
antioxidants

Article

Acetylated Resveratrol and Oxyresveratrol Suppress
UVB-Induced MMP-1 Expression in Human Dermal Fibroblasts

Jae-Eun Lee 1,† , Jijeong Oh 1,†, Daeun Song 1, Mijeong Lee 1, Dongyup Hahn 1,2, Yong Chool Boo 3

and Nam Joo Kang 1,2,*

����������
�������

Citation: Lee, J.-E.; Oh, J.; Song, D.;

Lee, M.; Hahn, D.; Boo, Y.C.; Kang,

N.J. Acetylated Resveratrol and

Oxyresveratrol Suppress

UVB-Induced MMP-1 Expression in

Human Dermal Fibroblasts.

Antioxidants 2021, 10, 1252. https://

doi.org/10.3390/antiox10081252

Academic Editor: Salvador

Máñez Aliño

Received: 13 July 2021

Accepted: 30 July 2021

Published: 5 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Food Science and Biotechnology, Kyungpook National University, Daegu 41566, Korea;
lju1033@naver.com (J.-E.L.); ojjeong0113@hanmail.net (J.O.); sde940902@naver.com (D.S.);
lmj7083@hanmail.net (M.L.); dohahn@knu.ac.kr (D.H.)

2 Department of Integrative Biology, Kyungpook National University, Daegu 41566, Korea
3 Department of Molecular Medicine, Cell and Matrix Research Institute, BK21 Plus KNU Biomedical

Convergence Program, School of Medicine, Kyungpook National University, Daegu 41944, Korea;
ycboo@knu.ac.kr

* Correspondence: njkang@knu.ac.kr; Tel.: +82-53-950-5753
† These authors contributed equally to this work.

Abstract: Resveratrol (RES) and oxyresveratrol (OXYRES) are considered and utilized as active
ingredients of anti-aging skin cosmetics. However, these compounds are susceptible to oxidative
discoloration and unpleasant odor in solutions, limiting their use in cosmetics. Accordingly, RES
and OXYRES were chemically modified to acetylated derivatives with enhanced stability, and their
anti-aging effect on the skin and detailed molecular mechanism of their acetylated derivatives were
investigated. Acetylated RES and OXYRES lost their acetyl group and exerted an inhibitory effect on
H2O2-induced ROS levels in human dermal fibroblast (HDF) cells. In addition, RES, OXYRES, and
their acetylated derivatives suppressed UVB-induced matrix metalloproteinase (MMP)-1 expression
via inhibition of mitogen-activated protein kinases (MAPKs) and Akt/mTOR signaling pathways.
Furthermore, RES, OXYRES, and their acetylated derivatives suppressed type I collagen in TPA-
treated HDF cells. Collectively, these results suggest the beneficial effects and underlying molecular
mechanisms of RES, OXYRES, and their acetylated derivatives for anti- skin aging applications.

Keywords: resveratrol; oxyresveratrol; acetylated derivative; matrix metalloproteinase-1; type I
collagen; ultraviolet B; skin aging

1. Introduction

Skin aging is a biological phenomenon involving intrinsic and extrinsic pathways and
is phenotypically characterized by skin roughness, pigmentation, and decreased elasticity.
Intrinsic aging is a process that occurs over time, whereas extrinsic aging is caused by
exposure to environmental factors [1]. Ultraviolet (UV) radiation exposure is the most
important environmental factor associated with premature facial aging (photoaging) [2].

UV light can be divided into three types depending on the wavelength: UVA (320–400 nm),
UVB (280–320 nm), and UVC (200–280 nm). UVB is the most active constituent of solar light.
It provokes the generation of reactive oxygen species (ROS), impairs the skin’s antioxidant
status, and causes damage to DNA and proteins. Both direct and indirect adverse biological
effects induced by UVB can lead to photocarcinogenesis and photoaging, which is clinically
characterized as wrinkle formation and loss of skin elasticity [3]. UVB-induced degradation
of the extracellular matrix (ECM), as well as decreased expression of collagen and increased
expression of matrix metalloproteases (MMPs), can also contribute to photoaging [4,5].

MMPs are secreted from fibroblasts and keratinocytes and degrade the collagen and
other proteins in the ECM [6]. Among them, MMP-1 (collagenase) plays a major role in
the specific degradation of collagen types I and III during the aging process of the human
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dermis [7], suggesting that inhibition of MMP-1 induction could reduce UV-induced
photoaging [8–10]. However, UV irradiation also activates complex signal transduction
pathways mediated by growth factor receptors and members of the mitogen-activated
protein kinase (MAPK) family, such as extracellular signal-regulated kinases (ERKs), c-Jun
N-terminal kinases (JNKs), and p38 via ROS [11]. The transcription factor activator protein-
1 (AP-1) is a major effector of the MAPK pathway and regulates the transcription of several
MMP family members that together are capable of degrading all the ECM proteins [11,12].

Resveratrol (3,4′,5-trihydroxy-trans-stilbene; RES) is a natural stilbenoid polyphe-
nol with three hydroxyl groups, which has been demonstrated to have cosmeceutical
properties as well as anti-proliferative, antioxidant, anti-inflammatory, anti-angiogenic,
and anti-metastatic effects in many different cell lines [13–15]. Oxyresveratrol (2,3′,4,5′-
tetrahydroxy-trans-stilbene; OXYRES) is a stilbenoid polyphenol derivative with one more
hydroxyl group of RES found in some plants and has a potent tyrosinase-inhibiting ac-
tivity, among other properties [16]. However, RES and OXYRES are photosensitive and
display poor solubility, rendering them susceptible to oxidative discoloration and unpleas-
ant odor in solution. These problems impede their industrial utilization in cosmetics,
especially when exposed to light and heat [17]. There have been various approaches to
overcome these limitations [17,18]. In our previous study to improve the application of
RES and OXYRES, the compounds were chemically modified to acetylated derivatives [19].
Compared with the parent compounds, triacetyl RES (AcRES) and tetraacetyl OXYRES
(AcOXYRES) demonstrated chemical stability against heat and light, allowing long-term
storage. In addition, the previous study showed that acetylated RES and OXYRES could be
used as skin whitening agents in B16F10 melanocytes.

We hypothesized that the as-prepared and chemically stable AcRES and AcOXYRES
would be reduced back to their parent compounds in human dermal fibroblast (HDF) cells
and consequently also exert beneficial anti-aging effects on skin based on the antioxidant
activity of their parent compounds. Therefore, in this study we examined the protective
effects and molecular mechanisms of acetylated RES and OXYRES on UVB-induced skin
aging to determine their utilization as cosmeceuticals.

2. Materials and Methods
2.1. Chemicals and Antibodies

RES, AcRES, OXYRES, and AcOXYRES (Figure 1) were provided by Dr. Yong Chool
Boo of Kyungpook National University, Daegu, Korea [19]. L-Ascorbic acid, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), porcine liver esterase, 4-nitrophenyl acetate, and dichloromethane (CH2Cl2) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). The MMP-1 Fluoromet-
ric Drug Discovery Kit and TQ3-GABA-Pro-Cha-Abu-Smc-His-Ala-Dab(6-TAMRA)-Ala-
Lys-NH2 [TQ3 = quencher; GABA = 4-aminobutyric acid; Cha = L-cyclohexylalanine;
Abu = 2-aminobutyric acid; Smc = S-methyl-L-cysteine; Dab = 2,4-diaminobutyric acid;
6-TAMRA = 6-tetramethylrhodamine] were obtained from Enzo Life Sciences, Inc. (Farm-
ingdale, NY, USA). Anti-human MMP-1 antibody (Neomarkers, Inc., Fremont, CA, USA)
and anti-β-actin antibody (Sigma-Aldrich, St. Louis, MO, USA) were purchased from
the indicated commercial suppliers. The antibodies against phosphorylated Raf-1, total
Raf-1, phosphorylated MEK1/2 (Ser217/221), total MEK1/2, phosphorylated MKK4/7,
total MKK4/7, phosphorylated MKK3/6, total MKK3/6, phosphorylated p90RSK, total
p90RSK, phosphorylated p38, phosphorylated JNK1/2, total JNK1/2, phosphorylated Akt,
total Akt, phosphorylated mTOR, total mTOR, phosphorylated p70S6K, and total p70S6K
were purchased from Cell Signaling Biotechnology (Danvers, MA, USA). The antibodies
against phosphorylated ERK1/2, total ERK1/2, and total p38 were procured from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).
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Figure 1. Chemical structures of (a) resveratrol (RES), (b) triacetyl resveratrol (AcRES), (c) oxyresver-
atrol (OXYRES), and (d) tetraacetyl oxyresveratrol (AcOXYRES).

2.2. Cell Lines and Medium

Normal HDF cells were provided by Dr. Jin Ho Chung (College of Medicine, Seoul Na-
tional University, Seoul, Korea). Dulbecco’s modified Eagle’s medium (DMEM), penicillin–
streptomycin, 0.5% trypsin–EDTA, and fetal bovine serum (FBS) were purchased from
Gibco (Grand Island, NY, USA).

2.3. Cell Culture

HDF cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin–
streptomycin by incubation at 37 ◦C in a humidified atmosphere containing 5% CO2.
Cultured HDF cells at passages 10–18 were used for experiments.

2.4. MTT Assay

HDF cells were seeded (3× 103 cells/well) in 96-well plates and incubated at 37 ◦C for
24 h to allow the cells to attach. The attached HDF cells were treated with each compound
at various concentrations. Afterward, 20 µL of MTT solution (final concentration, 1 mg/mL)
was added to each well, and the cells were incubated for 2 h. The cell culture medium was
subsequently removed, and each well was treated with 200 µL DMSO to dissolve formazan
crystals. Dissolved formazan absorbance was measured at 570 nm using a microplate
reader (Sunrise-Basic Tecan, Tecan Austria GmbH, Grödig, Austria). The cell viability
was expressed as the percentage of MTT reduction calculated relative to the absorbance
of control cells. In addition, the concentration that reduced the cell viability to 50% was
calculated as the cytotoxic concentration 50 (CC50).

2.5. Antioxidant Activity
2.5.1. DPPH Assay

The method of Brand-Williams et al. was used with slight modifications [20]. DPPH
radical solution was dissolved in 80% (v/v) aqueous methanol to a final concentration of
0.4 mg/mL. Then, 10 µL of the compounds at the appropriate concentration and 190 µL of
the diluted DPPH radical solution were mixed in a 96-well plate. The mixture was shaken
vigorously and allowed to stand at room temperature in the dark for 30 min, at which time
the decrease in absorbance at 517 nm was measured by a microplate reader (Sunrise-Basic
Tecan, Tecan Austria GmbH).
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2.5.2. ABTS Assay

ABTS was dissolved in methanol to a final concentration of 7 mM. To generate ABTS+•

the methanolic ABTS solution was reacted with 2.45 mM potassium persulfate (final
concentration) in the dark at room temperature for 12–16 h until the reaction was complete
and the absorbance was stable. For analysis of the ABTS radical scavenging activity, the
ABTS+• stock solution was diluted in ethanol to an absorbance of 0.7 ± 0.02 at 734 nm,
then 90 µL of the diluted ABTS+• solution was added to 10 µL of the sample and mixed.
Five minutes later, the absorbance was read at 734 nm [21].

2.5.3. H2DCFDA (2′,7′-dichlorofluorescin diacetate) Assay

HDF cells were cultured in a black 96-well plate at 4 × 103 cells/well and incubated
for 24 h. Cultured HDF cells were further incubated with 20 µM of indicated compounds
for 12 h, followed by evaluation of H2O2-induced ROS generation levels. The cells were
washed twice with Hank’s Balanced Salt Solution (HBSS) and treated with 20 µM of
H2DCFDA in the dark. After 1 h, H2DCFDA was removed, and the cells were washed
twice with HBSS. Subsequently, 0 or 30 µM H2O2 was treated for 0.5 h to generate in-
tracellular ROS. The ROS levels were measured by detecting the fluorescence signal at
λexcitation/λemission (λex/λem) = 485/535 nm and calculated as the fold change relative to the
untreated control.

2.6. Deacetylation of AcRES and AcOXYRES
2.6.1. Hydrolysis of the Acetylated Compounds

HDF cells were harvested at about 90% confluence using cell lysis buffer (20 mM
Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM
PMSF, 1 mM glycerophosphate, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 µg/mL
leupeptin, and a protease inhibitor cocktail tablet). After splitting the cell lysate in half, one
half was kept fresh, and the other half was heat-treated at 90 ◦C for 20 min to inactivate
the enzyme. The protein concentration of each cell lysate was quantified using a Bio-
Rad Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA), as described in the
manufacturer’s manual. Fresh or heat-treated HDF cell lysates containing 80 µg protein or
cell lysis buffer were mixed with 100 µM RES, AcRES, OXYRES, or AcOXYRES in 100 mM
sodium phosphate buffer (pH 6.8). Each reaction mixture was prepared with a final volume
of 200 µL and incubated at 37 ◦C for 24 h. Additionally, 100 µM RES, AcRES, OXYRES, or
AcOXYRES were incubated with esterase (0, 2, or 10 U/mL) in 100 mM sodium phosphate
buffer (pH 6.8) at 37 ◦C for 24 h.

2.6.2. Sample Preparation and HPLC Analysis

Each reaction mixture of acetylated RES or OXYRES with HDF cell lysates, heat-
treated cell lysates, or only cell lysis buffer was extracted with 200 µL of ethyl acetate. The
mixture was vortexed, and the organic layer was taken for analysis. Ethyl acetate was
removed under reduced pressure, and the residue was dissolved in 200 µL of HPLC-grade
acetonitrile and filtered through a syringe filter. Standard RES, OXYRES, AcRES, and
AcOXYRES were dissolved in HPLC-grade acetonitrile at a concentration of 0.01 mg/mL.
The reaction mixture of acetylated RES or OXYRES with esterase (0, 2, or 10 U/mL) was
also prepared with the same procedure for HPLC analysis.

RES, OXYRES, and their acetylated derivatives were analyzed using an Alliance
2695 HPLC system (Waters, Milford, MA, USA), equipped with a diode array UV–visible
detector (Waters 2996, Waters), and a Hector-M C18 column (250 × 4.6 mm, 5 µm; RStech,
Daejeon, Korea). The mobile phases used were 0.1% trifluoroacetic acid in water (A) and
acetonitrile (B) at a flow rate of 1.0 mL/min. The gradient elution program was set as
follows: 0–5 min, 5% B; 5–20 min, 5–100% B; 20–25 min, 100% B; 25–30 min, 5% B. The
column temperature was maintained at 40 ◦C throughout the analysis. The chromatograms
were monitored at a wavelength of 280 nm, and the injection volume was 10 µL.
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2.6.3. Esterase Activity of HDF Cells

The esterase activity of HDF cells was measured using 4-nitrophenyl acetate, a sub-
strate for esterase [22]. 4-Nitrophenyl acetate stock solution at 250 mM in CH2Cl2 was
diluted to 0.5 mM using a 20 mM Tris–HCl (pH 8.0) buffer with 150 mM NaCl and 0.01%
Triton X-100, just before the start of the analysis. HDF cells were harvested at about 90%
confluence using cell lysis buffer (see Section 2.6.1). To confirm the esterase activity accord-
ing to the concentration of HDF cell lysate, 20 µL of cell lysate at various concentrations
was incubated with 200 µL of 0.5 mM working solution of the substrate at 37 ◦C for 10 min,
and the absorbance was measured at 415 nm. In addition, fresh or heat-treated (90 ◦C,
20 min) HDF cell lysate containing 20 µg of protein was mixed with 0.5 mM 4-nitrophenyl
acetate. Cell lysis buffer mixed with 0.5 mM 4-nitrophenyl acetate was prepared as the
blank. The reaction mixture was incubated at 37 ◦C while absorbance was measured at
415 nm at 20-min intervals.

2.7. MMP-1 Activity
2.7.1. In Vitro MMP-1 Activity Assay

The inhibitory effects of RES, OXYRES, AcRES, and AcOXYRES on MMP-1 enzymatic
activity in a cell-free system were assessed using the MMP-1 Fluorometric Drug Discovery
Kit (Enzo Life Sciences, Inc.) according to the manufacturer’s instructions. The assay
kit included the specific MMP-1 inhibitor (NNGH), which served as the control inhibitor.
The reaction mixtures were incubated at 37 ◦C for 5 min. The MMP-1 activities were
measured by detecting the fluorescence signal at λex/λem = 540/590 nm and calculated as
the percentage relative to the enzyme-treated control.

2.7.2. Intercellular MMP-1 Activity

The inhibitory effects of RES, OXYRES, AcRES, and AcOXYRES on intracellular MMP-
1 enzymatic activity were determined by slightly modifying the in vitro MMP-1 activity
assay (Section 2.7.1). HDF cells were harvested at about 90% confluence using M-PER
Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc., Waltham, MA,
USA) and quantified using a Bio-Rad protein assay kit (Bio-Rad Laboratories). HDF cell
lysate containing 5 µg of protein and test compounds of 0, 5, 10, or 20 µM concentration
were incubated at 37 ◦C for 30 min. Then, TQ3-GABA-Pro-Cha-Abu-Smc-His-Ala-Dab(6-
TAMRA)-AlaLys-NH2 was added at a final concentration of 0.5 µM, and the fluorescence
signal was detected at λex/λem = 540/590 nm.

2.8. UVB Irradiation

HDF cells were starved for 12 h in serum-free DMEM medium and pretreated with in-
dicated compounds for 1 h. Afterward, the cells were rinsed twice with warmed phosphate-
buffered saline (PBS) and irradiated with 20 mJ/cm2 of UVB in a small volume of PBS. UVB
irradiation was performed using a Bio-Link Crosslinker (Vilber Lourmat, Collégien, France)
emitting wavelengths with peak emission at 312 nm. Immediately after UVB irradiation,
pretreated media with indicated compounds were added to the HDF cells, which were
cultured according to protein expression conditions (detailed in each figure caption).

2.9. Western Blot Analysis

HDF cells (6–8 × 104) were cultured in a 60-mm diameter dish for 24 h, and then
the cells were starved in serum-free DMEM for a further 12 h to eliminate the influ-
ence of FBS on the kinase activation. The cells were obtained using cell lysis buffer (see
Section 2.6.1) after appropriate treatments, depending on the purpose of each experiment.
The protein concentration of the cell lysate was determined (Section 2.6.1), and the proteins
were separated by 8–10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
electrophoretically transferred to a polyvinylidene fluoride membrane (Millipore Corp.,
Bedford, MA, USA). The membrane was blocked in 5% skim milk and incubated with
primary antibodies at 4 ◦C overnight, followed by incubation with secondary antibodies
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(HRP-conjugated anti-IgG). The antibody-bound proteins were visualized using an ECL
Plus Western blotting detection system (GE Healthcare Life Sciences, Waukesha, WI, USA).
β-Actin or the total formed kinase was used as the loading control. The protein expression
level was calculated as the relative fold change to the UVB treatment group by measuring
the band intensity using ImageJ from NIH (Bethesda, MD, USA).

2.10. Collagen Degradation Assay

The cell-mediated collagen assay was performed in 6-well cell culture plates coated
with 1.5 mL of rat-tail tendon (RTT, 300 mg/mL) type I collagen per well, as previously
described [23]. Briefly, RTT type I collagen was dissolved in a mixture of 13 mM HCl and
neutralizing phosphate buffer (80 mL of 0.2 M NaH2PO4/Na2HPO4 buffer, 16.6 mL of 5 M
NaCl, and 80 mL of 0.1 N NaOH) rapidly on ice to provide a final collagen concentration
of 300 mg/mL and pH of 7.4. A 1.5-mL aliquot of neutralized collagen solution was
dispensed in each well of the 6-well plates (0.45 mg of collagen gel) and incubated at 37 ◦C
for 2–4 h to allow collagen gel formation. The collagen gels were dehydrated overnight
under laminar air-flow in a hood, washed three times with distilled water, each time for
30 min, and then air-dried overnight in a laminar flow hood. The HDF cells (3×104 cells
in a total volume of 100 µL) were seeded in the center of each well. After allowing the
cells to attach for 6 h, 2 mL of serum-free DMEM was added to each well with or without
150 nM 12-O-tetradecanoylphorbol-13-acetate (TPA; Sigma-Aldrich) and 20 µM of indicated
compounds. After incubation for 5 days, the conditioned media was removed, the cells
were removed with 0.25% trypsin, and then the wells were rinsed with distilled water. The
washed wells were stained with Coomassie blue for 15 min to visualize residual collagen
film and then destained with distilled water. Collagen degradation was analyzed using
ImageJ from NIH.

2.11. Statistical Analysis

Quantitative data were presented as mean ± standard deviation (SD) and analyzed
by one-way analysis of variance (ANOVA) using IBM SPSS Statistics 25 (IBM, Armonk,
NY, USA). Statistical significance was identified by Duncan’s multiple range test at p < 0.05.
Non-quantitative data represented three independent experiments that gave similar results.

3. Results and Discussion
3.1. AcRES and AcOXYRES Do Not Eliminate In Vitro Free Radicals but Reduce H2O2-Induced
ROS in HDF Cells

RES is a potent antioxidant. OXYRES is similar in structure to RES and displays
antioxidant activity [24,25]. Accumulation of ROS-induced oxidative damage, along with
DNA damage and inflammation, are closely involved in skin aging [26]. Therefore, RES and
OXYRES have been highly regarded as potential anti-aging agents for the skin. However,
their chemical instability limits their industrial utilization in cosmetics. To this end, in a
previous study, RES and OXYRES were reacted with acetic anhydride in an aprotic solvent
to replace the hydroxyl groups of each compound with acetyl groups, resulting in the
acetyl derivatives AcRES and AcOXYRES, respectively [19]. When these acetyl derivatives
and their parent compounds were stored at a high temperature (60 ◦C) for 14 days, the RES
and OXYRES solutions showed obvious discoloration, but not the AcRES and AcOXYRES
solutions [19]. These results suggested that acetylation of RES and OXYRES could improve
their oxidative stability.

To confirm whether AcRES and AcOXYRES could replace RES and OXYRES as anti-
aging agents, we evaluated and compared the antioxidant activities of RES, OXYRES,
AcRES, and AcOXYRES. In vitro DPPH• scavenging activities of 10 mg/100 mL of RES
and OXYRES were similar to vitamin C, with vitamin C equivalent antioxidant capacities
of 7.2 ± 0.5 and 10.5 ± 0.3 mg/100 mL, respectively (Figure 2a). OXYRES, with one
more hydroxyl group, had a significantly higher radical scavenging ability than RES.
However, the results for AcRES and AcOXYRES, the acetylated derivatives of the parent
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compounds, were 0.0 ± 0.1 and 0.2 ± 0.4 mg/100 mL, respectively, indicating no DPPH•

radical scavenging activity (Figure 2a). The ABTS+• scavenging capacities of RES, AcRES,
OXYRES, and AcOXYRES at 10 mg/100 mL were equivalent to 24.9 ± 0.8, 1.9 ± 0.8,
42.9 ± 1.1, and 0.4 ± 0.3 mg/100 mL of vitamin C, respectively (Figure 2b). Like the DPPH
results, the effect was higher for OXYRES than RES, and the acetylated derivatives had no
ABTS+• scavenging activity.

Figure 2. Antioxidative effects of RES and its derivatives. (a) 2,2-Diphenyl-1-picryl-hydrazyl (DPPH)
radical scavenging activities and (b) 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS) radical scavenging activities of the compounds. Data represent mean ± standard
deviation (SD) as vitamin C equivalent antioxidant capacity (VCEAC). (c) Intracellular reactive
oxygen species (ROS) scavenging activities of the compounds in human dermal fibroblast (HDF) cells.
The cells were incubated with or without RES and its derivatives for 12 h. Data are mean ± SD rela-
tive to the untreated control. (d) Cytotoxicity of RES and its derivatives on HDF cells. Cell viability
was measured by the MTT assay as described in Section 2.4. *, Significant difference (p < 0.05) com-
pared with H2O2-treated control; #, significant difference (p < 0.05) of parent vs. acetyl compounds;
§, significant difference (p < 0.05) of (Ac)RES vs. (Ac)OXYRES; ns, not significant (p > 0.05).

To further assess the antioxidant activities of RES, OXYRES, and their acetylated
derivatives in HDF cells, the H2O2-induced intracellular ROS levels were determined
by using the H2DCFDA assay. In contrast to the in vitro free radical scavenging effects,
all compounds reduced H2O2-induced ROS levels significantly in HDF cells treated for
12 h, with similar or slightly better effects than the respective parent compounds. The
intracellular ROS inhibition by AcRES was significantly higher than that of its parent
compound RES, but it was not a dramatic difference, and there was no significant difference
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between OXYRES and AcOXYRES (Figure 2c). RES, AcRES, OXYRES, and AcOXYRES were
treated at concentrations that did not have cytotoxicity in HDF cells for 24 h (Figure 2d).
To additionally establish the CC50 value, the HDF cells were treated with comparatively
much higher concentrations of RES, AcRES, OXYRES, and AcOXYRES for 24 h, and the
results were 300.5 ± 55.6, 183.0 ± 22.4, 381.0 ± 37.4, and 182.6 ± 59.8 µM, respectively
(Table S1).

These data indicated that OXYRES, with one more hydroxyl group, displayed higher
free radical scavenging activity than RES; however, the acetylated forms, in which hydroxyl
groups are replaced by acetyl groups, did not scavenge free radicals. These results are
consistent with previous reports that the number of hydroxyl groups is related to the
antioxidant activity of phenolic compounds [27,28]. However, we also observed that the
intracellular ROS scavenging abilities in H2O2-treated HDF cells were maintained with
acetylation of RES and OXYRES. Taken together, our findings suggested that acetylated
RES and OXYRES cannot eliminate free radicals because of their molecular structure
but that they can inhibit ROS generation in cells by inducing either chemical changes or
other mechanisms.

3.2. AcRES and AcOXYRES Are Hydrolyzed to the Parent Compounds in HDF Cells

Previous research confirmed the conversion of AcRES and AcOXYRES to their re-
spective parent compounds by the cell lysate of B16F10 and suggested that intracellular
esterase hydrolyzes the acetyl groups [19]. To confirm whether the antioxidant activities of
AcRES and AcOXYRES, which were effective only in the cells and not in vitro, are due to
their deacetylation to RES and OXYRES by hydrolysis of the acetyl group, HDF cell lysate
was incubated with the acetylated compounds for 24 h. HPLC analysis data implied that
the enzyme in HDF cells deacetylates AcRES and AcOXYRES to their respective parent
compounds, RES and OXYRES. Standard RES, OXYRES, AcRES, and AcOXYRES had reten-
tion times of 14.52, 19.30, 13.59, and 18.98 min, respectively. The HPLC chromatogram of
AcRES incubated with HDF cell lysate exhibited a strong peak at 14.52 min, corresponding
to the retention time of RES (Figure 3(a1)). However, the peak for AcRES was substan-
tially weaker than that for RES, indicating that most of the AcRES was deacetylated by
the enzyme in the HDF cell lysate (Figure 3(a1)). In addition, the peak for RES was not
present in the chromatogram of AcRES incubated with the heat-treated cell lysate or only
lysis buffer, and the AcRES peak remained strong (Figure 3(a2,a3)). The chromatogram of
AcOXYRES incubated with HDF cell lysate also exhibited a strong peak for its parent com-
pound OXYRES and a relatively weaker peak for AcOXYRES, consistent with the results
for AcRES incubated with HDF cell lysate (Figure 3(b1)). The chromatogram of AcOXYRES
incubated with either the heat-treated cell lysate or only lysis buffer showed a strong peak
for AcOXYRES but did not exhibit any measurable peak for OXYRES (Figure 3(b2,b3)).
The HPLC data supported that the enzyme in the HDF cell is responsible for the conver-
sion (deacetylation) of AcRES and AcOXYRES to their respective parent compounds, RES
and OXYRES.

To clarify the role of esterase in the deacetylation of AcRES and AcOXYRES by HDF
cell lysate, porcine liver esterase was reacted with AcRES or AcOXYRES for 24 h, and the
residual acetylated compounds and their converted (deacylated) compounds were detected.
In the chromatograms, the peaks for AcRES and AcOXYRES decreased dependent on the
esterase concentration, and concomitant peaks for their respective parent compounds, RES
and OXYRES, were detected (Figure 3c,d). This deacetylation of AcRES and AcOXYRES by
HDF cells was thus at least partially due to the intracellular esterase. Therefore, we further
measured the esterase activity of HDF cell lysate using 4-nitrophenyl acetate, a substrate for
esterase. Catalyzed hydrolysis of 4-nitrophenyl acetate by esterase releases 4-nitrophenyl,
which can be spectrophotometrically detected. HDF cell lysate increased the deacetylation
of 4-nitrophenyl acetate dependent on the protein (enzyme) concentration (Figure 3e), and
this activity was abolished by inactivation of the enzyme with heat treatment (Figure 3f).
The buffer for obtaining the cell lysate did not affect the deacetylation activity of the
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esterase (Figure S1). It follows that we demonstrated that HDF cell lysate has sufficient
deacetylation activity to induce deacetylation of AcRES and AcOXYRES. We demonstrated
that, taken together, AcRES and AcOXYRES are deacetylated by esterase in HDF cells into
RES and OXYRES, respectively, resulting in a similar effect to the parent compounds in
the cells.

3.3. RES, AcRES, OXYRES, and AcOXYRES Inhibit MMP-1 Enzyme Activity In Vitro and
UVB-Induced MMP-1 Expression in HDF Cells

The skin is largely divided into the epidermis and the dermis, of which the dermis
occupies most of the skin structure, with a thickness 10 to 40 times that of the epidermis [29].
Collagen type I is the most abundant component of the ECM that comprises the dermis
and is responsible for the strength and elasticity of the skin [30]. External stimuli such
as UV irradiation stimulate the expression of MMP-1 in dermal fibroblasts to degrade
collagen in the skin, and accumulation of such damage can induce wrinkle formation,
a characteristic of extrinsic aging [31,32]. Therefore, MMP-1 is a major marker of skin
aging [8–10] induced dependently or independently of ROS by UVB. Demonstration of
the antioxidant activities implicated that AcRES and AcOXYRES could prevent skin aging.
To more directly demonstrate the anti-aging effects of AcRES and AcOXYRES on the skin,
we evaluated the impact of these compounds on the activity of MMP-1, which plays
an important role in collagen degradation in the human skin dermis. RES and AcRES
significantly inhibited the activity of MMP-1 in the cell-free system at concentrations above
10 µM, and OXYRES and AcOXYRES significantly inhibited the activity at concentrations
above 5 µM (Figure 4a). RES, AcRES, OXYRES, and AcOXYRES at 20 µM reduced the
activity of recombinant MMP-1 to 61.75, 72.34, 39.41, and 58.61%, respectively, and the
inhibitory effect of OXYRES was significantly higher at this concentration than that of the
other compounds. We used HDF cell lysate to compare the inhibitory activity of these
compounds against the full-length MMP-1 protein secreted by HDF cells rather than the
partially recombinant MMP-1 containing the catalytic domain. RES and OXYRES and their
acetylated derivatives suppressed intracellular MMP-1 of HDF cells in a dose-dependent
manner (Figure 4b). Interestingly, the inhibition activity of each compound on intracellular
MMP-1 showed the same trend as that in the cell-free system.

MMP-1-mediated skin aging can be delayed not only by inhibition of enzymatic
activity but also by suppression of the protein overexpression induced by specific stim-
uli [33]. Therefore, we evaluated whether pretreatment of HDF cells with RES, OXYRES,
and their acetylated derivatives before UVB irradiation attenuated the MMP-1 expres-
sion to provide further evidence of their anti-wrinkle effects. RES, AcRES, OXYRES, and
AcOXYRES were added to the HDF cell culture medium at concentrations of 0, 5, 10, or
20 µM, followed 1 h later by UVB irradiation (20 mJ/cm2). Twenty-four hours after UVB
irradiation, HDF cells were harvested, and the expression of MMP-1 in the cell lysate was
detected by Western blot analysis. RES and AcRES at 10 µM (Figure 5a,b) and OXYRES
at 20 µM (Figure 5c) significantly inhibited UVB-induced MMP-1 expression. AcOXYRES,
an acetylated derivative of OXYRES, abolished the UVB-induced MMP-1 expression at all
concentrations (Figure 5d). RES has already been shown to inhibit MMP-2 and -9 activity
and decrease the expression levels of these MMPs in various cells [34,35]. A recent study
found that RES inhibited the gene expression of MMPs, including MMP-1, induced by
interleukin (IL)-1β in articular chondrocytes [36]. In other work, RES and RES-enriched
rice extracts negatively regulated the UVB-induced increase in MMP-1 in HDF cells [37].
The present study affirmed that RES attenuates the expression of UVB-induced MMP-1
in HDF cells, supporting the role of RES as a suppressor of MMP-1. It also confirmed
that OXYRES suppressed UVB-induced MMP-1 expression in HDF cells markedly and
that AcRES and AcOXYRES have this effect. These results showed that the acetylated
derivatives of RES and OXYRES can inhibit the activity and expression of MMP-1 similar to
or better than their respective parent compounds, suggesting that AcRES and AcOXYRES
could be used to supersede their unstable parent compounds, resulting in suppression of
MMP-1-mediated dermal damage inflicted by UVB.
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Figure 3. Deacetylation of AcRES and AcOXYRES by esterase from HDF cells. The HPLC chro-
matograms for AcRES incubated with (a1) HDF cell lysates, (a2) heat-treated HDF cell lysates, and
(a3) only lysis buffer. The HPLC chromatograms for AcOXYRES incubated with (b1) HDF cell
lysates, (b2) heat-treated HDF cell lysates, and (b3) only lysis buffer. Data correspond to AcRES
and AcOXYRES, which are deacetylated to RES and OXYRES by the enzyme present in HDF cell
lysates. The HPLC chromatograms for AcRES incubated (c1) without esterase, or with (c2) 2 U/mL
of esterase, and (c3) 10 U/mL of esterase. The HPLC chromatograms for AcOXYRES incubated
without (d1) esterase or with (d2) 2 U/mL of esterase and (d3) 10 U/mL of esterase. (e) Esterase
activity of HDF cell lysate dependent on protein concentration. (f) Esterase activity of HDF cell
lysates (filled circles), heat-treated HDF cell lysates (filled squares), and only lysis buffer (empty
squares) dependent on reaction time.
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Figure 4. Effects of RES and its derivatives on matrix metalloprotease-1 (MMP-1) activity. (a) MMP-1
activity was determined as the activity of the recombinant human MMP-1 catalytic domain. (b) In-
tracellular MMP-1 activity in HDF cells was measured using the HDF cell lysates, as described in
Materials and Methods. Data are mean± SD of percentage relative to untreated control. *, Significant
difference (p < 0.05) compared with untreated control; #, significant difference (p < 0.05) of parent vs.
acetyl compounds; §, significant difference (p < 0.05) of (Ac)RES vs. (Ac)OXYRES; ns, not significant
(p > 0.05).

3.4. RES, AcRES, OXYRES, and AcOXYRES Are Involved in UVB-Induced MMP-1 Expression
by Modulating Activation of MAPK and Akt/mTOR Signaling Pathway

We observed a reduction in the UVB-induced MMP-1 protein levels by AcRES and
AcOXYRES, which suggested that AcRES and AcOXYRES could inhibit the induction of
MMP-1 protein expression. However, these results cannot exclude the possible degradation
of the already expressed MMP-1 protein. Therefore, we performed further cell assays
and Western blot analysis to confirm that RES, AcRES, OXYRES, and AcOXYRES also
regulate the cellular signaling system responsible for upregulating the protein expression
of MMP-1 induced by UVB. Previous studies indicated the involvement of the MAPK
signaling pathway in UVB-induced MMP-1 expression [11]. Therefore, identifying the
effects of RES, AcRES, OXYRES, and AcOXYRES on UVB-induced MAPK phosphorylation
in HDF cells is important for understanding the mechanisms underlying their regulation
of MMP-1 expression. All four compounds significantly downregulated the activation
of the UVB-induced ERK signaling pathway consisting of sequential phosphorylation
of Raf-1, MEK1/2, ERK1/2, p90RSK, and p38 signaling pathways involving sequential
phosphorylation of MKK3/6 and p38 in HDF cells (Figure 6a,b). Conversely, activation of
the MKK4/7–JNK1/2 signaling pathway by UVB irradiation was inhibited by OXYRES and
AcOXYRES in HDF cells but not by RES and AcRES (Figure 6c). According to Shin et al.,
activation of the Akt/mTOR signaling pathway is also involved in UVB-induced MMP-1
expression in HDF cells [38]. Therefore, we confirmed whether RES, AcRES, OXYRES,
and AcOXYRES could regulate the Akt/mTOR signaling pathway. All four compounds



Antioxidants 2021, 10, 1252 12 of 18

suppressed the pathway by significantly downregulating UVB-induced phosphorylation
of Akt, mTOR, and p70S6K in HDF cells (Figure 6d).

Figure 5. Effects of RES and its derivatives on UVB-induced MMP-1 expression in HDF cells.
Starved HDF cells were treated with (a) RES, (b) AcRES, (c) OXYRES, or (d) AcOXYRES at the
indicated concentration for 1 h before being exposed to UVB (20 mJ/cm2) for 24 h. MMP-1 and
β-actin expression levels were measured by Western blot analysis using specific antibodies, as
described in Materials and Methods. The band intensity of MMP-1/β-actin was represented as
the mean ± SD of the fold change value relative to the UVB-treated group. Data represent three
independent experiments that gave similar results. *, Significant difference (p < 0.05) compared with
UVB-irradiated control.

Our molecular mechanism study of the inhibition of MMP-1 expression by RES,
OXYRES, and their acetylated derivatives showed that RES and AcRES partially abolished
the activity of the UVB-activated ERK, p38, and Akt/mTOR signaling pathways, but not the
JNK1/2 signaling pathway. In contrast, OXYRES and AcOXYRES dramatically inhibited
the MAPKs and Akt/mTOR signaling pathways in UVB-irradiated HDF cells. Generation
of UV-induced ROS as a secondary messenger activates the MAPK family to stimulate
the AP-1 transcription factors, c-Jun and c-Fos, essential in the regulation of MMP-1 gene
transcription in the skin [5,39]. Moreover, UVB is reported to enhance the activity of
p70S6K, a downstream target of Akt/mTOR, resulting in the regulation of MMP-1 protein
levels in HDF cells [40]. These ROS actions can lead to an increased MMP-1 expression in
keratinocytes and dermal fibroblasts [41,42]. Some studies have shown that UVB stimulates
MMP-1 expression directly, mainly in HDF cells, but other studies have suggested an
indirect mechanism. ROS production by UV irradiation can increase cytokines, such as
IL-6 and IL-1β in dermal fibroblasts, and these also mediate the enhancement of MMP-
1 expression. Furthermore, one study found that UVB-irradiated keratinocyte culture
medium, which has increased levels of IL-6 and IL-1β, indirectly increases the expression
of MMP-1 in HDF cells [43]. These findings highlight the role of ROS in skin aging
mediated by MMP-1. Based on the accumulated evidence for MMP-1 gene transcription
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by UVB in human skin, the attenuation of MMP-1 expression by RES, OXYRES, and
their acetylated derivatives might be mediated via MAPKs and Akt/mTOR pathways in
HDF cells. Interestingly, AcOXYRES was more advantageous than OXYRES for inhibiting
phosphorylation of most of the investigated kinases. Instead, RES showed no such trend.
Moreover, between the acetylated compounds, unlike their respective parent compounds,
the inhibitory effect of AcOXYRES on UVB-induced kinase activity was generally superior
to that of AcRES. This result challenged our hypothesis that acetylated compounds would
be converted to RES and OXYRES, acting the same as the parent compounds. However,
on the one hand, we expected that the efficacy of OXYRES, which has a greater reactivity,
decreased because of its lower stability than the parent compound. On the other hand,
when the stability was improved by acetylation, it would act on HDF more stably and
thus be able to exhibit results different from that of the parent compound. As a result,
the ability of AcOXYRES to inhibit the phosphorylation activities of kinases, which are
involved in the UVB-induced MMP-1 expression, was the strongest with AcOXYRES
treatment, corroborating the effects of the studied compounds on the regulation of MMP-1
expression. Our results suggest that intracellular conversion to the parent compounds by
treatment with acetylated forms may be more advantageous for maintaining the stability
of the compounds than treatment with the parental forms. Although the observations
do not expound on the differential regulation of MAPK signaling by RES and OXYRES,
with only one hydroxyl group difference, we expect that OXYRES, with a relatively higher
antioxidant activity, will be more advantageous for MAPK inhibition because UV-induced
ROS activated MAPK signaling. Furthermore, the intensity of the interaction with a target
protein may vary due to the difference in the number of hydroxyl groups between RES and
OXYRES, which may change the inhibitory activity of the enzyme. A recent study revealed
that the higher tyrosinase inhibition by OXYRES compared to RES could be attributed
to structural differences in binding capacity and hydrogen bonding amount [44]. This
suggests that the activity of OXYRES (AcOXYRES), which inhibited more kinases more
strongly in our results, could be due to one more attached hydroxyl residue.

3.5. RES, OXYRES, and Their Acetylated Derivatives Suppress Collagen Degradation in
HDF Cells

Type I collagen is found in all dermal layers [45]. Considering that MMP-1 initi-
ates the degradation of collagen type I [37], the ability of AcRES, AcOXYRES, and their
parent compounds to inhibit collagen degradation was evaluated. Collagen gels were
constructed, embedded with cultured HDF cells, then treated with TPA to induce collagen
degradation. On day 5, HDF cells treated with 150 nM TPA had cleaved the collagen under-
neath the cells seeded in the center of the collagen gel compared with the TPA-untreated
groups (Figure 7a). When the HDF cells were treated with 20 µM of each compound (RES,
AcRES, OXYRES, and AcOXYRES), the collagen degradation was inhibited relative to the
TPA-treated groups. These results provided evidence for the availability of AcRES and
AcOXYRES as anti-skin aging agents, showing that these compounds can successfully
offset the degradation of type I collagen.
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Figure 6. Effects of RES and its derivatives on UVB-induced (a–c) MAPK and (d) Akt/mTOR signaling pathways in HDF cells.
HDF cells were starved for 12 h in serum-free DMEM and treated with the compounds. After 1 h, the cells were irradiated
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with UVB (20 mJ/cm2) and harvested 30 min later. The levels of phosphorylated or total forms of kinase proteins were
determined by Western blot analysis using specific antibodies, as described in Materials and Methods. The band intensity of
phospho-/total kinase is represented as mean ± SD of the fold change relative to the UVB-treated group. Data represent
three independent experiments that gave similar results. *, Significant difference (p < 0.05) compared with UVB-irradiated
control; #, significant difference (p < 0.05) of parent vs. acetyl compounds; §, significant difference (p < 0.05) of (Ac)RES vs.
(Ac)OXYRES; ns, not significant (p > 0.05).

Figure 7. Effects of RES and its derivatives on UVB-induced collagen degradation. (a) After HDF
cell attachment, serum-free DMEM with 150 nM 12-O-tetradecanoylphorbol-13-acetate (TPA) and
20 µM of samples was added. After 5 days, the HDF cells were removed, and the collagen cleavage
was visualized by Coomassie blue staining. Collagen degradation was quantified using ImageJ
software. Data represent mean ± SD of three independent experiments. *, Significant difference
(p < 0.05) compared with UVB-irradiated control; #, significant difference (p < 0.05) of parent vs.
acetyl compounds; §, significant difference (p < 0.05) of (Ac)RES vs. (Ac)OXYRES; ns, not significant
(p > 0.05). (b) Schematic diagram of the proposed anti-skin aging mechanism of acetyl derivatives
of RES and OXYRES. Acetylated RES and OXYRES lose their acetyl group and exert an inhibitory
effect on ROS generation in HDF cells. In addition, RES, OXYRES, and their acetylated derivatives
can suppress UVB-induced MMP-1 expression via inhibition of ERK, p38, Akt/mTOR and/or JNK
signaling pathways. Furthermore, this mechanism can lead to inhibition of collagen degradation in
HDF cells.

4. Conclusions

The present study attempted to elucidate the effects and molecular mechanisms of
RES, OXYRES, and their acetylated derivatives (AcRES and AcOXYRES) on UVB-induced
skin aging to verify the availability of AcRES and AcOXYRES as anti-aging cosmeceuticals
for the skin. We found that AcRES and AcOXYRES were deacetylated to their respective
parent compounds in HDF cells, in turn inhibiting ROS production and UVB-induced
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MMP-1 expression. These effects were similar to or better than those of the parent com-
pounds. Furthermore, our results suggested that AcRES inhibits ERK, p38, and Akt/mTOR
signaling, and AcOXYRES additionally inhibits JNK signaling, resulting in downregulation
of the UVB-induced MMP-1 expression (Figure 7b). However, the process of converting
AcRES and AcOXYRES to their parent compounds by HDF cells remains unknown, and
further research is needed to investigate whether the proposed anti-aging effects on the skin
in the cell culture model can be reproduced in vivo. Nevertheless, this work shows that
the acetyl derivatives of RES and OXYRES restore UVB-compromised collagen, suggesting
the possibility of AcRES and AcOXYRES as stable and effective anti-aging cosmeceuticals
for the skin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10081252/s1, Table S1: Cytotoxic concentration 50 (CC50) of RES, OXYRES, and their
acetyl derivatives. Figure S1: Enzymatic activity of esterase in cell lysis buffer.

Author Contributions: Conceptualization, J.-E.L., J.O. and N.J.K.; Formal analysis, J.-E.L., J.O. and
D.S.; Investigation, J.-E.L., J.O., D.S., M.L. and D.H.; Resources, Y.C.B., D.H. and N.J.K.; Writing—
original draft, J.-E.L., J.O. and N.J.K.; Writing—review and editing, J.-E.L. and N.J.K.; Project admin-
istration, N.J.K.; Supervision, N.J.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Small and Medium Business Administration in
South Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. El-Domyati, M.; Attia, S.; Saleh, F.; Brown, D.; Birk, D.E.; Gasparro, F.; Ahmad, H.; Uitto, J. Intrinsic aging vs. photoaging:

A comparative histopathological, immunohistochemical, and ultrastructural study of skin. Exp. Dermatol. 2002, 11, 398–405.
[CrossRef]

2. Friedman, O. Changes associated with the aging face. Facial Plast. Surg. Clin. N. Am. 2005, 13, 371–380. [CrossRef] [PubMed]
3. Afaq, F.; Adhami, V.M.; Mukhtar, H. Photochemoprevention of ultraviolet B signaling and photocarcinogenesis. Mutat. Res. 2005,

571, 153–173. [CrossRef]
4. Fisher, G.J.; Kang, S.; Varani, J.; Bata-Csorgo, Z.; Wan, Y.; Datta, S.; Voorhees, J.J. Mechanisms of photoaging and chronological

skin aging. Arch. Dermatol. 2002, 138, 1462–1470. [CrossRef]
5. Rittie, L.; Fisher, G.J. UV-light-induced signal cascades and skin aging. Ageing Res. Rev. 2002, 1, 705–720. [CrossRef]
6. Quan, T.; Qin, Z.; Xia, W.; Shao, Y.; Voorhees, J.J.; Fisher, G.J. Matrix-degrading metalloproteinases in photoaging. J. Investig.

Dermatol. Symp. Proc. 2009, 14, 20–24. [CrossRef] [PubMed]
7. Gelse, K.; Poschl, E.; Aigner, T. Collagens—Structure, function, and biosynthesis. Adv. Drug Deliv. Rev. 2003, 55, 1531–1546.

[CrossRef]
8. Brennan, M.; Bhatti, H.; Nerusu, K.C.; Bhagavathula, N.; Kang, S.; Fisher, G.J.; Varani, J.; Voorhees, J.J. Matrix metalloproteinase-1

is the major collagenolytic enzyme responsible for collagen damage in UV-irradiated human skin. Photochem. Photobiol. 2003, 78,
43–48. [CrossRef]

9. Chung, J.H.; Seo, J.Y.; Choi, H.R.; Lee, M.K.; Youn, C.S.; Rhie, G.; Cho, K.H.; Kim, K.H.; Park, K.C.; Eun, H.C. Modulation of skin
collagen metabolism in aged and photoaged human skin in vivo. J. Investig. Dermatol. 2001, 117, 1218–1224. [CrossRef] [PubMed]

10. Fisher, G.J.; Datta, S.C.; Talwar, H.S.; Wang, Z.Q.; Varani, J.; Kang, S.; Voorhees, J.J. Molecular basis of sun-induced premature skin
ageing and retinoid antagonism. Nature 1996, 379, 335–339. [CrossRef]

11. Fisher, G.J.; Talwar, H.S.; Lin, J.; Voorhees, J.J. Molecular mechanisms of photoaging in human skin in vivo and their prevention
by all-trans retinoic acid. Photochem. Photobiol. 1999, 69, 154–157. [CrossRef] [PubMed]

12. Kang, J.; Chen, W.; Xia, J.; Li, Y.; Yang, B.; Chen, B.; Sun, W.; Song, X.; Xiang, W.; Wang, X.; et al. Extracellular matrix secreted
by senescent fibroblasts induced by UVB promotes cell proliferation in HaCaT cells through PI3K/AKT and ERK signaling
pathways. Int. J. Mol. Med. 2008, 21, 777–784. [CrossRef]

13. Caddeo, C.; Teskac, K.; Sinico, C.; Kristl, J. Effect of resveratrol incorporated in liposomes on proliferation and UV-B protection of
cells. Int. J. Pharm. 2008, 363, 183–191. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox10081252/s1
https://www.mdpi.com/article/10.3390/antiox10081252/s1
http://doi.org/10.1034/j.1600-0625.2002.110502.x
http://doi.org/10.1016/j.fsc.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16085282
http://doi.org/10.1016/j.mrfmmm.2004.07.019
http://doi.org/10.1001/archderm.138.11.1462
http://doi.org/10.1016/S1568-1637(02)00024-7
http://doi.org/10.1038/jidsymp.2009.8
http://www.ncbi.nlm.nih.gov/pubmed/19675548
http://doi.org/10.1016/j.addr.2003.08.002
http://doi.org/10.1562/0031-8655(2003)078&lt;0043:MMITMC&gt;2.0.CO;2
http://doi.org/10.1046/j.0022-202x.2001.01544.x
http://www.ncbi.nlm.nih.gov/pubmed/11710936
http://doi.org/10.1038/379335a0
http://doi.org/10.1111/j.1751-1097.1999.tb03268.x
http://www.ncbi.nlm.nih.gov/pubmed/10048311
http://doi.org/10.3892/ijmm.21.6.777
http://doi.org/10.1016/j.ijpharm.2008.07.024


Antioxidants 2021, 10, 1252 17 of 18

14. Chan, C.M.; Chang, H.H.; Wang, V.C.; Huang, C.L.; Hung, C.F. Inhibitory effects of resveratrol on PDGF-BB-induced retinal
pigment epithelial cell migration via PDGFRbeta, PI3K/Akt and MAPK pathways. PLoS ONE 2013, 8, e56819. [CrossRef]

15. Newton, R.A.; Cook, A.L.; Roberts, D.W.; Leonard, J.H.; Sturm, R.A. Post-transcriptional regulation of melanin biosynthetic
enzymes by cAMP and resveratrol in human melanocytes. J. Investig. Dermatol. 2007, 127, 2216–2227. [CrossRef] [PubMed]

16. Kim, J.K.; Kim, M.; Cho, S.G.; Kim, M.K.; Kim, S.W.; Lim, Y.H. Biotransformation of mulberroside A from Morus alba results in
enhancement of tyrosinase inhibition. J. Ind. Microbiol. Biotechnol. 2010, 37, 631–637. [CrossRef]

17. Silva, F.; Figueiras, A.; Gallardo, E.; Nerin, C.; Domingues, F.C. Strategies to improve the solubility and stability of stilbene
antioxidants: A comparative study between cyclodextrins and bile acids. Food Chem. 2014, 145, 115–125. [CrossRef]

18. Jensen, J.S.; Wertz, C.F.; O’Neill, V.A. Preformulation stability of trans-resveratrol and trans-resveratrol glucoside (Piceid). J. Agric.
Food Chem. 2010, 58, 1685–1690. [CrossRef]

19. Park, J.; Park, J.H.; Suh, H.J.; Lee, I.C.; Koh, J.; Boo, Y.C. Effects of resveratrol, oxyresveratrol, and their acetylated derivatives on
cellular melanogenesis. Arch. Dermatol. Res. 2014, 306, 475–487. [CrossRef]

20. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT Food Sci. Technol.
1995, 28, 25–30. [CrossRef]

21. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

22. Gilham, D.; Lehner, R. Techniques to measure lipase and esterase activity in vitro. Methods 2005, 36, 139–147. [CrossRef] [PubMed]
23. Birkedal-Hansen, H.; Yamada, S.; Windsor, J.; Pollard, A.H.; Lyons, G.; Stetler-Stevenson, W.; Birkedal-Hansen, B. Matrix

metalloproteinases. Curr. Protoc. Cell Biol. 2008, 40, 10.8.1–10.8.23. [CrossRef]
24. Chao, J.; Yu, M.S.; Ho, Y.S.; Wang, M.; Chang, R.C. Dietary oxyresveratrol prevents parkinsonian mimetic 6-hydroxydopamine

neurotoxicity. Free Radic. Biol. Med. 2008, 45, 1019–1026. [CrossRef]
25. Lorenz, P.; Roychowdhury, S.; Engelmann, M.; Wolf, G.; Horn, T.F. Oxyresveratrol and resveratrol are potent antioxidants and free

radical scavengers: Effect on nitrosative and oxidative stress derived from microglial cells. Nitric Oxide 2003, 9, 64–76. [CrossRef]
26. Pillai, S.; Oresajo, C.; Hayward, J. Ultraviolet radiation and skin aging: Roles of reactive oxygen species, inflammation and

protease activation, and strategies for prevention of inflammation-induced matrix degradation—A review. Int. J. Cosmet. Sci.
2005, 27, 17–34. [CrossRef]

27. Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of flavonoids and phenolic acids. Free
Radic. Biol. Med. 1996, 20, 933–956. [CrossRef]

28. Bendary, E.; Francis, R.R.; Ali, H.M.G.; Sarwat, M.I.; El Hady, S. Antioxidant and structure–activity relationships (SARs) of some
phenolic and anilines compounds. Ann. Agric. Sci. 2013, 58, 173–181. [CrossRef]

29. Smith, L.T.; Holbrook, K.A.; Byers, P.H. Structure of the dermal matrix during development and in the adult. J. Investig. Dermatol.
1982, 79 (Suppl. 1), 93s–104s. [CrossRef]

30. Kahari, V.M.; Saarialho-Kere, U. Matrix metalloproteinases in skin. Exp. Dermatol. 1997, 6, 199–213. [CrossRef]
31. Varani, J.; Warner, R.L.; Gharaee-Kermani, M.; Phan, S.H.; Kang, S.; Chung, J.H.; Wang, Z.Q.; Datta, S.C.; Fisher, G.J.; Voorhees, J.J.

Vitamin A antagonizes decreased cell growth and elevated collagen-degrading matrix metalloproteinases and stimulates collagen
accumulation in naturally aged human skin. J. Investig. Dermatol. 2000, 114, 480–486. [CrossRef]

32. Berneburg, M.; Trelles, M.; Friguet, B.; Ogden, S.; Esrefoglu, M.; Kaya, G.; Goldberg, D.J.; Mordon, S.; Calderhead, R.G.; Griffiths,
C.E.; et al. How best to halt and/or revert UV-induced skin ageing: Strategies, facts and fiction. Exp. Dermatol. 2008, 17, 228–240.
[CrossRef]

33. Xia, W.; Hammerberg, C.; Li, Y.; He, T.; Quan, T.; Voorhees, J.J.; Fisher, G.J. Expression of catalytically active matrix
metalloproteinase-1 in dermal fibroblasts induces collagen fragmentation and functional alterations that resemble aged human
skin. Aging Cell 2013, 12, 661–671. [CrossRef]

34. Gweon, E.J.; Kim, S.J. Resveratrol attenuates matrix metalloproteinase-9 and -2-regulated differentiation of HTB94 chondrosar-
coma cells through the p38 kinase and JNK pathways. Oncol. Rep. 2014, 32, 71–78. [CrossRef]

35. Pandey, A.K.; Bhattacharya, P.; Shukla, S.C.; Paul, S.; Patnaik, R. Resveratrol inhibits matrix metalloproteinases to attenuate
neuronal damage in cerebral ischemia: A molecular docking study exploring possible neuroprotection. Neural Regen. Res. 2015,
10, 568–575. [CrossRef]

36. Kang, D.G.; Lee, H.J.; Lee, C.J.; Park, J.S. Inhibition of the Expression of Matrix Metalloproteinases in Articular Chondrocytes
by Resveratrol through Affecting Nuclear Factor-Kappa B Signaling Pathway. Biomol. Ther. Seoul 2018, 26, 560–567. [CrossRef]
[PubMed]

37. Subedi, L.; Lee, T.H.; Wahedi, H.M.; Baek, S.H.; Kim, S.Y. Resveratrol-Enriched Rice Attenuates UVB-ROS-Induced Skin Aging
via Downregulation of Inflammatory Cascades. Oxid. Med. Cell Longev. 2017, 2017, 8379539. [CrossRef]

38. Shin, D.J.; Kim, J.E.; Lim, T.G.; Jeong, E.H.; Park, G.; Kang, N.J.; Park, J.S.; Yeom, M.H.; Oh, D.K.; Bode, A.M.; et al. 20-O-beta-D-
glucopyranosyl-20(S)-protopanaxadiol suppresses UV-Induced MMP-1 expression through AMPK-mediated mTOR inhibition as
a downstream of the PKA-LKB1 pathway. J. Cell. Biochem. 2014, 115, 1702–1711. [CrossRef] [PubMed]

39. Fisher, G.J.; Voorhees, J.J. Molecular mechanisms of photoaging and its prevention by retinoic acid: Ultraviolet irradiation induces
MAP kinase signal transduction cascades that induce Ap-1-regulated matrix metalloproteinases that degrade human skin in vivo.
J. Investig. Dermatol. Symp. Proc. 1998, 3, 61–68.

http://doi.org/10.1371/journal.pone.0056819
http://doi.org/10.1038/sj.jid.5700840
http://www.ncbi.nlm.nih.gov/pubmed/17460731
http://doi.org/10.1007/s10295-010-0722-9
http://doi.org/10.1016/j.foodchem.2013.08.034
http://doi.org/10.1021/jf903009f
http://doi.org/10.1007/s00403-014-1440-3
http://doi.org/10.1016/S0023-6438(95)80008-5
http://doi.org/10.1016/S0891-5849(98)00315-3
http://doi.org/10.1016/j.ymeth.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15893936
http://doi.org/10.1002/0471143030.cb1008s40
http://doi.org/10.1016/j.freeradbiomed.2008.07.002
http://doi.org/10.1016/j.niox.2003.09.005
http://doi.org/10.1111/j.1467-2494.2004.00241.x
http://doi.org/10.1016/0891-5849(95)02227-9
http://doi.org/10.1016/j.aoas.2013.07.002
http://doi.org/10.1111/1523-1747.ep12545877
http://doi.org/10.1111/j.1600-0625.1997.tb00164.x
http://doi.org/10.1046/j.1523-1747.2000.00902.x
http://doi.org/10.1111/j.1600-0625.2007.00665_1.x
http://doi.org/10.1111/acel.12089
http://doi.org/10.3892/or.2014.3192
http://doi.org/10.4103/1673-5374.155429
http://doi.org/10.4062/biomolther.2018.132
http://www.ncbi.nlm.nih.gov/pubmed/30464073
http://doi.org/10.1155/2017/8379539
http://doi.org/10.1002/jcb.24833
http://www.ncbi.nlm.nih.gov/pubmed/24821673


Antioxidants 2021, 10, 1252 18 of 18

40. Brenneisen, P.; Wenk, J.; Wlaschek, M.; Krieg, T.; Scharffetter-Kochanek, K. Activation of p70 ribosomal protein S6 kinase is an
essential step in the DNA damage-dependent signaling pathway responsible for the ultraviolet B-mediated increase in interstitial
collagenase (MMP-1) and stromelysin-1 (MMP-3) protein levels in human dermal fibroblasts. J. Biol. Chem. 2000, 275, 4336–4344.
[CrossRef]

41. Kim, J.M.; Kim, S.Y.; Noh, E.M.; Song, H.K.; Lee, G.S.; Kwon, K.B.; Lee, Y.R. Reversine inhibits MMP-1 and MMP-3 expressions by
suppressing of ROS/MAPK/AP-1 activation in UV-stimulated human keratinocytes and dermal fibroblasts. Exp. Dermatol. 2018,
27, 298–301. [CrossRef] [PubMed]

42. Chae, S.; Piao, M.J.; Kang, K.A.; Zhang, R.; Kim, K.C.; Youn, U.J.; Nam, K.W.; Lee, J.H.; Hyun, J.W. Inhibition of matrix
metalloproteinase-1 induced by oxidative stress in human keratinocytes by mangiferin isolated from Anemarrhena asphodeloides.
Biosci. Biotechnol. Biochem. 2011, 75, 2321–2325. [CrossRef]

43. Fagot, D.; Asselineau, D.; Bernerd, F. Direct role of human dermal fibroblasts and indirect participation of epidermal keratinocytes
in MMP-1 production after UV-B irradiation. Arch. Dermatol. Res. 2002, 293, 576–583. [CrossRef] [PubMed]

44. Zeng, H.J.; Li, Q.Y.; Ma, J.; Yang, R.; Qu, L.B. A comparative study on the effects of resveratrol and oxyresveratrol against
tyrosinase activity and their inhibitory mechanism. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2021, 251, 119405. [CrossRef]

45. Meigel, W.N.; Gay, S.; Weber, L. Dermal architecture and collagen type distribution. Arch. Dermatol. Res. 1977, 259, 1–10.
[CrossRef]

http://doi.org/10.1074/jbc.275.6.4336
http://doi.org/10.1111/exd.13494
http://www.ncbi.nlm.nih.gov/pubmed/29341262
http://doi.org/10.1271/bbb.110465
http://doi.org/10.1007/s00403-001-0271-1
http://www.ncbi.nlm.nih.gov/pubmed/11876526
http://doi.org/10.1016/j.saa.2020.119405
http://doi.org/10.1007/BF00562732

	Introduction 
	Materials and Methods 
	Chemicals and Antibodies 
	Cell Lines and Medium 
	Cell Culture 
	MTT Assay 
	Antioxidant Activity 
	DPPH Assay 
	ABTS Assay 
	H2DCFDA (2',7'-dichlorofluorescin diacetate) Assay 

	Deacetylation of AcRES and AcOXYRES 
	Hydrolysis of the Acetylated Compounds 
	Sample Preparation and HPLC Analysis 
	Esterase Activity of HDF Cells 

	MMP-1 Activity 
	In Vitro MMP-1 Activity Assay 
	Intercellular MMP-1 Activity 

	UVB Irradiation 
	Western Blot Analysis 
	Collagen Degradation Assay 
	Statistical Analysis 

	Results and Discussion 
	AcRES and AcOXYRES Do Not Eliminate In Vitro Free Radicals but Reduce H2O2-Induced ROS in HDF Cells 
	AcRES and AcOXYRES Are Hydrolyzed to the Parent Compounds in HDF Cells 
	RES, AcRES, OXYRES, and AcOXYRES Inhibit MMP-1 Enzyme Activity In Vitro and UVB-Induced MMP-1 Expression in HDF Cells 
	RES, AcRES, OXYRES, and AcOXYRES Are Involved in UVB-Induced MMP-1 Expression by Modulating Activation of MAPK and Akt/mTOR Signaling Pathway 
	RES, OXYRES, and Their Acetylated Derivatives Suppress Collagen Degradation in HDF Cells 

	Conclusions 
	References

