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Many conventional studies on molecular hydrogen have not examined cell migration ability and the relationship between apoptosis and
the cytoskeleton. Here we investigated the influence of hydrogen-occluding silica microparticles (H,-silica) on cell migration motility and
changes of the cytoskeleton (F-actin) in normal human esophageal epithelial cells (HEEpiCs). As the results, cell migration was promoted,
and formation of microvilli was activated in the 100 ppm (low concentration) scratched group. After performing a wound healing assay,
cells exhibited migration after 48 hours and 72 hours for both 10 ppm and 100 ppm groups, suggesting that the wound-repairing effects
could be attributed to the antioxidant ability of H-silica. In scratched groups, high levels of activated caspase-3 were relatively expressed
and presented a tendency to increase the observed Bax/Bcl-2 ratio at more than 300 ppm groups. The above-mentioned results show that
H,-silica induced apoptosis in HEEpiCs, especially in the scratched cells. Toxicity may cause an exaggerated apoptosis. Furthermore, since
the ratio of fascin/tubulin in the 100, 300, and 600 ppm groups tended to increase in both the scratched and the non-scratched control groups,
H,-silica was thought to be able to promote fascin action on normal cells and may be have a proliferative effect.
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INTRODUCTION

Hydrogen is the most abundant and simplest chemical element
in the universe and the human body. The molecular weight of
hydrogen is very small, it has a large diffusion capacity, and it
has no toxicity or selective neutralizing to toxic free radicals.'
In 2007, Ohsawa et al.* showed that inhaled hydrogen gas
(2%) produced a selectively protective effect against hydroxyl
radicals generated by shock caused by cerebral post-ischemic
reperfusion injury in animal experiments. They concluded that
molecular hydrogen has antioxidant effects and antiapoptotic
properties.* Many previous studies in hydrogen medicine have
shown that molecular hydrogen has antioxidant, antiapoptotic,
and preventive effects against oxidative stress in vitro and in
vivo, and in clinical research.™® However, the use of hydro-
gen gas has severe handling restrictions in hospitals, medi-
cal facilities, and laboratories due to its explosive and other
physicochemical properties. Therefore, in the present study,
we used hydrogen-occluding-silica microparticles (H,-silica),
which are silsesquioxane-based compounds with hydrogen
interstitially embedded in a matrix of caged silica.’

In our previous study, the effect of H,-silica on cell migration
was measured, and the fact was found that H_-silica is more
effective in inhibiting migration of cancer cells than normal
cells.' It suggests that H,-silica can inhibit the metastasis of
cancer cells in vitro, it also suggests that damaged normal cells

would be restored and wound-healing effect would appear at
the same time.

Several previous studies on hydrogen medicine reported the
relationship between wound repair in normal human epithelial
cells and hydrogen water (HW) in vitro.'"!? In another study,
we used HW to treat patients with ulcer pressure in a clinical
study."* Meanwhile, in an in vitro study, we examined whether
HW has a reactive oxygen species (ROS)-scavenging ability
and exerts wound-repair effects as well as promoting type I
collagen production in fibroblasts.!> However, none of these
studies used western blot analysis to explore signaling path-
ways involved and did not estimate the cell migration ability,
and consequently did not focus on the relationship between
apoptosis and the cytoskeleton.

Cell migration depends on the depolymerization and remod-
eling of the cytoskeleton, in particular the actin fiber, as well
as the fascin that is an actin bundling protein.'* Therefore, in
the present study, we investigated whether H,-silica affects the
reconstitution and the expression level of these proteins upon
healing process from scratching on normal cells.

Apoptosis refers to the autonomic and orderly death of cells
that is controlled by diverse genes. During apoptosis, the cell
morphology undergoes a series of characteristic changes.
In recent years, the cytoskeleton has been found to change
in response to factors including degradation, cohesion, and
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uneven distribution of cytoskeleton network structure. Many
studies on the biological activity and function of cytoskeletal
proteins, dynamic changes in cytoskeleton morphology, and
related regulatory factors have shown that changes to the
apoptotic cytoskeleton are the basis of the morphological
changes of apoptosis, and changing the cell skeletal structure
could induce apoptosis.'>!” Thus, the relation to apoptosis was
also examined.

We observed the influence of H,-silica on the behavior of cell
migration, including the formation of filopodia and microvil-
lus, and changes to the cytoskeleton (F-actin). Proliferation-
promoting effects on epithelial cells damaged by wound
healing assay, apoptosis-inducing effects, and changes to the
cytoskeleton accompanying apoptosis were investigated, and
western blot analysis was performed to explore the signal
pathway.

MareRIALS AND METHODS

Cell culture

Normal HEEpiCs were purchased from ScienCell Research
Laboratories (CA, USA) via Cosmo Bio Co., Ltd. (Tokyo,
Japan). HEEpiCs were grown in epithelial cell medium-2
(EpiCM-2, ScienCell, San Diego, CA, USA) in a humidified
atmosphere with 5% CO, in air at 37°C. Once the cells reached
80% confluence, as observed under an inverted microscope
(TCM400FLR, LaboMed America Inc., Fremont, CA, USA),
they were passaged with 0.25% (w/v) trypsin and 0.03% (w/v)
trypsin inhibitor (Gibco, Darmstadt, Germany). HEEpiCs were
seeded at a density of 4.0 x 10° cells per well in 6-well plates
(BD Biosciences, Franklin Lakes, NJ, USA) for each assay.
Cell density was changed in accordance with well numbers
of the microplates used in the experiments.

Preparation and administration of H,-silica

H,-silica was manufactured as silica hydride “Microcluster,”
kindly supplied from New-1-Ten-Rin Enterprise Co., Ltd.
(Changhua, Taiwan, China). Prior to the administration of
H,-silica, basic parameters such as pH, temperature, and
oxidization reduction potential were measured. Dulbecco’s
Modified Eagle Medium was mixed with H,-silica at
concentrations of 10, 40, 70, 100, 300, 600, 900, or 1200 ppm
and applied to HEEpiCs that were previously incubated for
72-96 hours. Assays were performed after further culturing
for 72 hours post-scratching.

Wound healing assay to confirm wound repair rate

The wound healing assay used in this study consisted of two
methods. One method was performed using the tip of a 200 pL
micropipette to make a straight scratch on a confluent mono-
layer of HEEpiCs in a 6-well plate in order to form a wound.
The cells were then rinsed twice with Dulbecco’s phosphate
buffered saline (D-PBS (—)) before adding an EpiCM-2 culture
medium containing H_ -silica. Scratches were made with the
pipette tip at an angle of around 30° to keep the scratch width
limited. This allowed imaging of both wound edges using the
40x objective lens of a microscope. The H,-silica was then
added to the EpiCM-2 culture medium at different concen-
trations (0, 10, 100, 300, 600, and 1200 ppm). Once the cells
reached ~90% confluence, generally after 72 hours, wound

closure in the area was photographed using an inverted phase
microscope (CK2, Olympus, Tokyo, Japan) at 40x magnifi-
cation. The wound closure areas were randomly selected so
as to be evaluated as statistically significant differences and
calculated (mm?) in order to show the closure of the wounds
at each time period.'®!’ The second method used a cell scraper
(99010, TPP Techno, Trasadingen, Switzerland) for cells cul-
tured in T25 flask (BD Biosciences). The cell scraper was 13
mm wide with a fixed blade and was scratched back and forth
six times at random areas of the bottom of each T25 flask.

Crystal violet staining to assess cell morphological changes
Crystal violet staining was executed as previously de-
scribed.>?* First, the media in 6-well plates were removed,
and HEEpiCs were washed with D-PBS (-), fixed in 99%
methanol, and stained for 5 minutes with 0.5% crystal violet
(Wako Pure Chemical Industries, Osaka, Japan) dissolved
in methanol/water. Subsequently, excess staining dye was
removed, and the wells were rinsed thoroughly with running
water until no additional stain leached from the wells. To
determine cell morphological changes, we took photographs
in more than 20 fields per well using a 400 objective.

Alexa 488 phalloidin and 4',6-diamidino-2-phenylindole (DAPI)
staining to detect the cytoskeleton

HEEpiCs were harvested and fixed using cold 2% formalde-
hyde and 0.002% saturated picric acid in 0.1 M phosphate
buffer, pH 8.0, for 4 hours followed by overnight immersion in
buffer containing 30% sucrose. The cells were stored at —70°C
until used. To stain for F-actin, tissue sections were incubated
with Alexa-488-conjugated phalloidin (1:100 in 1% bovine
serum albumin (BSA), Invitrogen, Carlsbad, CA, USA) for
20 minutes at room temperature, followed by incubation with
1 g/mL DAPI for nuclear staining (Sigma-Aldrich, St. Louis,
MO, USA). Then, 1 mL of cold PBS () was added to each
well and stained cells were examined with a fluorescence
microscope and photographed with a camera (MT5310H, Meiji
Techno Co., Ltd., Tokyo, Japan). Individual images generated
from the green and blue channels were superimposed to
generate the composite figures. Computerized morphological
analysis was performed using ImageJ software (https://Imagel].
nih.gov/ij). To clearly show the microvilli of the HEEpiCs,
look-up-table (LUT) method of ImagelJ were used. To elevate
the pixel qualitatively, the obtained photo was treated with a
fast Fourier transform (FTT) bandpass filter of ImageJ to form
a pseudo-image.

Western blot assays to detect activated caspase-3, Bax/Bcl-2,
a-tubulin, and fascin

As previously described,'” HEEpiCs treated with H,-silica
were seeded at approximately 1 x 10 cells per T25 flask and
further cultured for 72-96 hours. Cells were collected using
a small rubber scraper (TR9000, TrueLine, Nashville, TN,
USA), centrifuged at 5000 r/min at 4°C for 5 minutes, then
washed twice in ice-cold PBS (-) . Thereafter, the cell pellet
was homogenized in 60 puL of cold lysis buffer (150 mM NacCl,
10 mM Tris—HCI (pH 7.4), 1% Triton X-100, 1% NP-40, 5
mM EDTA (pH 8.0), and 1/200 vol. of Protease Inhibitor
Cocktail Set I1I (Calbiochem, CA, USA, #539134)). Following
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Control (0 ppm)
H,-silica 10 ppm
H,-silica 100 ppm

Post-scratched time (h)

Figure 1: Time-lapse changes to cell migration of HEEpiCs after the wound
healing assay.

Note: (A) Images of wounds in HEEpiCs at 0, 24, 48, and 72 hours (h) post-
scratching. Bar: 200 um (40x magnification). (B) Rates of wounded area relative
to the start time of scratch shows the relationship between duration and hydrogen-
occluding silica microparticles (H,-silica) at 0, 10, and 100 ppm. Data were
expressed as the mean + SD and evaluated with the repeated ANOVA analysis.
*P<0.01.

centrifugation at 14,000 r/min at 4°C for 5 minutes, 7 pL of the
supernatant was mixed with 1/2 volume of 4x NuPAGE LDS
sample buffer (Invitrogen) and 1/4 volume of 10x NuPAGE
antioxidant (Invitrogen), and run on a 13.5% acrylamide
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Additional procedures were the same as
reported in our previous study.'® Anti-Bax (BioLegend, CA,
USA, #625901), anti-Bcl-2 (eBioscience, CA, #141028), anti-
a-tubulin, and anti-fascin-1 (Santa Cruz Biotechnology Inc.,
Dallas, TX, USA, #SC-21743) were utilized as the primary
antibodies, and Jackson Peroxidase AffiniPure Goat Anti-
Mouse IgG (H+L) (#115-035-003) 2.0 mL was utilized as
the secondary antibody. Finally, both the ratio of the intensity
of activated caspase-3 versus native caspase-3 and the ratio
of the intensity of Bax versus Bcl-2 were used to evaluate
the occurrence of apoptosis in HEEpiCs. The intensities of
protein bands were measured using the column average plot
function of the ImageJ software. The ratio of the intensity of
fascin versus a-tubulin was used to evaluate the occurrence
of apoptosis and cytoskeleton in HEEpiCs.

Statistical analysis

Conventional statistical methods were used to calculate the
results obtained from the wound healing assay, crystal violet
staining, and western blot analysis. Data were expressed as
the mean = SD and P-values below 0.05 were regarded to
be statistically significant. In addition, the repeated ANOVA
analysis was used for measuring longitudinal data. All data
were analyzed statistically using Excel Statistical 2012
Software for Windows (Social Survey Research Information

Figure 2: Changes to the end edge (non-wound edge) 72 hours after the wound
healing assay adding hydrogen-occluding silica microparticles (H,-silica).
Note: A more obvious appearance of apoptosis-like morphological changes was
observed with increasing concentrations of hydrogen-occluding silica microparticles
(H,-silica). Bar: 40 um (200x magnification).

Co., Ltd., Tokyo, Japan).

ResuLts

Cell migration rate of HEEpiCs to cause ability of closure to
care wound area

Cell migration is associated with cellular developmental and
proliferative processes. In order to access the influence of H2-
silica on cell migration of HEEpiCs, we performed a wound
healing assay. As shown in Figure 1, images of wounds at
0, 24, 48, and 72 hours after scratching showed protrusions
characteristic of migration after 24 hours for H-silica at 10
ppm and 100 ppm, and eventual healing of the wound after
72 hours.

Changes to the end edge (non-wound edge) 72 hours after
wound healing assay

According to the wound healing assay, scratching will cause
the wound edge that was designated as the leading edge, and
the non-wound edge that was designated as end edge, existing
the opposite outside. We observed filopodia and microvilli at
the wound edge, and an apoptosis-like phenomenon at the
non-wound edge. In the present study, cell death phenomena
occurred severely at the end edge 72 hours after performing
the wound healing assay and according to the concentration
of administrated H -silica. Figure 2 shows that H -silica
caused significant apoptosis-like features on HEEpiCs in a
dose-dependent manner at lower concentrations. Huang et
al.”! reported that if cells were seeded at a very low density,
the bystander effect and apoptosis induction was dramatically
reduced. H_-silica may result in an apoptotic bystander effect,
and the reason may be related to the density of cultured cell.

Immunofluorescent phalloidin/DAPI stainings of HEEpiCs

Phalloidin stain showed a clear increase in microvilli,
confirmed to be extended from filopodia of HEEpiCs.
Compared with the 0 ppm H_-silica group, the 100 ppm H,-
silica group showed an increase in microvilli. DAPI staining
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showed the number of cell nuclei tended to decrease with the
concentration of H,-silica at more than 300 ppm of H,-silica,
indicating cell death such as apoptosis occurred. However,
a proliferation phenomenon was observed in the 100 ppm
scratched group, but a growth inhibitory effect was observed
in the high concentration group (> 300 ppm) (Figure 3A). It
should be emphasized that numerous protrusions caused by
actin filament-bounding protein, fascin, such as microvilli,
appeared along all sides of the cell periphery of HEEpiCs in
100 ppm group (indicated by the arrowheads in Figure 3B.
As for the formation of microvilli, a certain unique change is
seen together with filopodia (Figure 3B). Filopodia is more
developed in the 100 ppm group than in the 0 ppm group.
Observation with an electron microscope in the future is
expected to make the microvilli appear more outstanding than
one using in visual quality.

Western blot analysis to detect activated caspase-3, Bax/Bcl-2,
a-tubulin, and fascin

Western blotting was carried out in the H_-silica groups at
concentrations of 0 (control), 10, 100, 300, 600, and 1200 ppm.
Expression of uncleaved caspase-3 and activated caspase-3
was first measured (Figure 4A). Caspase-3 is regarded as
a landmark of apoptotic pathways. The 17 kDa bands that
corresponded to processed and activated caspase-3 were
expressed in non-scratched HEEpiCs after 72 hours (Figure

A2

Figure 3: Immunofluorescent phalloidin/4’,6-diamidino-2-phenylindole
(DAPI) staining of HEEpiCs.

Note: (A1, 2) The actin cytoskeleton was visualized by staining with Alexa 488
phalloidin (green, the upper panel). Cell nuclei were counterstained with DAPI
(blue, the lower panel). The hydrogen-occluding silica microparticles (H,-silica)
concentrations were 0 (control), 10, 100, 300, 600, and 1200 ppm. Scale bar: 50 um
(400x magnification). (B) To present the features of Alexa 488 phalloidin more
sharply, LUT (look-up table) images in pseudocolor treated with ImageJ were
obtained to quantitatively evaluate the number of microvilli.

4A) in 10 ppm, 300 ppm, and 600 ppm. On the other hand,
in every group, 72 hours post-scratch HEEpiCs showed an
increase in activated caspase-3 expression compared with the
control group (Figure 4B), especially in 1200 ppm. These
results suggested that H_-silica promoted apoptosis in the
scratched HEEpiCs.

Second, Bax/Bc¢l-2 ratio was examined as another index of
cell survival or mortality. These members of the Bcl-2 family
include regulator proteins that adjust the degree of cell death
(apoptosis). In the non-scratched group, there was a gradual
decrease compared with the control group. Compared with
the control group, the scratched group presented a tendency to
increase the observed Bax/Bcl-2 ratio at more than 300 ppm
group (Figure 4C, D).

Then, we used fascin to determine the signaling pathways
involved in cytoskeleton expression using a-tubulin as an
internal control. Fascin is a 55 kDa actin crosslinking protein
and represents a family of actin-bundling proteins including
sea urchin fascin and HeLa 55 kDa actin-bundling protein.?>%
It was concluded that fascin is associated with the formation
of filopodia in coelomocytes. The expression of fascin/tubulin
is increased in HEEpiCs at a lower concentration (10 ppm
for non-scratched and 100 ppm for scratched) of H_-silica
(Figure 4E, F), a little greater in non-scratched than scratched
HEEpiCs. A remarkable difference of Fascin/Tubulin ratio
was not appeared between the scratched groups and non-
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Discussion
In this in vitro study, several experimental methods were used
to verify the biological effects of H_-silica on cell migration
behavior of HEEpiCs.?*%

First, cell migration and filopodia formation were used as
indicators. After performing a wound healing assay, cells
exhibited characteristic migration protrusions after 24 hours
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Figure 4: Western blotting analysis of caspase-3, Bax/Bcl-2, a-tubulin, and
fascin.

Note: (A, C, E) Immuno-detected bands for activated caspase-3 (19 kDa) and native
caspase-3 (28 kDa) (A), Bax (19 kDa) versus Bcl-2 (28 kDa) (C), and fascin-1 (55
kDa) versus a-tubulin (50 kDa) (E) for the non-scratched group and the scratched
group at 0 ppm (control), 10, 100, 300, 600, and 1200 ppm concentrations of H,-
silica in HEEpICs. The ratios (%) of band optical densities and expression levels
of activated caspase-3 versus native caspase-3 (B), Bax versus Bcl-2 (D), and
a-tubulin/fascin-1 (F) for the non-scratched group and the scratched group at 0
(control), 10, 100, 300, 600, and 1200 ppm concentrations of H,-silica in HEEpICs
were analyzed by densitometry via the ImageJ software, respectively. H,-silica:
Hydrogen-occluding silica microparticles.

and showed wound healing after 72 hours for both of 10 ppm
and 100 ppm H_-silica groups (Figure 1), suggesting that the
wound-repairing effects could be attributed to the antioxidant
ability of H,-silica.

In addition, an apoptotic bystander phenomenon was
observed at the non-scratched side with administration of
a low concentration (100 ppm) of H_-silica (Figure 2). The
reason may be related to the density of cultured cell. Huang et
al reported that if cells were seeded at a very low density, the
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bystander effect and apoptosis induction was dramatically
reduced.?!

On the other hand, the cytoskeleton of eukaryotic cells is
composed of microfilaments, microtubules, and intermedi-
ate diameter fibers. At the stage of cell division, microtu-
bules are involved in determining the spindle combination
and location, and the dynamic instability of the microtubule
influences cell replication and apoptosis. Most microfila-
ments are concentrated directly under the cell membrane.
It has the role of resisting tension, maintaining cell shape,
and forming cytoplasmic protrusions, such as filopodia and
microvilli.?’

Phalloidin staining showed a clear increase in microvilli
that was confirmed by filopodia in HEEpiCs. Compared
with the control group (0 ppm), microvilli increased after
administration of 100 ppm of H,-silica. A proliferation
phenomenon was observed in HEEpiCs by DAPI staining
in the 100 ppm group, but a growth suppression effect was
observed in the high concentration groups (300 ppm or
more). This suggested that wounds can be healed to some
extent by H -silica administration.

Second, apoptosis-like features of HEEpiCs and dose-
dependently magnificently appeared 72 hours after H,-silica
administration, suggesting that the injured cells induced
apoptosis by the scratching-wound, resulting in autophagy
and phagocytosis had not been promoted by H,-silica.

By the apoptosis assay using western blot, expression
of native caspase-3 and anti-activated caspase-3 was
detected. A 17 kDa band corresponding to cleaved and
activated caspase-3 was expressed but equal levels with
the control (0 ppm) in each non-scratched group after 72
hours. Each group of scratched HEEpiCs showed equal
levels of caspase-3 expression compared with the control
group lower, in 1200 ppm elevated expression of activated
caspase-3, suggesting that H -silica promotes cellular
apoptosis of HEEpiCs (Figure 4A, B).

Using the Bax/Bcl-2 ratio as another index of apoptosis,
non-scratched cells showed that H -silica inhibited Bax
expression and could inhibit apoptosis of HEEpiCs. But,
Bax/Bcl-2 ratio in scratched cells increased at more than 300
ppm groups. Bax/Bcl-2 and caspase-3 are involved in cell
apoptosis of HEEpiCs at high concentrations of H,-silica
in scratched cells.

Caspase-3 is the downstream regulating protein of Bcl-2
and the initial factor of apoptosis. Overexpression of Bcl-2
effectively suppresses caspase-3 activity and the occurrence
of cell apoptosis. It is possible to induce cell apoptosis
through cytoskeletal changes and cytoskeletal changes can
be regarded to precede cell apoptosis.?**

In our previous studies, fascin exerted an important
function in cell migration and filopodia formation.'® Since
microfilaments exert important actions in processes such
as cell migration and pseudopodia formation, formation of
filopodia and microvilli can be used as an indicator of cell
proliferation. In this study, cell migration was promoted, and
formation of microvilli was activated in the 100 ppm (low
concentration) scratched group, where a proliferation effect
was seen. Furthermore, since the ratio of fascin/tubulin in
the 100, 300, and 600 ppm groups slightly increased in both

the scratched and the non-scratched control groups, H,-silica
was thought to be able to promote fascin action and have a
proliferative effect on normal cells.

The high concentrations of H_-silica used in this experiment,
like other strongly antioxidant reagents, have a harmful effect
on KYSE-70 and HEEpiCs, highlighting the difficulty of
antioxidant handling in clinical practice. H,-silica is not only
portable and easy to store but also safer than the H_-generating
apparatus which is expensive, difficult to manipulate, and
has the potential to explode.*® H,-silica can generate large
amounts of hydrogen when it comes in contact with aqueous
liquid, resulting in the scavenging of ROS.3!"4 Kato et al.’
used H,-silica to investigate the suppressive efficacy against
melanogenesis in HMV-II human melanoma cells and
levodopa (L-DOPA)-tyrosinase reaction. They found that H, -
silica has the potential to prevent melanin production against
ultraviolet A and serves as a skin-lightening ingredient for
supplements or cosmetics.’

The skin consists of an outer squamous epithelium, named
the epidermis, and an inner connective tissue, named the
dermis. Cell death in the epithelial tissues exhibits physiologic
and pathological processes. Molecules involved in cell death
that have a physiological meaning in mammals are called
the caspase family and are called proteases that promote cell
death. As well known, it is due to the action of apoptosis which
usually occurs in interdigit-regions of mitte hands and feet of
human fetus at the embryogenetic stage and then fingers and
toes are formed one by one. In addition, a fetal eyelids form
an opening also by the process of apoptosis.’® The results
obtained from our study seem to have the same mechanism
that the formation of filopodia and microvilli increased with
scratched esophageal epithelial cells repaired. Toxicity may
cause an exaggerated apoptosis.

Finally, we should pay attention to the antioxidant effect,
convenience, and inexpensiveness of H,-silica, but on the
other hand it should also be recognized as having its toxicity.
Indeed, high concentrations of H,-silica have been found to
be toxic to HEEpiCs. Toxicity may be due to the attribute
of silica particles. Maybe this is because HW without silica
particles exhibits no cytotoxicity even at the correspondingly
high dissolved-hydrogen concentrations, and, additionally
because hydrogen has the smallest molecular weight and is able
to diffuse quickly. Here we want to emphasize that apoptosis
may be partially induced by toxins. In addition, we will add
caspase-14 in the next research, because caspase-14 is clearly
required for normal skin development. And caspase-14 is
nonapoptotic, almost exclusively expressed in the suprabasal
epidermal cells.3¢%
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