Original Article

Protective effects of coenzyme Q,, on cell
damage induced by hydrogen peroxides
in cultured skin fibroblasts
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Cellular senescence is an intricate and multifactorial phenomenon,
which is characterized by an irreversible cellular growth arrest, it
is caused in response to irretrievably DNA damage, telomere
shorting, activation of oncogene, and oxidative stress. Human
diploid fibroblasts are a well-established experimental model for
premature senescence-related studies, and exposure of fibroblasts
to H,0, is widely used as a SIPS model. Recently, it has been
reported many studies of CoQ,, as to anti-aging effects, however
the effect of CoQ,, on H,0,-induced SIPS model of human skin
fibroblasts has not been understood. So that, we investigated
that human skin fibroblasts were used to investigate the
prevention effect of CoQ,, against H,0,-induced SIPS model. We
created SIPS model fibroblasts with treatment of 100 uM H,0, for
2 h. In this study, CoQ,, also increased cell viability and mRNA
levels of type I, IV collagen and protein level of type I collagen.
Moreover, it is shown that CoQ,, suppressed oxidative stress,
degradation of collagen by increasing MMP expression, and
decreasing senescence-associated phenotypes (e.g. SA-fgal
positive staining and SASP) for preventing skin aging via H,0,-
induced SIPS model. These results suggested that CoQ,, has
possibility to be contributory for extension of healthy life
expectancy in Japan.
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S enescence of cells is an intricate and multifactorial
phenomenon that is characterized by an irreversible cellular
growth arrest, and it is brought about by in response to irretriev-
ably DNA damage, telomere shorting, activation of oncogene,
protein aggregation, telomere attrition, mitochondrial dysfunc-
tion, inflammation, and oxidative stress. In addition, senescent
cells exhibit specific morphological alterations, a flat and
enlarged cell shape, senescence-associated f-galactosidase (SA-
B-gal) positive cells and decrease of synthesis of extracellular
matrix (ECM).) Oxidative stress is especially play an important
role in aging process, and progression of that is postulated in the
free radical theory.® It is well known that it is a very strong rela-
tionship between oxidative stress and aging. Moreover, reactive
oxygen species (ROS) induces DNA damage response (DDR)
causing for continuous accumulation of cellular damage, so that
DDR is trigger for principle pathway that accumulation of senes-
cent cells can contribute to the aging phenotype.® Besides,
sublethal doses of various compounds such as superoxide anions
(027), hydroxyl radicals (OH"), and hydrogen peroxide (H,0O,)
also induce phenomena similar to replicative senescence in
normal cells, a phenomenon termed premature senescence. For
instance, human diploid fibroblasts are a well-utilized experi-
mental model for premature senescence-related studies, and
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exposure of normal fibroblasts to H,0, is widely used as a stress-
induced premature senescence (SIPS) model.*” Furthermore, it
has reported that exposure to ultraviolet and H,0, increase intra-
cellular ROS levels and induces premature senescence in fibrob-
lasts.®? Meanwhile, Coppé et al.'” have reported that in human
cells exposed to genotoxic stress, it secretes myriad factors asso-
ciated with inflammation and malignancy. The phenomenon is
called senescence-associated secretory phenotype (SAPS). SASP
comprises complex factors including cytokines, growth factors,
chemokines, and matrix metalloproteinase (MMP), so that it is
reported SASP facilitate the tumorigenesis of normal cells.!'V
Additionally, it has also been reported that DDR plays an impor-
tant role for induction of SASP in vitro.'” While, SASP observed
in both SIPS model and replicative senescence.!® Therefore, it
has been thought that inhibition of SASP is important for preven-
tion to several diseases, anti-aging, suppression of tumorigenesis,
and inflammation.

Coenzyme Q,, (CoQ,,) is an essential electron carrier for the
mitochondrial electron transport system and an important for
energy production. In addition, CoQ,, also serves as a free radical
scavenger, and prevents oxidative damage in the human body.
Furthermore, it is known that CoQ,, participate in inflammation
process,*13 apoptosis,®!” and gene expression.!$!) In addition,
several studies have demonstrated that CoQ,, has broad thera-
peutic effects including diabetes,®” cardiovascular disease,?" and
neurological disorder.?” On the other hand, it also has been
known that the intracellular CoQ);, level decreases after the age of
20 years.?¥ As an evidence, the antioxidant effect of reduced
form CoQ),, has been demonstrated in vivo and in vitro in various
biological system. Interestingly, CoQ,, decreased aging speed in
SAMP1 mice.?*?> Moreover, in rats with a polyunsaturated fatty
acid (PUFA)-rich diet, CoQ,, treatment protects from age-related
DNA double-strand breaks, and prolongs lifespan of the rat.?®
These reports suggest that CoQ,, may involve in aging. Many
researchers had been reported in aging skin cells for observation
of physiological, biochemical, and molecular characteristics. In
particularly, ECM level in aging skin cells is one of the most
change, which affect the wrinkle formation, elasticity, and
morphology change. MMP plays an important role in regulating
the collagen levels, and the elevated level of that induce collagen
degradation in aged skin.®? It has shown that the SIPS model of
human diploid fibroblasts disassemble collagen via MMPs regu-
lating.®® Furthermore, because MMPs are key SAPS factors
contribute to degradation of the ECM, it is suggested that MMPs
participate the aging process, which are regulated by the intracel-
lular ROS levels.® These reports support the notion that CoQ,,
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with potent antioxidant effect raises the possibility of have the
anti-aging effect via inhibition of intracellular MMP and ROS
levels. However, the effect of CoQ,, on SIPS model of human
skin fibroblasts has not been understood. Therefore, in this study,
we investigated for anti-aging effect of CoQ,, on H,0,-indeced
SIPS model of human skin fibroblasts.

Materials and Methods

Materials. CoQ,, powder, PureSorb-Q™40 (P40), which is
containing 40 w/v% CoQ,,, was kindly donated by Nisshin
Pharma Inc. (Tokyo, Japan).®” Antibody against type I collagen
was obtained from COSMO BIO Co., Ltd. (Tokyo, Japan). All
other chemicals used were of analytical grade available from
commercial suppliers.

Cell culture. Normal human dermal fibroblast (NHDF) was
purchased from Lonza Co. Ltd. (Tokyo, Japan). Fibroblasts were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Nacalai
Tesque, Kyoto, Japan) supplemented with 2% fetal bovine serum
(FBS; MP Biomedicals, Illkirch, France), 2 mM glutamine, 100
units/ml  penicillin and 100 mg/ml streptomycin (Nacalai
Tesque). The cells were incubated under 37°C in a humidified
atmosphere of 5% CO, and 95% air in a CO, incubator. After 24
h, culture medium was replaced by the DMEM containing 2%
FBS and P40, and the cells were subsequently pre-cultured for 1
week in the CO, incubator until the experiments.

Cell viability. After treatment, cell viability was quantified
using Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan).G) The assay was carried out in accordance with the
instruction manual. On the other hand, cell viability was also
visualized by DAPI-staining. The assay was carried out in accor-
dance with the instruction manual. After the fibroblasts on each
well of 24-well plate were washed with PBS twice, the cells were
incubated with DAPI staining solution (Dojindo Laboratories) for
30 min in CO, incubator, fluorescence of DAPI-DNA complex
meaning cell death was observed by using fluorescence
microscopy (IX-71, Olympus). For detection of dead cells, the
fibroblasts were imaged by using fluorescence microscopy.

Intracellular ROS production. The fibroblasts were incu-
bated with PBS containing 2.5 pM CM-H,DCFDA (Invitrogen)
at 37°C for 30 min in CO, incubator. Fluorescence of 2',7'-
dichlorodihydrofluorescein, which was oxidation product of
CH-H,DCFDA by ROS produced in cells, was observed by using
fluorescence microscopy. The assay was carried out in accor-
dance with the instruction manual.

Cell senescence. We examined SA-fBgal staining, a bio-
marker of senescence. Senescence of fibroblasts were measured
using Senescence Detection Kit (BioVision, Mountain View, CA)
based on SA-Bgal staining. The assay was carried out in accor-
dance with the instruction manual.

Real-time PCR. Whole RNA of cultured skin fibroblasts was
extracted using RNeasy Mini Kit (Qiagen, Chatsworth, CA) in
accordance with the instruction manual. The mRNA expression
was quantified by methods of TagMan with real-time reverse
transcriptase (RT)-PCR. PCR primers were purchased from
SIGMA-ALDRICH custom oligonucleotide synthesis service
(Sigma Aldrich, St. Louis, MO). Primer sequences are COLI1
(forward, 5'-GGGATTCCCTGGACCTAAAG-3' and reverse,
5'-GGAACACCTCGCTCTCCA-3"), COL4 (forward, 5'-AGG
AGAGAAGGGCGCTGT-3' and reverse, 5-TCCAGGTAA
GCCGTCAACA-3"), MMP2 (forward, 5'-CCCCAAAACGGA
CAAAGAG-3' and reverse, 5-TGTCCTTCAGCACAAACA
GG-3"), MMP8 (forward, 5-TGACAGAGACCTCATTTT
CCTATTTA-3' and reverse, 5'-CTGCGTCAATTGCTTGGA-3"),
GLBI1 (forward, 5'-GCTCCTCCGACCCAGATT-3' and reverse,
5'-CTGGCCCTCCATTCTGATAG-3"), IL-6 (forward, 5-CAG
GAGCCCAGCTATGAACT-3' and reverse, 5-GAAGGCAGC
AGGCAACAC-3"), IL-8 (forward, 5'-AGACAGCAGAGC

248

ACACAAGC-3' and reverse, 5'-AGGAAGGCTGCCAAGAG
AG-3"), and p21 (forward, 5'-CCGAGGCACTCAGAGGAG-3'
and reverse, 5'-AGCTGCTCGCTGTCCACT-3"). The PCR was
carried out using Applied Biosystems Veriti Thermal Cycler and
the reaction conditions were followed; 95°C for 10 min, 40
cycles of amplification at 95°C for 15s, 60°C for 1 min,
followed by 95°C for 15s, 60°C for 30 s and 95°C for 15s.
Target gene expression level was normalized to the housekeeping
gene, 18sRNA, expression level.

Immunostaining. After fibroblast was fixed with 4%
paraformaldehyde for 20 min, the cells were washed with PBS
three times, and then permeabilized and blocked with 0.2%
Triton-X and 1% normal goat serum (NGS) -containing
phosphate-buffered saline (PBS) for 20 min at room temperature.
The permeabilized cells were treated with type I collagen anti-
body (1:300). After overnight incubation at 4°C, the fibroblasts
were washed with PBS three times, the fibroblasts were treated
with Alexa Fluor 488 probe (1:500, Invitrogen, Carlsbad,
CA) for 1h at room temperature in dark. The fibroblasts
were mounted with DAPI and imaged by using fluorescence
microscopy.

Protein quantity. Proteins were quantified using Protein
Quantification Kit-Rapid (Dojindo Laboratories) based on the
method of Bradford,®? and standard BSA solution was used to
generate a standard curve for this assay.

Statistical analysis. Data are expressed as mean + SD. The
significance of differences between individual data was
determined by using Student’s unpaired ¢ test. The p values less
than 0.05 were considered significant.

Results

CoQ,, protects H,0,-induced cell death of fibroblasts.
SIPS model of fibroblasts are prepared by H,O, treatment, high
concentration of H,0, may induce cell death. Therefore, we
investigated whether CoQ,, can prevent 100 uM H,O,-induced
cell death by MTT and DAPI assay. When SIPS-induced fibrob-
lasts were treated with 100 uM H,0,, the cell viability signifi-
cantly decreased to 17% (Fig. 1A). 1 uM and 10 uM CoQ,,
significantly increased the cell viability to 24.2% and 30.6%,
respectively. The same protective effect of CoQ,, was also
detected by DAPI staining (Fig. 1B). These results suggest that
CoQ,, can prevents H,0O,-induce cell death of fibroblast because
of its antioxidative activity.

CoQ,, suppresses senescent phenotypes in the fibrob-
lasts. GLBI genes which encodes lysosomal enzyme, SA-Bgal
is an important markers of replicative senescence and induced
senescence.®¥ SA-Bgal is using a biomarker of cell aging. When
SIPS-induced fibroblasts were treated with H,O, for 2 h, intra-
cellular SA-Bgal and GLB1 mRNA level were increased (Fig. 2A
and B), whereas SA-Bgal positive cell number and GLB1 mRNA
level were diminished by addition of 1 or 10 uM CoQ,,. These
results indicated that CoQ,, suppresses the senescent phenotype
induced by H,0O,-treatment in fibroblasts.

Effect of CoQ,, on the H,0,-induced changes of Collagen
and MMP levels of fibroblasts. Although, Collagen is the
most abundant protein in human body, its expression decreased
in aging. While, MMP have been known as catabolic enzyme of
ECM, such as collagen, elastin, and laminin, and plays notably
an important role in degradation of collagen. Therefore, we
examined the effect of H,0, on collagen and MMP expression
levels of human skin fibroblasts. As the results, H,O, decreased
the mRNA levels of type I and IV collagens, but increased the
levels of type II and VIII MMPs. On the other hands, CoQ;,
returned the H,0,-induced changes of collagen mRNA and MMP
levels to control levels dose-dependently (Fig. 3A). In addition,
H,O0, also decreased the protein level of type I collagen of the
fibroblasts (Fig. 3B). These results suggest that CoQ,, suppresses
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Cell viability in fibroblasts were detected with MTT assay and DAPI staining methods. (A) The cell viability was 100% (closed bar), 17.7%
(open bar), 24.2% (hatched bar), and 30.6% (horizontal striped bar), respectively. (B) The image of cell death was obtained using DAPI staining in
fibroblasts under the fluorescence microscopy. Results are means + SD. n = 3-5, **p<0.01.

Fig. 1.

cell senescence via maintenance of intracellular collagen level
induced by H,0,-treatment in fibroblasts.

Effect of CoQ,, on the H,0,-indeced change of SASP levels
of skin fibroblasts. SASP, which is released from senescent
cells, stimulates tumorigenesis promotion, evokes of chronic
inflammation, and promotes development of age-related
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H,0,+10 pM CoQqg

diseases.®¥ Therefore, we examined the effect of H,O, on mRNA
levels of p21, IL-6, and IL-8 of fibroblasts. As the results, the
mRNA levels of p21, IL-6, and IL-8 increased of fibroblasts. On
the other hands, 10 uM CoQ,, suppressed the H,O,-induced up-
regulations of p21, IL-6, and IL-8 mRNA levels (Fig. 4). These
results suggest that CoQ,, suppresses cell senescence via
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Fig. 2. We experimented the role of CoQ, in the fibroblasts of SIPS model induced byH,O,. GLB1 genes expression encoding the SA-Bgal activity
is marker of cell senescence. (A) The mRNA level of GLB1 was increased by treatment of H,O, (open bar), and CoQ,, treatment also dose-
dependently decreased in fibroblasts of SIPS model. Results are means + SD. n = 3-7, *p<0.05, **p<0.01. (B) We performed an immunohistochem-
ical analysis of SA-Bgal positive, and CoQ,, decreased the number of SA-Bgal positive cells of fibroblasts of SIPS model.

suppression of induction of SASP induced by H,O,-treatment in
fibroblasts.

CoQ,, depress ROS of H,0,-induced SIPS model. 1t is
known that DNA damage caused by ROS induces the DDR,
which is process for cellular senescence.®> Therefore, we exam-
ined H,0,-induced ROS production and its suppression by
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CoQ,,-treatment. As the results, H,O, increased the green fluo-
rescence meaning intracellular ROS production. On the other
hands, CoQ,,-treatment suppressed the intracellular ROS produc-
tion concentration-dependently (Fig. 5). This result suggests that
CoQ,, decreased the H,0,-induced intracellular ROS production
of fibroblasts, which caused SIPS.
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Fig. 3. Relative mRNA expression of type |, IV collagens and type Il, VIIl MMP were determined by RT-PCR method and the target gene levels were
normalized to the housekeeping gene 18sRNA. (A) The mRNA level of type I, IV collagen was increased by treatment of CoQ,, and it also dose-
dependently enhanced in fibroblasts. Conversely, CoQ,, treatment decreased the mRNA levels of type type II, VIl MMP. Results are means + SD. n =
3-7, **p<0.01. (B) Type | collagen protein expression in fibroblasts of SIPS model was determined by immunofluorescence, cell nuclei are stained
blue with DAPI, and type | collagen protein is stained green with Alexa Fluor 488 probe.
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Fig. 4. We confirmed effects of CoQ,, on IL-6, IL-8, and p21 gene expression in fibroblasts of SIPS model. The SASP (such as IL-6, IL-8, and p21)
related to aging was increased by the addition of H,0,, while it decreased the mRNA levels of IL-6, IL-8, and p21 with CoQ,, treatment. Results are

means * SD. n = 3-6, **p<0.01.

Discussion

Cellular senescence is complexly and represent multiple
dysfunction such as growth arrest and secretory of SASP factors,
so that it has been recognized as an important feature during
tumorigenesis suppression and contribution of aging.®® Among
them, oxidative stress is particularly important role for cellular
senescence process.? Therefore, SIPS model cells induced by
oxidative stress (especially H,O,) are widely used in senescence-
related studies in recently.*® However, the fundamental effec-
tiveness or mechanism of CoQ,, on H,0,-induced SIPS model of
human skin fibroblasts have not been reported. Consequently,
this study evaluated mainly the effects of CoQ,, as to collagen
synthesis and degradation, it is purpose to elucidate their under-
lying mechanism in preventing skin aging of SIPS model.

Oxidative stress especially plays a major role in the aging
process, which is postulated in the free radical theory of aging.®
In addition, DNA damage induced by oxidative stress have been
known to cause cell death, so that aging process evoked by
DDR.® Therefore, it has been thought that inhibition of oxidative
stress with antioxidant reagent leads to the suppression of DDR,
which eventually prevent cellular senescence. In this study,
CoQ,, protected cell death induced by H,O,, then it is likely
involved in the potent antioxidant effects of CoQ,, (Fig. 1).
Moreover, it is reported that CoQ,, has broad therapeutic effects,
including diabetes,®” cardiovascular disease,?" and neurological
disorder,?® besides these are likely to be involved in potent
antioxidative effects of CoQ,,. Furthermore, CoQ,, significantly
decreased the number of SA-Bgal senescence positive cells on
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SIPS model in this study (Fig.2). These results suggested that
CoQ),, attenuated the cellular senescence, thereby CoQ),, have the
possibility of adaptation to age-related diseases.

Senescent cells also secreted SASP factors, such as IL-6, IL-8,
and MMP, which promote even more the cellular senescence and
tumor progression, further it also induced the cycle inhibitors p16
and p21.0413 In contrast, chronic inflammation is associated with
aging and play an important role in several age-related diseases,
and this phenomenon has been termed as inflammaging,®” which
mainly activate NF-kB as a master regulator of the SASP.GY
Besides, it is reported senescent cells often downregulate ECM
protein and upregulate ECM degrading enzymes in replicative
senescence.®” Among them, MMP has attracted a lot of attention
for skin aging. MMP belonging to the family of zinc-binding,
have been known as chemokine which degrade components of
the ECM such as collagen. It has been reported that collagen
expression and protein levels decrease in aged skin, because the
event caused by downregulation of collagen expression and
upregulation of MMP expression. In addition, dermal fibroblasts
express increased levels of collagen-degrading MMP-1 in aged
compared with young human skin in vivo.*? Moreover,
Inui er al®) have reported that collagen is degradated via
increasing MMP expression by UVB. Oxidative stress, inflam-
mation, and aging are intimately related to each other, it is
possible that skin aging can be improved by suppressing these
factors. Therefore, assessing the loss of collagen, -either
decreased synthesis or increased degradation, is important in
analyzing the factors that may contribute to skin aging.“? In this
study, we examined as to collagen and MMP expression levels in
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Fig. 5. We observed intracellular ROS levels with CM-H,DCFDA in fibroblast of SIPS model, and the green fluorescence intensity was monitored by

fluorescence microscopy.

H,0,-induced SIPS model of human skin fibroblasts. It is
showed that CoQ,, effectively enhanced collagen synthesis and
inhibited collagen degradation indicated by upregulation of
collagen genes, type I, IV collagen synthesis and downregulation
of type II, VIII MMP genes on SIPS model of fibroblasts (Fig.
3A). Furthermore, CoQ,, increased protein levels of type I
collagen in this result (Fig. 3B). Meanwhile, the mRNA of p21,
IL-6, and IL-8, it is better elevated in SIPS model, whereas
CoQ),, treatment suppressed upregulation of p21, IL-6, and IL-8
mRNA levels (Fig. 4). These results suggested that CoQ),, treat-
ment ameliorate the skin aging, and inhibited synthesis of SASP
factors in SIPS model.

Intracellular excessive oxidative stress has harmful effects on
biomolecules such as lipids, proteins, and DNA and eventually
leads to cellular senescence. In addition, Sublethal doses of
various compounds such as O*7, OH", as well as H,0, also
induce phenomena similar to replicative senescence in normal
cells, a phenomenon termed premature senescence. For instance,
the exposure of human skin fibroblasts to a sublethal concentra-
tion of H,O, induces phenotypic changes that mimic those seen
in replicative senescence.®” Therefore, a senescence model of
H,0,-induced SIPS was used to investigate the protective effects
of CoQ,, against the oxidative stress induced by H,O,. In this
study, H,0, increased green fluorescence indicating intracellular
ROS levels, whereas suppression of ROS was observed by CoQ,,
treatment in SIPS model (Fig. 5). This effect is thought to be a
potent antioxidant effect possessed by CoQ,, Mellors and
Tapple™® reported that the antioxidant effects of CoQ,, is compa-
rable to a-tocopherol in antioxidant potential. In recent study, it is
known that senescent cells increase chromosomal DNA frag-
ments on cytoplasm, which is one cause, and it provoke the
SASP factors secretion induced by ROS-dependent DDR.“ In
general, CoQ),, is lipid-soluble, which have a low absorption rate
on the human body, although P40 exhibited higher uptake

Y. Mine et al.
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Fig. 6. Proposed scheme for anti-aging effects of CoQ;, in SIPS model.
H,O, has been used in various studies as the senescence induction
agent, that modeled of SIPS in this study. In this study, SA-Bgal activity
and SASP synthesis increased in SIPS model of fibroblasts. In addition,
increasing of MMP expression levels induced the collagen degradation
and decrease of intracellular collagen levels. Furthermore, intracellular
ROS levels increased in SIPS model. This change is similar to a well-
known phenomenon of replicative senescence in human skin fibrob-
lasts. So, the scheme suggested that CoQ,, could show that anti-aging
effects to inhibit ROS that induce SIPS model of fibroblasts.

compared with CoQ,,.®? In this study, it is shown that CoQ,,
suppress oxidative stress, degradation of collagen by increasing
MMP expression, and decreasing senescence-associated pheno-
types (e.g., SA-Pgal positive staining and SASP) for preventing
skin aging via H,0,-induced SIPS model (Fig. 6). Therefore, it is
considered CoQ,, had an anti-aging action in SIPS model of
human skin fibroblasts. These results suggested that CoQ,, has
possibility to be contributory for extension of healthy life
expectancy in Japan. We hope that this study will help further
clarify the mechanism of aging and development of aging control
method.
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