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Won-Serk Kim"?, Ikyon Kim*', Wang-Kyun Kim? Ju-Yeon Choi', Doo Yeong Kim? Sung-Guk Moon?,
Hyung-Keun Min®, Min-Kyu Song® and Jong-Hyuk Sung**

'Department of Dermatology, Kangbuk Samsung Hospital, Sungkyunkwan University School of Medicine, Seoul 03181,
2College of Pharmacy, Yonsei University, Incheon 21983, *Cleanup Dermatologic Clinic, Seoul 07301, Republic of Korea

Abstract

Mitochondria-targeted vitamin E (MVE) is designed to accumulate within mitochondria and is applied to decrease mitochondrial
oxidative damage. However, the protective effects of MVE in skin cells have not been identified. We investigated the protective
effect of MVE against UVB in dermal fibroblasts and immortalized human keratinocyte cell line (HaCaT). In addition, we studied
the wound-healing effect of MVE in animal models. We found that MVE increased the proliferation and survival of fibroblasts at low
concentration (i.e., nM ranges). In addition, MVE increased collagen production and downregulated matrix metalloproteinase.
MVE also increased the proliferation and survival of HaCaT cells. UVB increased reactive oxygen species (ROS) production in
fibroblasts and HaCaT cells, while MVE decreased ROS production at low concentration. In an animal experiment, MVE acceler-
ated wound healing from laser-induced skin damage. These results collectively suggest that low dose MVE protects skin from
UVB irradiation. Therefore, MVE can be developed as a cosmetic raw material.
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INTRODUCTION

Mitochondria are organelles important for both life and
death (Newmeyer and Ferguson-Miller, 2003). Mitochondria
are major sources of cellular energy and are central to pro-
cesses resulting in apoptosis induction. The exact mechanism
of apoptosis induction in mitochondria is not clarified in detail,
but ‘mitocans’ are drugs known to induce cancer cell death by
targeting mitochondria (Neuzil et al., 2006; Neuzil et al., 2007).
Mitocans destabilize mitochondria, thereby causing cytosolic
release of apoptosis modulators (Green and Reed, 1998). The
indirect pro-oxidant activity of these agents in cancer cells is
essential for their actions as anticancer agents (Neuzil et al.,
2007; Dong et al., 2011). For example, mitochondria-targeted
vitamin E (MVE) modulates the expression of mitochondrial
DNA transcripts and mitochondrial biogenesis. These chang-
es subsequently result in arrest of cell proliferation (Truksa et
al., 2015).

Mitochondria-targeted antioxidants comprise a triphenyl-
phosphonium cation coupled to coenzyme Q or a vitamin E
derivative (Smith et al., 2003). These compounds can be
safely fed to mice over long periods and are distributed with-

in the heart, brain, liver, and muscle. Mitochondria-targeted
bioactive molecules can be administered and used to affect
mitochondrial dysfunction in those tissues. MVE is designed
to accumulate within mitochondria and to decrease mitochon-
drial oxidative damage to inhibit a range of human disorders,
including neurodegenerative diseases, ischemia-reperfusion
injury, and aging-associated dysfunctions (Mao et al., 2010;
Rocha et al., 2010; Mao et al., 2011; Ajith and Jayakumar,
2014). Mao et al reported that MVE affected subsarcolemmal
mitochondrial density and systemic oxidative stress param-
eters such as plasma SOD activity and urinary isoprostane
concentration (Mao et al., 2011). They also found that oral ad-
ministration of MVE attenuated hepatic oxidative stress and
inhibited fat deposition in mice (Mao et al., 2010).

MVE is concentrated in mitochondria, where it has contro-
versial effects (i.e., antioxidant vs. prooxidant). MVE exhibited
protective effects in hepatic cells, but harmful effects in cancer
cells. However, the protective effects of MVE in skin cells have
not been identified. We investigated the protective effect of
MVE against UVB in dermal fibroblasts and immortalized hu-
man keratinocyte cell line (HaCaT). In addition, we studied the
wound healing effect of MVE in animal experiments.
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MATERIALS AND METHODS

Synthesis of MVE

MVE was synthesized as described previously (Mao et al.,
2010; Mao et al., 2011). Synthesis of MVE is briefly described
here. Trimethylhydroquinone was reacted with myrcene in the
presence of (+)-10-camphorsulfonic acid to provide chroman-
6-ol, which was protected as the acetate. Oxidative cleavage
of the olefin (cat. OsO4, NMO followed by NalO,), reduction
(NaBH.,), and deprotection (K.COs;, MeOH) led to the alcohol,
which was converted to an iodide. Treatment of the iodide with
triphenylphosphine furnished MVE.

Cell culture

Human dermal fibroblasts and spontaneously immortalized
keratinocyte cell line (HaCaT) were cultured using DMEM (low,
high glucose, Hyclone, Thermo Scientific, Logan, UT, USA)
with 10% FBS (Gibco, Invitrogen, Carlsbad, CA, USA), 1%
penicillin, and streptomycin (Gibco) at 37°C with 5% CO. in
a humidified atmosphere (Kim et al., 2009). HDF and HaCaT
were exchanged in fresh media every two days.

Proliferation assay and viability

HDFs (3x10%well) and HaCaT (4x10%well) were seeded in
6-well plates. After starvation, cells were treated with various
concentrations of MVE, and cell proliferation was measured.
Cells were then incubated for 48 h and the MTT assay was
performed. MTT solution (5 mg/ml in PBS) was added to each
well at 1/20 of the media volume, incubated for 2 h, and then
supernatant was removed. Dimethyl sulfoxide (DMSO) was
then added to dissolve formazan crystals, and the absorbance
was measured at 595 nm using an ELISA reader (TECAN,
Grodig, Austria).

For the measurement of UVB protective effect of MVE, 200
mJ UVB was irradiated for HDFs and 400 mJ for HaCaT cells.
After starvation, the cells were treated with various concentra-
tions of MVE in the presence or absence of UVB-irradiation.
Then, the MTT assay was performed as described above.

Cellular and mitochondrial ROS generation assay

Cellular ROS generation was measured using 2',7'-dichlo-
rodihydrofluorescein diacetate (DCF-DA, Molecular Probes,
Eugene, OR, USA), as described previously (Hye Kim et al.,
2015). Similarly, mitochondrial ROS (mtROS) generation was
measured using Mito-Sox (Molecular Probes) (Hye Kim et al.,
2015). Cells were seeded in 6-well plates in 0.2% FBS and
cultured overnight. After starvation, MVE (100 nM) was added
with or without DCF-DA (20 uM) or Mito-Sox (5 uM). Each well
was imaged every 10 min for 40 min under standard incuba-
tion conditions using an IncuCyte™ ZOOM microscope placed
inside an incubator. Image-based analysis of fluorescence
intensity was carried out using IncuCyte™ software (Essen
Bioscience, MI, USA).

Western blot analysis

Cells (2x10° cells/ml) were seeded in a 60 mm dish and cul-
tured to 80% confluence. After starvation, cells were treated
with MVE. Cells were then lysed with 1xRIPA buffer (50 mM
Tris-HCI, 0.15 M NaCl, 1 mM EDTA, 1% Triton-X100, pH 7.4,
1% SDS, 50 mM NaF, 1 mM Na3VO4, 5 mM Dithiothreitol,
1 mg/ml Leupeptin, and 1mM phenylmethylsulfonyl fluoride).
Sample protein (40 pg) was separated in 10-12% SDS-poly-
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acrylamide gels by electrophoresis. Proteins were transferred
to PVDF membranes and incubated with antibodies to collagen
(1:1000 rabbit source, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and matrix metalloproteinase 1 (MMP1, 1:1000 rab-
bit source, Santa Cruz Biotechnology). Membranes were then
washed and incubated with horseradish peroxidase-conjugat-
ed anti-rabbit IgG antibody (Santa Cruz Biotechnology). Blots
were reacted with western reagent (ECL; Millipore Billerica,
Ann Arbor, MA, USA) and exposed to X-ray film.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA of HDFs and HaCaT was extracted with Trizol
reagent followed by reverse transcription to cDNA. The fol-
lowing oligonucleotides were used as primers: collagen type |
(50-TAGGGTCTAGACATGTTCAGCTTTGT-30 and 50-GT-
GATTGGTGGGATGTCTTCGT-30), MMP-1 (50-AGATGTGG-
AGTGCCTGATGT-30 and 50-AGCTAGGGTACATCAAAG-
CC-30), and control GAPDH (50-CGAGATCCCTCCAAAA-
TCAA-30 and 50-TGTGGTCATGAGTCCTCCCA-30). PCR
was carried out in a total volume of 30 ul for PCR amplifica-
tion of cDNA that was reverse-transcribed from the total RNA.
After initial denaturation at 95°C for 5 min, amplification was
performed in 35 cycles for 30s at 95°C, 20 s at 54°C, and 30
s at 72°C. This was followed by a final extension at 72°C for
another 10 min. GAPDH mRNA level was used for sample
standardization.

Wound healing experiment

An in vivo experiment was performed on 16-week-old fe-
male hairless albino mice (Hos:HR-1). Mice were housed in
temperature-controlled, special pathogen-free conditions with
a 12 h light/dark cycle. They were allowed to freely access
water and standard laboratory food. The Animal Care and Use
Committee of Kangbuk Samsung Hospital monitored all ani-
mal experiments according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. A fractional
CO; laser (eCO.®, Lutronic Corp, Goyang, Korea) was used to
create wounds on the backs of three mice. Mice backs were
divided into four equal parts. Each 8x8 mm part was targeted
with a 300 tip at 30 W average power and 50 mJ pulse en-
ergy for four passes, resulting in 99.2% coverage. After lasing,
each area was treated with a DMSO solution of MVE (1, 10,
100 uM concentration). MVE was applied every other day and
the longest length and width of each wound was measured.

Statistical analysis

Statistical significance was determined using a Wilcoxon
signed-rank test or a Student’s t-test. p<0.05 was considered
statistically significant. Statistical analysis was performed us-
ing SPSS 18.0 (SPSS, IBM Corp, Armonk, NY, USA).

RESULTS

MVE protected dermal fibroblasts from UVB

Because vitamin E reportedly protects skin in low uM rang-
es, the photoprotective effects of vitamin E and MVE were
tested in the range of 0.1-100 uM in dermal fibroblasts (Farriol
et al., 1994; Offord et al., 2002). Vitamin E slightly increased
survival of dermal fibroblasts from UVB irradiation (200 mJ)
in a concentration-dependent manner. However, MVE de-
creased fibroblast survival in the 10-100 uM concentration
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Fig. 1. Mitochondria-targeted vitamin E (MVE) protected dermal
fibroblasts from UVB. (A) Vitamin E (VE) slightly increased dermal
fibroblast survival with UVB irradiation (200 mJ) in a concentration-
dependent manner. However, MVE decreased dermal fibroblast
survival at 10~100 uM concentration (Fig.1A). (B) MVE also
increased fibroblast proliferation at 100-1000 nM concentration
(Fig.1B). (C) MVE protected dermal fibroblasts from UVB at 10-
1000 nM concentration. n=3, **p<0.01.

(Fig. 1A). Therefore, the protective effect of MVE was also
studied in nM concentration ranges. As expected, MVE in-
creased fibroblast proliferation in the 100-1000 nM range (Fig.
1B, p<0.01). In addition, MVE protected fibroblasts from UVB
in the 10-1000 nM range (Fig. 1C, p<0.01). These results in-
dicate that MVE protects fibroblasts from UVB and is more
effective that vitamin E.

MVE altered expression of extracellular matrix proteins
We further examined whether MVE altered the mRNA or
protein levels of extracellular matrix (ECM) proteins, such as
collagen type | and matrix metalloproteinase 1 (MMP1), in
fibroblasts. MVE increased collagen mRNA expression and
down-regulated that of MMP1 in dermal fibroblasts (Fig. 2A).
The mRNA level of collagen was reduced by UVB irradiation,
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Fig. 2. MVE altered expression of extracellular matrix proteins.
(A) MVE significantly increased mRNA expression of collagen and
down-regulated that of matrix metalloproteinase 1 (MMP1) in der-
mal fibroblasts. (B) mRNA levels of collagen were reduced by UVB
but attenuated by MVE treatment. mRNA levels of MMP1 were
induced by UVB but reduced by MVE treatment. (C) MVE altered
protein levels of collagen and MMP1 in fibroblasts.

but attenuated by MVE treatment (Fig. 2B). The mRNA level
of MMP1 was increased by UVB, but reduced by MVE treat-
ment (Fig. 2B). In addition, MVE altered the protein levels of
collagen and MMP1 in fibroblasts (Fig. 2C).

MVE reduced production of reactive oxygen species

Because UVB reportedly generates reactive oxygen spe-
cies (ROS) and induced apoptosis in skin, ROS levels were
measured after MVE treatment. First, the cytosolic ROS level
was measured using DCF-CA (green, Fig. 3A). UVB increased
the fluorescent signal intensity of DCF-DA in fibroblasts, while
MVE (1000 nM) attenuated the signal intensity of DCF-DA
(p<0.01). Mitochondria ROS production was measured using
mito-Sox (red, Fig. 3B). UVB increased the fluorescent signal
intensity of mito-Sox in fibroblasts, while MVE (1,000 nM) re-
duced the signal intensity of mito-Sox (p<0.01). These results
indicate that MVE protects dermal fibroblasts from UVB via
reducing ROS generation.

MVE protected HaCaT cells from UVB

The protective effects of MVE in epidermal skin cells were
also investigated using the HaCaT cell line. MVE significantly
increased proliferation of HaCaT cells in a dose-dependent
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Fig. 3. MVE reduced production of reactive oxygen species (ROS). (A) Cytosolic ROS level was measured using DCF-CA (green). UVB
increased the fluorescent signal intensity of DCF-DA in fibroblasts, while MVE (1000 nM) attenuated the signal intensity of DCF-DA. (B)
Mitochondria ROS production was measured using mito-Sox (red). Likewise, UVB increased the fluorescent signal intensity of mito-Sox in

fibroblasts, while MVE (1000 nM) reduced the signal intensity of mito-Sox. Scale bar = 100 pym, n=3, **p<0.01.
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Fig. 4. MVE protected HaCaT cells from UVB. (A) MVE signifi-
cantly increased HaCaT cell proliferation in a dose-dependent
manner. (B) MVE increased UVB-reduced cell viability. (C) UVB
induced p53 protein levels in HaCaT cells, while MVE attenuated
UVB-induced p53 levels in HaCaT cells. n=3, *p<0.05, **p<0.01.
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DISCUSSION

The present study investigated the protective effects of
MVE against UVB in dermal fibroblasts and epidermal HaCaT
cells. In addition, the wound-healing effects of MVE were stud-
ied in animal models. MVE increased the proliferation and sur-
vival of fibroblasts at low concentration (i.e., nM ranges). In
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Fig. 5. MVE reduced production of ROS. (A) Cytosolic ROS level was measured using DCF-CA (green). UVB increased the fluorescent
signal intensity of DCF-DA in HaCaT cells, while MVE (1000 nM) attenuated the signal intensity of DCF-DA. (B) Mitochondria ROS produc-
tion was measured using mito-Sox (red). UVB increased the fluorescent signal intensity of mito-Sox in HaCaT cells, while MVE (1000 nM)

reduced the signal intensity of mito-Sox. Scale bar=100 um, n=3, **p<0.01.

addition, MVE increased collagen production and downregu-
lated MMP1 expression. MVE also increased the proliferation
and survival of HaCaT cells. UVB increased ROS production
in fibroblasts and HaCaT cells, while MVE decreased ROS
production in these cells. In an animal experiment, MVE ac-
celerated wound healing from laser-induced skin damage.
These results collectively suggest that low dose MVE protects
skin from UVB irradiation. Therefore, MVE can be used as a
cosmetic raw material.

Vitamin E is a group of compounds that include both to-
copherols and tocotrienols. As a fat-soluble antioxidant, vi-
tamin E inhibits the production of ROS when fat undergoes
oxidation (Herrera and Barbas, 2001; Packer et al., 2001).
As an antioxidant, vitamin E acts as a peroxyl radical scav-
enger, preventing the propagation of free radicals in tissues.
Hydrogen donors such as vitamin C then reduce vitamin E to
return to its reduced state (Traber and Stevens, 2011). There
is substantial evidence that vitamin E protects dermal fibro-
blasts and epidermal keratinocytes from UVB, and vitamin E
has been used to protect skin from UVB (Placzek et al., 2005;
Song and Liu, 2005; Shibata et al., 2010; Burns et al., 2013).
For example, a-tocotrienol protected HaCaT keratinocytes
from UVB induced inflammation (Shibata et al., 2010). The
antioxidants ascorbic acid and D-alpha-tocopherol prevented
UVB-induced DNA damage in human epidermis (Placzek et
al., 2005). Vitamin E and its derivatives are included as anti-
oxidants in many sunscreens and lotions currently on the mar-
ket. (Song and Liu, 2005; Burns et al., 2013). MVE can also
be added to sunscreens and lotions to prevent photo damage.

MVE is designed to accumulate within mitochondria, and it
is applied to decrease mitochondrial oxidative damage. There-
fore, MVE can be used to protect normal cells from oxidative
damage. Mao et al reported that MVE reduced systemic oxi-
dative stress parameters such as plasma SOD activity. In ad-
dition, MVE attenuated hepatic oxidative stress and inhibited

fat deposition in mice (Mao et al., 2010; Mao et al., 2011).
However, there are controversial reports that MVE increased
ROS generation in cancer cells and acts as a prooxidant to
suppress the proliferation of cancer cells (Neuzil et al., 2007,
Dong et al., 2011). In the present study, MVE showed a dual
mode of actions. At low concentrations (<1 uM), MVE protect-
ed dermal fibroblasts and epidermal HaCaT cells from UVB
via scavenging ROS production (Fig. 1A). However, MVE in-
hibited the survival of dermal fibroblasts at high concentra-
tions (>1 uM). Conversely, vitamin E slightly increased fibro-
blast survival with UVB at relatively high concentrations (uM
range). Although we did not further clarify the mechanism of
action, MVE acts as an antioxidant at low concentrations and
as a prooxidant at high concentrations in normal cells.

In summary, low concentration MVE protected dermal fi-
broblasts and epidermal HaCaT cells from UVB irradiation by
scavenging ROS in these cells. MVE also increased collagen
production and decreased MMP1 expression. In an animal
experiment, MVE accelerated the healing of laser-induced
burns. Therefore, MVE can be developed and used for cos-
metic raw materials.
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