A lot of studies have reported the amazing physiological and

pharmacological properties of rutin in mammalian systems either

in vivo or in vitro. Most of the biological activities such as anti-

inflammation (Guardia et al., 2001; Han, 2009; Shen et al., 2002),

anti-microbial (Dall’Agnol et al., 2003), anti-tumor (Ramanathan et

al., 1993; Ren et al., 2003), and anti-asthma (Jung et al., 2007)
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were mainly attributed to the potent antioxidant property of rutin,

particularly as a free radical scavenger (Yang et al., 2008). In

recent years, the mechanism of flavonoid glycosides are gradually

understood that they are generally hydrolyzed by intestinal and

bacterial enzymes to corresponding aglycones and other smaller

metabolites which are absorbable by the gut (Hollman and Katan,

1997). Studies reported that little or no dietary rutin is absorbed

because gut microflora in the intestines metabolize rutin in to a

variety of small metabolites (Griffiths and Barrow, 1972; Winter et

al., 1989). These action involves hydrolysis of rutin catalyzed by

α-rhamnosidase and β-glucosidase (Bokkenheuser et al., 1987;

Manach et al., 1995). The metabolites produced include quercetin

(3,5,7,3,5-pentahydroxyflavonol), isoquercetin (quercetin3-glycoside)

and other phenol derivatives such as 3,4-dihydroxyphenylacetic

acid (DHPAA), 3,4-dihydroxytoluene (DHT), 3-hydroxyphenylacetic

acid (HPAA), and homovanilic acid (HVA) (Fig. 1A) (Arjumand

et al., 2011; Baba et al., 1981; Braune et al., 2001; Griffiths and

Barrow, 1972; Schneider et al., 2000; Winter et al., 1989). Many

studies have shown that rutin has health-benefiting biological

activities, including anti-oxidative (Chen et al., 2006), anti-

inflammatory (Lin et al., 2009; Pastore et al., 2009; Yu et al.,

2009) and anti-carcinogenic (Yang et al., 2000) effects. However,

the molecular mechanisms and target of rutin metabolites in the

prevention of photoaging remain poorly understood.

Thus, in the present study, we examined the effects of rutin’s

final metabolites on UVB-induced photoaging in vitro and in vivo,

using HaCaT human keratinocytes and a mouse model of skin

aging. 

Materials and Methods

Chemicals and antibodies

Rutin, DHT, HVA, HPAA, and monoclonal anti-β-actin were

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Anti-

human MMP-1 antibody was purchased from NeoMarkers

(Fremont, CA, USA). The antibodies against phosphorylated Raf-

1 (Ser338), phosphorylated MEK1/2 (Ser217/221), phosphorylated

p90RSK (Ser380), phosphorylated MKK4 (Ser257/Thr261),

phosphorylated JNK (Thr183/Tyr185), phosphorylated c-Jun (Ser73),

phosphorylated MKK3/6, phosphorylated MSK1 (Ser376),

phosphorylated PI3K, phosphorylated AKT (Ser473), Raf-1,

MEK1/2, p90RSK, MKK4, c-Jun, MKK3/6, MSK1, PI3K, AKT

and MMP-2 were purchased from Cell Signaling Biotechnology

(Danvers, MA, USA). Antibodies to detect phosphorylated ERK1/2

(Tyr 204) and total ERK1/2, JNK, p38 were obtained from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p38 was

purchased from BD Biosciences (San Jose, CA, USA). The MMP-

1 fluorometric drug discovery kit was purchased from Enzo life

science (Farmingdale, NY, USA). The ADP-GloTM kinase assay kit

and active Raf-1 protein were obtained from Promega (Fitchburg,

WI, USA). CNBr-Sepharose 4B and the chemiluminescence

detection kit were purchased from GE Healthcare (Piscataway, NJ,

USA) and the protein assay kit was purchased from Bio-Rad

Laboratories (Hercules, CA, USA).

Experimental animals

SKH-1 hairless mice (female, 5 weeks of age; mean body

weight, 25 g) were purchased from Central Laboratory Animal,

Inc. (Seoul, Korea). Animals were acclimated for 1 week prior to

experiments and had free access to food and water. Mice were

housed in climate-controlled conditions (24oC at 50% humidity)

with a 12 h light/dark cycle.

Mouse skin photoaging analysis

The animal experimental protocol (KNU 2014-70) was approved

and experimental animals were maintained under specific pathogen-

free condition based on the guidelines established by the Animal

care and Use committee of Kyungpook National University

(Daegu, Korea). Skin photoaging was induced in mice utilizing a

UVB irradiation system. The spectral peak of the UVB source

(Bio-Link Cross linker, Vilber Lourmat, France, Paris) was at 312

nm. SKH-1 mice were divided into five groups of five animals

each. In the control group, the dorsal skin of the mice was

topically treated with 200 μL acetone alone. In the UVB group,

the dorsal skin of the mice was topically treated with 200 μL

acetone 1 h before UVB irradiation. The mice in the third group

received topical application of retinoic acid (0.01%) in 200 μL

acetone 1 h before UVB. The fourth and fifth groups received

topical application of DHT (2 and 10 nmol) in 200 μL acetone 1 h

before UVB. These treatments were performed three times per

week for 9 weeks.

Preparation of skin lysates

Mice were sacrificed by cervical dislocation after their final

UVB exposure, and the dorsal skin region of each mouse was

excised. After fat was removed, the skin was immediately

pulverized with liquid nitrogen using a mortar and pestle. The

pulverized skin was homogenized on ice with a Bullet Blender®

(Next Advance, Inc. NY, USA) and skin lysates were centrifuged

at 15,000 rpm for 20 min. The protein content in supernatant

fractions was determined using a Bio-Rad protein assay kit (Bio-

Rad, Hercules, CA, USA).

Generation of replicas and image analysis

After 8 weeks, skin samples from each mouse were assessed

visually by using a replica assay. Replicas of mouse dorsal skin

were prepared using SILFLO resin (Cuderm, Dallas, TX, USA)

and analyzed by Oriental Medicine Industry Support Center

(Daegu, Korea). The parameter used for the assessment of skin

wrinkles was the percentage of wrinkle area.

Histological examination

Skin samples from the dorsal skin of each group were fixed in

10% neutral-buffered formalin. The paraffin-embedded back skin

samples from each group were sectioned and stained with

hematoxylin-eosin. The thickness of the epidermis was measured

under light microscopy (Olympus, Tokyo, Japan).
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Immunohistochemical staining

After deparaffination and hydration of the sections, they were

quenched with 0.3% hydrogen peroxide, preblocked with 5%

normal goat serum for 30 min, then incubated with primary

antibody overnight. Primary antibodies were diluted in 0.1 M PBS.

After blocking with primary antibody, the section were washed

three times with 0.01 M PBS and incubated with secondary

antibody (1:200) for 150 min. Then the sections were incubated

with ABC solution. Antigens were detected using a 3'-

diaminobensidine tetrahydrochloride hydrate (DAB) solution. The

stained sections were evaluated after dehydration and mounting.

Cell culture

The HaCaT human keratinocytes were cultured in DMEM

supplemented with 10% FBS and 2 mM penicillin/streptomycin at

37oC in humidified atmosphere with 5% CO
2
.

UVB irradiation

UVB irradiation was performed using a BioLink Cross linker

system (Vilber Lourmat, Paris, France) emitting wavelengths with

peak emission at 312 nm. HaCaT cells were starved for 24 h in

serum-free DMEM and treated with indicated sample (0, 1, 5, and

10 μM) 1 h prior to UVB exposure. Then, the cell were washed

with PBS and then irradiated with UVB (30 mJ/cm2) in a small

volume of PBS. During the in vivo experiments, UVB irradiation

was treated to the backs of mice three times a week for 9 weeks.

The amount of UVB irradiation was gradationally increased from

1 MED (1 minimal erythematous dose=r25 mJ/cm2 in our observation)

at 1 week, increased by 1 MED every week, until reaching 7

MED at 7 week. The animals were, then, irradiated at 180 mJ/cm2

for two additional weeks. The total dose for 9 weeks of UVB

ranged from 25 to 180 mJ/cm2.

Determination of cell viability

To estimate cell viability, HaCaT cells were seeded (104 cells/

well) in 96-well plates. After incubating for various times, 20 μL

of MTT solution (final concentration, 1 mg/mL) were added to

each well, and the cells were incubated for 2 h. The dark blue

formazan crystals that formed in intact cells were dissolved in

DMSO and the absorbance at 570 nm was measured with a

microplate reader (Sunrise-Basic Tecan, Tecan Austria GmbH 5082

Groding, Austria). The results are expressed as the percentage of

MTT reduction relative to the absorbance of control cells.

In vitro MMP-1 activity assay

The inhibitory effect of DHT on MMP-1 enzymatic activity was

carried out using MMP-1 fluorometric drug discovery kit (Enzo

Life Sciences, Farmingdale, NY, USA) and was prepared

following the manufacturer’s instructions. Moreover, in this kit also

included a broad inhibitor (NNGH) which was used for control

inhibitor. The mixture was incubated at 37oC for 30 min. The

MMP-1 activity was measured using substrate for and detected the

fluorescence signal at E
x
/E

m
=540/590 nm. The MMP-1 activity

was calculated as: MMP-1 activity/(ABU of sample-ABU of

MMP control). The samples were compared to a control that

contained assay buffer instead of the samples (100% of MMP

activity).

Western blotting

Cells (105/mL) were cultured in a 60 mm in diameter dish for

24 h, then, they were starved in serum-free medium for a further

24 h to eliminate the influence of FBS on the kinase activation.

The cells were then treated with rutin, DHT, HVA, and HPAA (0,

1, 5, and 10 µM) for 1 h before being exposed to UVB (30 mJ/

cm2) for different periods. To determine the amount of secreted

MMP-1 into culture media, equal aliquot of conditioned culture

media from an equal number of cells were fractionated by 10%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). The harvested cells were disrupted and the supernatant

fractions were boiled for 5 min. The protein concentration was

determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories,

Hercules, CA, USA) as described in the manufacturer’s manual.

Lysate protein (20-40 µg) was subjected to 8-10% SDS-PAGE and

electrophoretically transferred to a polyvinylidene fluoride membrane

(GE Healthcare Life Science, WI, USA). After blotting, the

membrane was incubated with the specific primary antibody at

4oC overnight. After hybridization with secondary antibodies, the

protein bands were visualized using an ECL plus Western blotting

detection system (GE Healthcare Life Science).

In vitro Raf-1 kinase assays

The in vitro ADP-GloTM kinase assays were performed in

accordance with the instructions provided by Promega (Madison,

WI, USA). In brief, every reaction contained 1X kinase reaction

buffer, an ADP-GloTM reagent and a detection buffer. For Raf-1,

0.2 µg/µL of the inactive MEK substrate peptide was included. In

96-well plate, added 10 µL of Raf-1 kinase and added 5 µL of

DHT and 1X kinase buffer (as control) and incubated for 15 min

at room temperature. After Raf-1 kinases reacted with DHT from

the reaction mixture, it added 10 µL ATP-MEK substrate peptide

mixtures, and then incubated at 30oC for 30 min. After the kinase

reaction, add 25 μL of ADP-GloTM reagent to all wells in assay

plate and incubate at room temperature for 40 min. Then, 50 μL of

kinase detection reagent was added to all wells in assay plate and

then incubated at room temperature for 60 min. The luminescence

was measured at integration time 0.5 s using Glomax 96 microplate

luminometer (Madison, WI, USA) Each experiment was repeated

three times.

Raf-1 binding assays

Recombinant Raf-1 (50 ng) or a HaCaT cellular supernatant

fraction (1,000 μg) was incubated with DHT-Sepharose 4B beads

(or Sepharose 4B as control) (100 μL, 50% slurry) in reaction

buffer. After incubation with gentle rocking overnight at 4°C, the

beads were washed five times with washing buffer, and proteins

bound to the beads were analyzed by immunoblotting.

ATP competition assays

Active Raf-1 (0.2 μg) was incubated with ATP (10 and 100 μM)

in reaction buffer (see “Raf-1 binding assay” above) for 12 h at
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4°C, and was added with 100μL of DHT-Sepharose 4B or 100μL of

Sepharose 4B to a final volume of 500 μL for 12 h. The samples

were washed, and then proteins were detected by Western blot

analysis.

Statistical analysis

Data are expressed as means±SE. Statistical significance was

determined using one-way analysis of variance (ANOVA).

Differences were considered significant at p<0.05. All analyses

were performed using SPSS Statistics Software (SPSS, Inc.,

Endicott, NY, USA).

Results

DHT inhibits UVB-induced MMP-1 expression, secre-

tion, and MMP-1 activity

Although rutin has been reported to exhibit anti-proliferative

activities in several cell types, little is known about the effect of

rutin metabolites on cell proliferation. Therefore, we evaluated the

effects of rutin or its metabolites on the proliferation of HaCaT

cells using the MTT assay. Rutin, DHT, HVA, and HPAA did not

significantly affect cell growth at 1 day after treatment at

concentrations up to 20 μM (Fig. 1B). And then, to test whether

rutin and its metabolites can efficiently inhibit skin photoaging, we

measured MMP-1 expression, a photoaging marker, in UVB-

induced HaCaT cells in the present of these compounds. These

result indicated DHT had the most significant inhibitory effect on

MMP-1 expression when compared with other chemicals (Fig.

2A). Therefore, we further utilized DHT to address its biological

effects and mechanisms on skin photoaging. First, to examine the

effects of UVB radiation on MMP-1 secretion in human keratinocytes,

HaCaT cells were irradiated with UVB (30 mJ/cm2). MMP-1

levels in the culture media collected after the indicated durations

were determined by Western blotting. UVB radiation induced

MMP-1 expression after 48 h. Pretreatment with DHT significantly

suppressed UVB-induced MMP-1 expression in a dose-dependent

Fig. 1. Effects of rutin or its metabolites on HaCaT cell viability. (A) The chemical structures of rutin, DHT, HVA and HPAA. (B) The

cytotoxicity of various concentrations (0, 1, 5, 10 or 20 µM) of rutin, DHT, HVA and HPAA on HaCaT cells were determined by MTT assay
after the cells were treated for 24 h incubation. The viability of cells was determined by the MTT assay as described in Materials and Methods.
Results are represented as the mean±SD as determined from three independent experiments. The asterisk (*) indicates a significant difference
(p<0.05) compared with untreated control. 
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manner (Fig. 2B). Also, DHT inhibited on in vitro MMP-1 activity

at indicated concentration (Fig. 2C). These results revealed that

DHT have inhibitory effects on UVB-induced MMP-1 expression,

secretion and in vitro MMP-1 activity.

DHT inhibits UVB-induced skin wrinkle formation in an

SKH-1 hairless mouse model

To investigate the effect of DHT on UVB-induced wrinkle

formation in vivo, we performed a photoaging study using SKH-1

hairless mouse system. Repeated exposure of UVB (25-180 mJ/

cm2) to the mouse dorsal skin over 9 weeks resulted wrinkle

formation, which was inhibited by DHT (Fig. 3A). The percentage

of wrinkle area in the UVB-treated group was significantly

increased. 0.01% retinoic acid and DHT-treated group (2 and

10 nmol) inhibited the percentage of wrinkle area, as compared to

the UVB group (Fig. 3B). Also, to examine the sample toxicity, we

measured the body weight of SKH-1 hairless mice. We did not

detect any difference between sample-treated and sample-untreated

groups (Fig. 3C). These results indicate that DHT significantly

decreases chronic UVB-induced photoaging.

DHT suppresses UVB-induced epidermal thickening in

mouse skin

Histological studies indicated increase in epidermal thickness is

key biomarker of skin photoaging. Therefore, we evaluated the

effect of DHT on UVB-induced epidermal thickening. In a

quantitative analysis, hematoxylin and eosin staining demonstrated

that UVB irradiation increased epidermal thickness. It decreased

the amount of UVB-induced epidermal thickening by 14.08±3.4

and 19.26±4.4% in DHT-treated groups (2 and 10 nmol), respectively

(Fig. 4A-B).

Fig. 2. Effects of rutin, DHT, HVA, and HPAA on UVB-induced MMP-1 expression and secretion in HaCaT human keratinocytes and

in vitro MMP-1 activity. (A) Effects of rutin, DHT, HVA, and HPAA on UVB-induces MMP-1 expression in HaCaT cells. HaCaT cells were
starved for 24 h in serum-free DMEM and pretreated with each sample at the indicated concentrations (0, 1, 5 or 10 µM). After 1 h, cells were
washed with PBS and then irradiated with UVB (30 mJ/cm2) in a small volume of PBS. The cells were incubated for 6 h and the level of MMP-
1 expression was determined by western blot analysis using specific antibodies against the MMP-1 protein as described in Materials and
Methods. Data are representative of three independent experiments that gave similar result. (B) DHT inhibits UVB-induced MMP-1 secretion in
HaCaT cells. HaCaT cells were starved for 24 h in serum-free DMEM and pretreated with DHT at the indicated concentration (0, 1, 5 or
10 µM). After 1 h, the cells were washed with PBS and then irradiated with UVB (30 mJ/cm2) in a small volume of PBS. The cells were
incubated for 48 h and the level of MMP-1 secretion in culture media was determined by Western blot analysis using specific antibodies against
the MMP-1 protein as described in Materials and Methods. Data are representative of three independent experiments that gave similar results.
(C) DHT inhibited MMP-1 activity in vitro. In vitro MMP-1 activity was performed as described under Material and Methods, and the MMP-1
activity was expressed as the percentage inhibition relative to untreated control MMP-1 activity. Data are presented as the mean±SD ad
determined from three independent experiments.
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DHT inhibits UVB induced MMP-13 expression in mouse

skin

Exposure of skin to UV radiation has been shown to induce the

expression of various MMPs including MMP-13. The induction of

MMPs is suggested to be closely correlated with premature skin

aging induced by UV in murine or human skin. To determine the

effects of DHT on UV-induced MMP-13 expression in hairless

mice in vivo, the expression of MMP-13 protein was analyzed by

Western blot analysis (Fig. 5). The MMP-13 protein levels were

decreased by treatment with DHT (2, 10 nmol). These suggest that

DHT inhibited UVB-induced MMP-1 expression and degradation

of type I collagen in the mouse dorsal skin.

Fig. 3. Effect of DHT on UVB-induced wrinkle formation in SKH-1 hairless mice. (A) Representative image showing the anti-photoaging

effects of DHT. Mice were topically treated with 200 µL of acetone containing 0.01% retinoic acid, 2 or 10 nmol DHT and then irradiated with
UVB light 3 times per week for 10 weeks. Evaluate the inhibitory activity of DHT to wrinkle, replicas of the dorsal skin of the mice were
analyzed using an image analysis system to quantify the degree of wrinkle formation. (B) The percentage of wrinkle area in the UVB-treated
group was increased. Topically applied 0.01% retinoic acid or DHT (2 or 10 nmol) significantly improved the percentage of wrinkle area, as
compared to the UVB-treated group. (C) Age-dependent changes in body weight of SKH-1 hairless mice.

Fig. 4. Effect of DHT on UVB-induced epidermal thickening in mouse skin. (A) Hematoxylin and eosin-stained images of UVB-irradiated

mouse skin. Images are representative of results from 5 tissue samples. (B) DHT prevents UVB induction of increased mouse epidermal
thickness. After mice were treated as described for Fig. 3A, the dorsal skin was excised, sectioned, mounted onto slides, and stained with
hematoxylin and eosin for measurement of epidermal thickness. Bars represent the mean thickness (µm) of epidermis from 5 animals (4
measurements/section). Result are shown as means±SE (n=5). The symbol (##) indicates a significant difference between the control group and
the UVB-irradiated group. Asterisks (** and ***) indicate significant differences of p<0.01 or p<0.001, respectively, between the DHT-treated
and non-treated groups of irradiated mice.
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DHT suppresses UVB-induced phosphorylation of RAF-1,

MEK, ERK, and p90RSK in HaCaT human keratinocytes

MMP-1 is regulated by various signaling pathways, including

MAPKs and AKT. Thus, we next investigated the effect of DHT

on UVB-induced MAPKs and AKT phosphorylation in HaCaT

cells. When we investigated DHT for its effects on UVB-induced

MAPKs signal transduction, we found that it suppressed the UVB-

induced phosphorylation of ERK signaling pathway (Raf-1/MEK/

ERK/p90RSK) in HaCaT cells at indicated concentration (Fig.

6A). However, DHT did not inhibit UVB-induced phosphorylation

of JNK, p38, and AKT signaling pathway (Fig. 6B-D). These data

indicated that DHT is a markedly useful suppressor of UVB

induced phosphorylation of ERK signaling pathway.

DHT inhibits the kinase activity of Raf-1

To confirm that DHT acts as a signaling inhibitor, we determined

its ability to inhibit the kinase activity of Raf-1. DHT strongly

blocked the activity of Raf-1 kinase (Fig. 7A). This data showed

that DHT strongly inhibited Raf-1. These results indicated that

Raf-1 is a potential molecular target of DHT.

DHT binds directly to Raf-1 in an ATP-independent manner

To examine whether the inhibitory effect of DHT on Raf-1 is

due to direct physical interaction of DHT with the kinases, we

performed an in vitro DHT-Raf-1 binding assay. Raf-1 was

observed in DHT-Sepharose 4B beads (Fig. 6B, left upper panel,

lane 3), but not in Sepharose-4B-only beads (Fig. 6B, left upper

panel, lane 2). The Raf-1 protein was loaded as a control (Fig. 6B,

left upper panel, lane 1). We also observed ex vivo binding of

DHT and Raf-1 in HaCaT cell lysates (Fig. 6B, left lower panel).

Furthermore, we investigated in vivo binding of DHT and Raf-1 in

mouse skin lysates (Fig. 6B, right upper panel). Also, DHT did

not compete with ATP to bind Raf-1 (Fig. 6B, right lower panel).

These results revealed that DHT can in directly bind with Raf-1

and subsequently inhibit the activation of Raf-1. Therefore, these

results suggest that DHT inhibits Raf-1 activity in an ATP-

independent manner.

Discussion

Exposure to UVB radiation is associated with profound changes

in biomolecules in skin resulting in photo damage that involves a

cascade of metabolic, enzymatic, and phenotypic alterations, such

as wrinkle formation (Bhattacharyya et al., 2014). One promising

strategy for the prevention of photoaging is the inhibition of

wrinkle-inducing signal pathways using natural phytochemical. As

natural products, these phytochemicals most likely are relatively

harmless and possess a variety of beneficial properties. In previous

study, polyphenols act as small molecular inhibitors of signaling

cascades in carcinogenesis (Kang et al., 2011).

Rutin (3-O-rhamnosylglucosyl-quercetin) is one of the major

flavonoids found in a variety of plants. Especially, buckwheat

(Fagopyrum esculentum Moench) plant including leaves, flowers,

stalks, and seeds is known as a major source of rutin (Holasova et

al., 2002; Watanabe et al., 1997). Rutin is firstly hydrolyzed to its

aglycone, quercetin, by the intestinal microflora. And then, quercetin

Fig. 5. Effect of DHT on UVB-induced MMP-13 and type-I collagen expression in mouse dorsal skin. (A) DHT inhibits UVB-induced
MMP-13 expression. Protein was extracted from mouse dorsal skin as described in the Materials and Methods, and the level of MMP-13
expression was determined by Western blot analysis using specific antibodies against the MMP-13 protein. (B) Immunohistochemistry staining
of MMP13 and type-I collagen in mouse skin samples. Skin samples were stained for MMP13 and type-I collagen as described in the Materials
and Methods. 



392 한국식품과학회지 제 52 권 제 4 호 (2020)

is converted to various metabolites, such as DHPAA, DHT, HVA,

and HPAA (Gao et al., 2006; Jaganath et al., 2009; Pashikanti et

al., 2010).

Pashikanti et al. reported that the rutin metabolites can

efficiently and powerfully inhibit fluorescent and nonfluorescent

belong to advanced glycation end products (AGEs) (Pashikanti et

al., 2010). Since AGEs were an important source of reactive

dicarbonyl species (RCS) involved in several pathophysiological

conditions such aging (Van Puyvelde et al., 2014). We hypothesized

that the metabolites can reduce aged response. More importantly,

rutin exerts potent antiaging effects on D-gal in mice via

antioxidative mechanisms (Yang et al., 2012). Most of the rutin

that is consumed is likely to be decomposed into low-molecular

weight phenolic acids by the colonic microflora (Olthof et al.,

2003; Winter et al., 1989). However, it had not been investigated

what kind of metabolites of rutin can have anti-aging effect. Taken

together, this background has led us to examine the suppression of

the aging effects of dietary supplements using rutin’s derives, such

as DHT, HVA, and HPAA on UVB-induced skin aging in

keratinocyte cells.

First, to select the sample, we screened that anti-photoaging

activities of rutin and its metabolites. In this study, we found that

DHT, the phenol derivative of rutin, can significantly reduce UVB-

induced MMP-1 expression in HaCaT cells (Fig. 2A). So, we

chose the DHT from next experiment, we accomplish with DHT.

Our result demonstrates that DHT strongly suppresses UVB-

induced MMP-1 expression (Fig. 2A), secretion (Fig. 2B) in

HaCaT cells. Also, we examined that DHT inhibited MMP-1

activity (Fig. 2C). Because UVB-induced MMP-1 activation was

found to be inhibited by DHT, we further investigated that DHT

suppresses chronic UVB-induced wrinkle formation in SKH-1

hairless mice. Hairless SKH-1 mice have been reported to be a

Fig. 6. Effect of DHT on UVB-induced MAPKs and AKT signaling pathway in HaCaT human keratinocytes. (A) DHT inhibits UVB-

induced phosphorylation of Raf-1, MEK1/2, ERK, or p90RSK. (B) DHT does not inhibit UVB-induced phosphorylation of MKK4, JNK, or c-
Jun. (C) DHT does not reduce UVB-induced phosphorylation of MKK3/6, p38, or MSK1. (D) DHT does not reduce UVB-induced
phosphorylation of PI3K, or AKT. HaCaT cells were starved for 24 h in serum-free DMEM and pretreated with DHT at the indicated
concentration (0, 1, 5 or 10 µM). After 1 h, the cells were irradiated with UVB (30 mJ/cm2). The cells were incubated for 30 min and the levels
of these proteins were determined by Western blot analysis using specific antibodies against the corresponding phosphorylated and total proteins
as described in Materials and Methods. Data are representative of three independent experiments that gave similar results. 
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suitable animal model that recapitulates key anatomic and cellular

responses observed in human skin during acute UV exposure

(Pyun et al., 2012). Also, hairless SKH-1 mice were used to

access biomarkers of photoaging such as skin thickness, MMP-13,

and type-I collagen. During the experiment period, body weights

of mice were measured weekly and showed no difference between

the groups (Fig. 3C). Therefore, UVB-irradiation and treatment

with DHT had no effect on body weight. Repetitive UVB irradiation

was associated with UV-induced epidermal changes such as deep

wrinkles and roughening (Gilchrest, 1989). Therefore, effects of

DHT on UVB-induced epidermal changes were investigated by

analysis of photography and skin replica. UVB irradiation induced

significant wrinkle formation on the dorsal skin of the UVB

control group. However, topical treatment of DHT reduced wrinkle

formation induced by UVB irradiation (Fig. 3A-B). UV exposure

leads to accumulation of epidermal keratinocytes which increases

epidermal thickness (D’Orazio et al., 2013). Also, we investigated

that UVB irradiation induced epidermal thickening in mouse skin

and DHT inhibited the increased in epidermal thickness (Fig. 4A-

B). UVB-induced the expression of MMP-13, a rodent interstitial

collagenase in mouse skin lysates was significantly reduced by

DHT treatment (Fig. 5). These results indicate that DHT reduce

MMP expression (Fig. 5), which attenuates collagen degradation in

the extracellular matrix (ECM), thereby decreasing wrinkle

formation in vivo.

In animal study, we used a positive control, retinoic acid (RA).

The effect of RA on epidermal thickness in UV-irradiated hairless

mouse skin has been equivocal as reported by others. Our results

agree with that of other researchers (Bryce et al., 1988; Chaquour

et al., 1995) who reported that increased epidermal thickness

Fig. 7. Effect of DHT on the Raf-1 kinase activity in vitro and binding affinities. (A) DHT inhibits Raf-1 kinase activity in vitro. Raf-1

kinase assays were performed as described in Materials and Methods and the kinase activities are expressed as the percentage inhibition relative
to untreated control Raf-1 activity. Data are presented as the mean±SD as determined from three independent experiments. (*, significant
differences at p<0.05, between groups treated with active kinase (Raf-1) and DHT, and the groups treated with active kinase alone). (B) DHT
directly binds with Raf-1. Left upper panel: lane 1, active Raf-1 (50 ng); lane 2, negative control, Raf-1 does not bind with Sepharose 4B beads;
lane 3, Raf-1 binds with DHT-Sepharose 4B beads. Left lower panel: lane 1, HaCaT cell lysates (15 µg); lane 2, negative control, Raf-1 does not
bind with Sepharose 4B beads; lane 3, Raf-1 binds with DHT-Sepharose 4B beads. Right lower pannel: lane 1, HaCaT skin lysates (60 µg); lane
2, negative control, Raf-1 does not bind with Sepharose 4B beads; lane 3, Raf-1 binds with DHT-Sepharose 4B beads. Right lower pannel: DHT
binds with Raf-1 in an ATP-independent manner. lane 1, active Raf-1 (50 ng); lane 2, negative control, Raf-1 does not bind with Sepharose 4B
beads; lane 3, positive control, Raf-1 binds with DHT-Sepharose 4B; lane 4 and 5, increasing concentrations of ATP (10 or 100 µM) do not
suppress DHT binding with Raf-1. Data are representative of three independent experiments that gave similar results.

Fig. 8. Simplified depiction of the proposed anti-photoaging
mechanism induced by DHT.
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induced by UVB was further enhanced by long-term retinoid

treatment (Bhattacharyya et al., 2014).

Then, because UVB rays activate ERK1/2, p38, JNK1/2 and

AKT, the successful inhibition of at least one of these MAPKs or

AKT pathway may attenuate the harmful effects of UVB irradiation.

In this study, we found DHT inhibited the phosphorylation of

ERK1/2, but not of p38, JNK1/2 and AKT (Fig. 6A-D). We

therefore hypothesized that DHT could be directly inhibiting their

kinase activity after phosphorylation. Our in vitro kinase assay

results indicate that DHT significantly inhibits Raf-1 activity (Fig.

7A). Furthermore, pull-down assays indicated that DHT bound

directly to Raf-1 in an ATP-independent manner (Fig. 7B). Thus,

we postulate that DHT acts as a specific signaling inhibitor rather

than as a nonspecific chemical inhibitor.

In conclusion, we have evaluated the preventive effects of DHT

on UVB-induced photoaging. DHT potently inhibited UVB-

induced MMP-1 expression and wrinkle formation in vitro and in

vivo. Our observations indicate that Raf-1 is a novel molecular

target of DHT for the inhibition of UVB-induced signal transduction,

leading to MMP-1 up-regulation (Fig. 8). We therefore conclude

that DHT may be useful as an agent for the prevention of UVB-

induced skin aging.
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