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Histological Assessment of Cartilage Repair

According to the International Cartilage Repair Society
(ICRS) (Mainil-Varlet et al. 2003), microscopic find-
ings were evaluated by two examiners in a blind man-
ner, using HE- and Safranin-O-stained sections. [CRS
proposed six categories with individual scores, which
are described in the legend of Table 1.

Statistical Analysis

All analyses were performed using Student’s f-test or
the Mann-Whitney U-test, as indicated in the figure
and table legends (StatView J-3.0; SAS Institute, Cary,
NC). Data are presented as the means = SE. Differ-
ences were considered significant when p<0.05.

Results

Microscopic Evaluation of Cartilage Repair

We transplanted osteochondral grafts obtained from
EGFP-expressing rats into the cartilage of wild-type
rats. At 1, 2, or 4 weeks after transplantation, no
apparent macroscopic difference was observed be-
tween PTD-FNK treatment and non-treatment groups;
however, HE and Safranin-O/Fast Green staining
showed microscopic differences between them, as men-
tioned below.

At 1 week, a significant difference appeared in cell
distribution (Table 1). All graft cartilage without PTD-
FNK treatment showed abnormal cell distribution, that
is, a mixed pattern of columnar arrangement and clus-
ter of chondrocytes (Figures 1A and 1B; Table 1). On
the other hand, chondrocytes were arranged in a co-
lumnar pattern in the PTD-FNK treatment group (Fig-
ures 1D and 1E; Table 1). In both groups, we observed
slightly irregular surfaces (Figures 1A and 1D; Table 1)
and necrosis in the subchondral bone to the same ex-
tent (Figures 1C and 1F; Table 1). The other features
were almost normal, although one graft without
PTD-FNK treatment showed low cell population via-
bility (Figure 1B; Table 1) and low-level Safranin-O
staining (matrix) (Table 1).

At 2 weeks, grafts with PTD-FNK treatment seemed
to be slightly better than grafts without PTD-FNK
treatment with regard to cartilage surface and cell dis-
tribution (Figures 1G and 1H; Table 1). It is noted that
one graft without PTD-FNK treatment formed chon-
drocyte clusters (Figure [H; Table 1). We also observed
increased remodeling of subchondral bone in both
groups (Figures 11 and 1L; Table 1).

At 4 weeks, cartilage surfaces of both groups were
slightly irregular; however, there was another signifi-
cant difference in the matrix between the two groups
(Table 1). All graft cartilage with PTD-FNK treatment
showed almost normal matrix (Figure 1Q), whereas
the cartilage of two grafts (50%) without PTD-FNK
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treatment was found to be fibrocartilage, which devel-
oped just above the tidemark (Figure IN). In addition,
PTD-FNK treatment seemed to suppress deterioration
of cell distribution but not to increase cell population
viability (Table 1). There was no difference in the sub-
chondral bone and cartilage mineralization of either
group (Figures 10 and [R; Table 1).

Microscopic assessment strongly suggested that
PTD-FNK suppresses a matrix deterioration and dis-
ruption of columnar chondrocyte distribution during
the study period.

Safranin-O/Fast Green Staining

Safranin-O stoichiometrically binds to tissue glycos-
aminoglycan, such as chondroitin sulfate and keratan
sulfate (Rosenberg 1971), and is widely used to eval-
uate the amount of proteoglycan present in cartilage
(Mainil-Varlet et al. 2003). Safranin-O/Fast Green stain-
ing allowed us to be aware of another important find-
ing. Grafted cartilage exhibited high-level Safranin-O
staining at 1 and 2 weeks in both groups (Figures 1B,
LE, and 1K). At 4 weeks, no great difference in the in-
tensity of Safranin-O staining was observed between
the graft and host cartilages; however, all cartilage
layers of grafts with PTD-FNK treatment remained
Safranin-O staining positive through almost the entire
thickness (Figure 2). In contrast, the cartilage layers of
grafts without PTD-FNK treatment showed a signifi-

cant reduction of Safranin-O staining in the superficial
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Figure 4 A number of EGFP-positive cells were normalized against
the area of the cartilage layer (surviving cell density). PTD-FNK sig-
nificantly suppressed a decrease in EGFP-positive cells at 1 and
2 weeks, and the tendency seemed to be continuing at 4 weeks.
“p<0.05 and **p<0.001 vs the PTD-FNK non-treatment group at
1 or 2 weeks by Student’s t-test.
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Figure 5 The number of EGFP-pasitive cells normalized against a
number of hematoxylin-eosin-stained cells (survival rate) showed
that PTD-FNK protected from cell death at 1 and 2 weeks, and the
tendency seemed to be continuing at 4 weeks. *p<0.005 and
**p<0.005 vs PTD-FNK non-treatment groups at 1 or 2 weeks by
Student’s t-test.

zone, indicating that some chondrocytes, but not all,
lost their activity to synthesize glycosaminoglycan.
Analysis with NIH Image Soft ware showed that the
superficial zone losing Safranin-O staining in the PTD-
FNK untreated group was ~10 times thicker than that
in the PTD-FNK treatment group (Figure 2). PTD-FNK
clearly suppressed the loss of Safranin-O staining for
4 weeks, indicating that PTD-FNK preserves chondro-
cytes from losing cellular activity to maintain normal
proteoglycan for at least for 4 weeks.

Figure 6 PTD-FNK inhibited cell death. Rep-
resentative section of terminal deoxynucleo-
tidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP)-nick end-labeling stain-
ing (left). PTD-FNK significantly inhibited
cell death at 1 and 2 weeks, and a similar
tendency was found at 4 weeks (right).
*p<0.05 and **p<0.005 vs PTD-FNK non-
treatment groups at 1 or 2 weeks by Stu-
dent’s t-test.
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Chondrocyte Survival

Microscopic assessment of cartilage suggested that the
PTD-FNK treatment group obtained higher scores of
“cell distribution” at | week and “matrix” at 4 weeks,
but there was no difference in the category “cell popu-
lation viability” during the study period. The category
“cell population viability” was roughly evaluated by
the morphology of HE-stained cells and nuclei (e.g.,
pyknotic nuclei in a dying or dead cell) (Mainil-Varlet
et al. 2003); therefore, the evaluation is not quantita-
tive. To study the survival effect of PTD-FNK on chon-
drocytes in grafts, EGFP-positive cells in the cartilage
layer of grafts were counted, because surviving chon-
drocytes of osteochondral grafts prepared from SD-
Tg (CAG-EGFP) rats expressed EGFP during the study
period (Figure 3).

The number of EGFP-positive cells was normalized
against the area of the cartilage layer (Figure 4). PTD-
FNK significantly suppressed a decrease in EGFP-
positive cells at 1 and 2 weeks, and the tendency seemed
to continue at 4 weeks. The number of EGFP normal-
ized against the number of HE-stained cells also showed
that PTD-FNK protected against cell death, although
the difference was smaller (Figure 5). To evaluate dying
or dead cells, TUNEL staining was performed. The re-
sults showed that PTD-FNK inhibited cell death (Fig-
ure 6), conforming to the above results. These results
indicate that PTD-FNK protects chondrocytes from
cell death caused by transplantation.

Discussion

This study showed that the degeneration of cylindrical
osteochondral autografts, which were transplanted
into the full thickness of articular cartilage defects by
impact insertion, was suppressed when they were sub-
merged in anti-cell death PTD-FNK protein before
transplantation. Furthermore, the increased cell death
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and decreased survival rate and density of GFP-positive
graft cells, which occurred with time in the early stage
after transplantation, were also suppressed in grafts
treated with PTD-FNK.

PTD-FNK has been shown to inhibit cell death path-
ologically caused in various tissues, including the brain
and liver, and caused by bone marrow transplanta-
tion and freezing/thawing, as mentioned above (Asoh
and Ohta 2008). This study showed that the density
and survival rate of the GFP-positive cells of PTD-
FNK-treated grafts were significantly higher than
those of PTD-FNK-untreated grafts but decreased with
time during the study period. In the previous study,
PTD-FNK was shown to be introduced into the
chondrocytes from the superficial layer to a depth of
200 wm after 6 hr, when the cartilage slice was sub-
merged in a solution containing PTD-FNK in vitro
(Ozaki et al. 2004). The microenvironment of a cy-
lindrical osteochondral graft, for example, blood
supply to the subchondral bone and metabolism, and
nutrition of the cartilage, is not the same as that of
normal articular cartilage. In particular, in the early
period after transplantation, horizontal mechanical
stress on grafts decreases and the biological contact
of subchondral bone between graft and host is lost,
which generates an abnormal mechanical environment
in the grafts; therefore, some environmental changes
could cause chondrocyte death in grafts, regardless of
PTD-FNK treatment. However, these results suggest
that more chondrocytes were protected from cell
death by PTD-FNK treatment at | and 2 weeks, result-
ing in matrix with a histologically normal appearance
at 4 weeks.

PTD-FNK was degraded with a half-span of ~2 hr
when introduced into a cultured cell (Asoh et al. 2002);
PTD-FNK was degraded with a half-span of 3.6 or
~2 hr when systemically delivered into the brain or
liver, respectively (Asoh et al. 2005; Katsura et al.
2008). Despite the short half-span of PTD-FNK in a
cell, the cytoprotective effect of PTD-FNK obviously
continued for at least 2 weeks when introduced into
chondrocytes in cartilage. It is unlikely that PTD-
FNK is very slowly degraded in chondrocytes. Mean-
while, chondrocytes are embedded in the cartilage
matrix, which is rich in chondroitin sulfate containing
high levels of sulfate with a negative charge. It is ex-
pected that chondroitin sulfate electrostatically in-
teracts with PTD-FNK, because the PTD is rich in
positively charged amino acid residues. It is possible
that the matrix functions as a reservoir to store and
supply PTD-FNK in the long term. PTD-FNK may
gradually be dissociated from matrix components
and introduced into chondrocytes. Otherwise, PTD-
FNK exhibits cytoprotective activity only on the first
day or for the first several days after transplantation,
which may simply result in better survival of the cells
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at 1 and 2 weeks. Further effort is necessary to improve
the survival of chondrocytes and the properties of cy-
lindrical osteochondral grafts for hyaline cartilage.
Strategies are also sought to enhance the transduction
of PTD-FNK to the subchondral bone because there
was no histological difference in this area between
PTD-FNK-treated and untreated grafts.

It remains unknown how PTD-FNK protects chon-
drocytes from mechanical stress during preparation
and impact insertion of the graft. Recently, we showed
that PTD-FNK inhibits an increase in the cytosolic
calcium concentration induced by glutamate, thap-
sigargin, and an immunosuppressant, FK506, and
protected primary cultured neocortical neurons and
neuroblastoma cells from cell death (Asoh et al.
2002; Katsura et al. 2008). It is widely accepted that
disruption of the regulation of intracellular calcium
concentration leads to cell death (Giorgi et al. 2008).
How do chondrocytes in cartilage respond to me-
chanical stress? Several studies showed that me-
chanical stress transiently induces an increase in
intracellular calcium concentration in primary cultured
chondrocytes (Guilak et al. 1999; D’Andrea et al.
2000; Kono et al. 2006). Mechanical stress also in-
duced ATP release from chondrocytes to the extra-
cellular matrix (Hatori et al. 1995), and direct ATP
application to rat cartilage slices induced transient
elevation of intracellular calcium concentration
(Kumahashi et al. 2004). Recently, Huser and col-
leagues (2006,2007) reported that a single impact
load induces a release of calcium from the endoplasmic
reticulum, causing mitochondrial depolarization and
caspase-9 activation resulting in apoptosis-like cell
death of chondrocytes in cartilage within 24-48 hr.
It is possible that PTD-FNK prevents the increase of
intracellular calcium ions induced by mechanical stress
and protects the chondrocytes from cell death. Further
study remains necessary to investigate the mecha-
nisms by which PTD-FNK protects chondrocytes from
cell death associated with cylindrical osteochondral
graft transplantation.

[n conclusion, we present the efficacy of PTD-
FNK to protect from cell death and suppress the de-
generation of cylindrical osteochondral grafts. The
histological score was well maintained, and the sur-
vival rate and density of GFP-positive cells were pre-
dominant in PTD-FNK-treated grafts; therefore, the
potential of antiapoptotic protein PTD-FNK to suppress
the degeneration of cylindrical osteochondral autograft
was shown.
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Consumption of Molecular Hydrogen Prevents the
Stress-Induced Impairments in Hippocampus-Dependent
Learning Tasks during Chronic Physical Restraint in Mice
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We have reported that hydrogen (H,) acts as an efficient antioxidant by gaseous rapid diffusion. When water saturated with hydrogen
(hydrogen water) was placed into the stomach of a rat, hydrogen was detected at several uM level in biood. Because hydrogen gas is
unsuitable for continuous consumption, we investigated using mice whether drinking hydrogen water ad fibitum, instead of inhaling
hydrogen gas, prevents cognitive impairment by reducing oxidative stress. Chronic physical restraint stress to mice enhanced levels of
oxidative stress markers, malondiadehyde and 4-hydroxy-2-nonenal, in the brain, and imparred leaming and memory, as judged by three
different methods: passive avoidance learning, object recognition task. and the Morris water maze. Consumption of hydrogen water ad
libitum throughout the whole period suppressed the increase in the oxidative stress markers and prevented cognitive impairment, as
judged by all three methods, whereas hydrogen water did not improve cognitive ability when no stress was provided. Neural
proliferation in the dentate gyrus of the hippocampus was suppressed by restraint stress, as observed by S-bromo-2'-deoxyuridine
incorporation and Ki-67 immunostaining, proliferation markers. The consumption of hydrogen water ameliorated the reduced
proliferation although the mechanistic link between the hydrogen-dependent changes in neurogenesis and cognitive impairments remains
unclear. Thus, continuous consumption of hydrogen water reduces oxidative stress in the brain, and prevents the stress-induced decline
in leaming and memory caused by chronic physical restraint. Hydrogen water may be applicable for preventive use in cognitive or other

| neuronal disorders.
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INTRODUCTION

Oxidative stress is widely accepted as a contributor to
neuronal vulnerability (Langley and Ratan, 2004; Lin and
Beal, 2006; Ohta and Ohsawa, 2006; Sayre et al, 2008). Thus,
suitable antioxidants are desired to protect neural pre-
cursors and neurons against oxidative damage in the brain
(Ferri et al, 2003); however, most antioxidants are not able
to reach neurons because of the blood-brain barrier. We
have recently reported that molecular hydrogen (H,)
reduces oxidative stress (Ohsawa et al, 2007; Fukuda et al,
2007), and can penetrate the blood-brain barrier to protect
neurons by gaseous diffusion; however, inhalation of
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hydrogen gas may be unsuitable as continuous hydrogen
consumption for preventive use. A brief report has
suggested that consumption of water containing hydrogen
at a saturated level (hydrogen water) reduces oxidative
stress in rats, as shown by decreased levels of urine oxidized
guanine and hepatic lipid peroxide (Yanagihara et al, 2005).
Thus, we examined the effect of hydrogen water on
cognitive decline induced by oxidative stress.

Adult hippocampal neurogenesis may be involved in
cognitive functions, including learning and memory, and
spatial recognition (Abrous et al, 2005; Bruel-Jungerman
et al, 2007). Antidepressants increase adult neurogenesis
(Dranovsky and Hen, 2006; Becker and Wojtowicz, 2007;
Sahay and Hen, 2007), suggesting that suppression of adult
neurogenesis may be responsible for some mental dis-
orders. Here we show that when chronic physical stress was
applied to mice continuous consumption of hydrogen water
reduced oxidative stress in the brain, and prevented the
decline in the proliferation of progenitor neural cells and
the impairment of cognitive function.
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MATERIALS AND METHODS
Hydrogen Water

Molecular hydrogen (H,) was dissolved in water under
high pressure (0.4MPa) to a supersaturated level using
hydrogen water-producing apparatus (ver. 2) produced by
Blue Mercury Inc. (Tokyo, Japan). The saturated hydrogen
water (500 ml) was stored under atmospheric pressure in
an aluminum bag with no dead volume. Hydrogen water
was freshly prepared every week, which ensured that a
concentration of more than 0.6 mM was maintained. We
confirmed the hydrogen content with a hydrogen electrode
(ABLE). Each day, hydrogen water from the aluminum bag
was placed into a closed glass vessel (70 ml) equipped with
an outlet line having two ball bearings, which kept the water
from being degassed. This vessel ensured that the hydrogen
concentration was more than 0.4 mM after 1 day. Hydrogen
water degassed by gentle stirring was used for control
animals; the complete removal of hydrogen gas was
confirmed with the hydrogen electrode.

Measurement of Hydrogen in Blood

Hydrogen water (3.5ml at 0.8 mM) was placed into the
stomach of a rat (approximately 230 g) by a catheter. After
3min, 5ml of venous blood was collected from the heart
and placed into a small aluminum bag containing 25 ml air.
After hydrogen gas from blood was transferred into the air,
20 ml of the air from the aluminum bag was applied to gas

chromatography to examine the content of hydrogen as
described (Ohsawa et al, 2007).

Malondialdehyde Measurement

Brain malondialdehyde (MDA) levels were determined
using a Bioxytech MDA-586 Assay Kit (OxisResearch,
Oregon). Briefly, the frozen left brains were homogenized
in the presence of butylated hydroxytoluene. After centri-
fugation, free MDA in the supernatant was converted to a
stable carbocyanine dye (maximum absorption at 586 nm)
by chemical reaction with N-methyl-2-phenylindole. MDA
levels were normalized against protein concentration.

Physical Restraint Stress

This study was approved by the Animal Care and Use
Committee of Nippon Medical School. We obtained ICR
mice, 7 weeks of age (33-34g body weight), from CLEA
Japan Inc. (Tokyo, Japan), and divided 40 mice into four
groups (each group had 10 mice) by the following
combination. Stress and CTL: groups with and without
restraint stress, respectively. HW(+) and HW(-): groups
given water with and without hydrogen, respectively. Each
mouse was placed in a 3 x 3 x 7.5cm stainless-steel cage,
which completely restricted their movement, but allowed
them to drink water ad libitum. Immobilization stress was
given 10 h per day (0900-1900 hours) for 6 days each week.
Each immobilized mouse was housed individually in a small
10 X 10 x 10 cm compartment of a multicompartment cage
for the remaining time to avoid aggression and to prevent
social isolation. Hydrogen water or degassed water was avail-
able ad libitum throughout the whole period. Unstressed
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Figure | Schedules for subjecting mice to restraint stress and
performing experments are illustrated. Single bar indicates a series of
experiments using tne same mice. PA,- ORT, WM, 5-bromo-2’-deoxy-
undine  (BrdU), Ki-67, and OS indicate the time points for passive
avoidance, object recognition test, Morris water maze, injection of BrdU,
and sampling for Ki-67 and oxidative stress (4-hydroxy-2-nonenal (HNE)
staining and malondialdenyde (MDA) measurement). During the experi-
ments of the Mommis water maze, mice continued to be immobilized for 8 h
per day.

mice were housed in standard-sized cages consisting five
mice per cage, and they were handled daily without stress.
Schedules for providing restraint stress and performing
experiments are schematically illustrated in Figure 1.

Passive Avoidance Learning

The apparatus consisted of two compartments, one light
and the other dark, separated by a vertical sliding door
(O’Riordan et al; 2006). We initially placed a mouse in the
light compartment for 20s. After the door was opened, the
mouse could enter the dark compartment (mice instinc-
tively prefer being in the dark). After the mouse entered
the dark compartment, the door was closed. After 20s, the
mouse was given a 0.3 mA electric shock for 2s. The mouse
was allowed to recover for 10s, and was then returned to
the home cage. After 24 h, the mouse was again placed in the
lighted section with the door opened to allow the mouse to
move into the dark section. We scored the latency time for
stepping through the door. In addition, the number of mice
that stayed in the light section for more than 300s was
recorded.

Object Recognition Task

The novel-object recognition and memory retention test
was used to examine recognition memory (Wang et al, 2004;
De Rosa et al, 2005). A mouse was habituated in a cage for
4h, and then two different-shaped objects were presented to
the mouse for 10 min as training. The number of times of
explorations and/or sniffs of one object, which will be
replaced with a novel one, was counted for the initial 5-min
period (Training). To test memory retention after 1 day, one
of the original objects was replaced with the novel one with
a different shape, and then the number of times of
explorations and/or sniffs of the novel one was counted
for 5min (Retention test). The recognition index was
obtained as the frequencies (%) of exploring and/or sniffing
the original object or the novel one.

Spatial Learning

Mice were trained on the Morris water maze (Morris et al,
1982; D’Hooge and De Deyn, 2001), with four trials per day



over 6 days. The water maze was a circular pool filled
with water at room temperature (diameter, 125 cm; height,
55 cm; water temperature, 24 + 1°C). A transparent platform
(diameter, 10cm) was hidden 1cm below the surface of
water that had been made opaque with white nontoxic
paint. Starting points were changed every day. Each trial
lasted until either the mouse had found the platform or for a
maximum of 60s. The examiner determined the time of
swimming until the mouse reached the platform (latency)
using a stopwatch and a video. All mice were allowed to rest
on the platform for 20s. The platform was removed for a
probe trial 24h after the last training session on day 6.
Retention of the spatial training was assessed 1h after the
last training trial. The single-probe trial consisted of a 60s
free swim in the pool without the platform. Mice were
placed and released opposite the site where the platform
had been located and the time spent in each quadrant was
recorded for the probe trial. During the experiments, mice
continued to be immobilized for 8 h per day, instead of 10 h.

Immunohistochemistry

After 8-week restraint stress, mice were perfused trans-
cardially with saline under anesthesia. The right brain
hemisphere and the hemicerebellum were removed and
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
(PB, pH 7.4) for 24 h at room temperature. Coronal sections
(40 um) were cut rostrocaudally with a vibratome (Leica,
Cambridge, UK) and immersed in PBS.

For 5-bromo-2'-deoxyuridine (BrdU) immunohisto-
chemistry, BrdU (Sigma) was dissolved in 0.9% NaCl and
sterilized by filtration. After 6-week restraint stress, the
mice received one intraperitoneal injection of 50 mg/kg
body weight at a concentration of 10pg/ml per day for
5 consecutive days as described (Wolf et al, 2006). The
sections were incubated in 2N HCI at 37°C for 30 min to
denature DNA, further incubated in 3% H,O, in methanol
for 30min, and then blocked with mouse Ig blocking
reagent from the M.O.M. kit (Vector Laboratories, Burlin-
game, CA) for 1h. The primary antibody used was mouse
monoclonal anti-BrdU (BD Pharmingen, 1:100).

For Ki-67 and 4-hydroxy-2-nonenal (HNE) immuno-
reactions, after 8-week restraint stress, sections were incu-
bated in 10 mM citrate buffer (pH 6.0) at 90°C for 5 min, left
to cool at room temperature, further incubated in 3% H,0,
in methanol for 30 min at 37°C, and then blocked with the
M.O.M. kit and normal goat serum from the Vectastain ABC
kit (Vector Laboratories), respectively. The primary anti-
bodies used were rabbit polyclonal anti-Ki-67 antibody
(Abcam, 1:500) and mouse monoclonal anti-HNE antibody
(20 pg/ml; JaICA, Fukuroi, Japan). The HNE secondary anti-
body (M.O.M. biotinylated anti-mouse IgG, 1:250; Vector
Laboratories) and the BrdU and Ki-67 secondary antibodies
(biotinylated anti-rabbit IgG, 1:200) were applied for 2 h. The
avidin/biotinylated mouse peroxidase complex (ABC Kkit;
Vector Laboratories) was applied for 2h, and the sections
were stained with 3'3-diaminobenzidine (Sigma) for 1 min.

Wire-Hanging Test

After 6-week restraint stress, neuromuscular strength was
tested by wire-hanging test (Hamann et al, 2003). [n brief,
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mice were placed on wire netting, which was lightly shaken,
causing the mouse to grip the wire. After the 20-s cutoff
time, the wire netting was turned upside down (180°) and
the time to falling was recorded.

Open-Field Test

After 7-week restraint stress, for the open-field test (Kim
and Han, 2006), locomoter activity was measured in the
open field of a white Plexiglas chamber (36 x 30 x 18 cm).
Each mouse was individually placed in the left corner of an
open field and locomotion was recorded for the indicated
period. Horizontal locomotor activity was assessed accord-
ing to the total rearing score for 20 min.

Statistical Analysis

All values are shown as the mean t standard error of
measurement (SEM). Differences between groups were
analyzed using one- or two-way ANOVA. When statistical
differences were found, Fisher’s PLSD post hoc test was
performed. Statistical significance was accepted as P <0.05.
All the experiments were examined in a blinded fashion.

RESULTS

Physical Restraint Stress Enhanced Oxidative Stress
and Hydrogen Water Decreased it

First, we examined whether hydrogen can be sufficiently
incorporated into a body by drinking hydrogen water.
Because it is difficult to obtain a sufficient volume of blood
from mice, we used rats for the measurement of hydrogen
concentration in the blood. We placed saturated hydrogen
water at 3.5ml per 230g (15ml/kg) directly into the
stomach of a rat by a catheter. After 3 min, hydrogen was
detected in the blood at the level of 5uM (Figure 2a).
Alternatively, an unpublished result suggests that the half-
span of hydrogen in the muscle of rats is approximately
20 min as monitored with a needle-type hydrogen electrode,
after the administration of hydrogen gas (data not shown).

We used mice for experiments of restraint stress. To
examine whether mice preferably drank hydrogen water, we
measured the volume of water consumed ad libitum by
mice. The volume of water drunk by each mouse was nearly
the same between groups drinking hydrogen water and
degassed water (3.77 £0.11 vs 3.75 £0.08 ml, SEM).

Each mouse was then subjected to chronic physical
restraint stress by placing it alone for 10 h per day in a very
small cage, which completely restricted its movement, but
allowed it to drink water ad libitum, and then was housed
for 14h in a small compartment as described in ‘Materials
and methods’. These treatments continued for 6 days per
week. Water was available ad libitum throughout the whole
period. '

We examined the level of oxidative stress in the brain by
immunobhistologically estimating HNE, an end product of
lipid peroxide (Ohsawa et al, 2003) after 8-week restraint
stress (Figure 2b, c). Another oxidative marker, MDA, was
estimated using a biochemical method (Fukuda et al, 2007;
Figure 2d). These results revealed that chronic restraint
stress enhanced oxidative stress in the brain. Notably, the
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Figure 2 Consumption of hydrogen water reduced oxidative stress
enhanced by restraint stress. (a) Hydrogen (H,) in blood was measured
3 min after hydrogen water (3.5 ml) was placed directly into the stomach of
a rat by a catheter. Profiles of gas chromatography are shown. (b) After
8-week exposure to restraint stress, the hippocampus region was stained
with anti-4-hydroxy-2-nonenal (HNE)-conjugated peptide antibody. Re-
oresentative photographs of HNE staining are shown. Arrows indicate
ocritive cells. Scale bar: upper left panel, 100 um; magnified panels, 25 pm.
() NE-positive cells in the dentate gyrus were counted using four senal
sectidns (Fp 27 =28.031; P<0.0001). (d) Malondialdehyde in the whole
brain was biochemically measured (Fp 27y=4.177. P=00263). CTL,
unstressed control group; Stress, group exposed to restraint stress for
8 weeks; HW( +), group provided with hydrogen water; and HW(-),
group provided with degassed water. Data are snown as the mean + SEM
(each group consisted 10 mice). *P<0.05, **P <001, and ***P <0001 vs
Stress + HW(-)

consumption of hydrogen water suppressed the accumula-
tion of the oxidative stress markers (Figure 2b-d).

Passive Avoidance Learning, Novel Recognition Test,
and Morris Water Maize

We examined learning and memory ability using the passive
avoidance test (O’Riordan et al, 2006). Mice instinctively
prefer a dark compartment; however, if an electric shock is
given in the dark compartment, the mice are normally
reluctant to reenter it. At 1 or 2 weeks after restraint stress,
the' memory of the electric shock tended to be lost in mice
provided with control degassed water (Figure 3a, b). On the
othrer hand, mice that were provided with hydrogen water
ad libitum showed a trend toward improved learning and
memory (Figure 3a, b). Six-week restraint stress signifi-
cantly impaired learning and memory in mice consuming
no hydrogen water, whereas consuming hydrogen water ad
libitum significantly ameliorated or prevented the cognitive
impairment induced by restraint stress (Figure 3c, left
panel). In particular, more mice (fourfold) stayed in the
light section for more than 300 s than control group without
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Figure 3 Passive avoidance test shows that hydrogen water prevented
cognitive decline induced by restraint stress. After applying restraint stress
for | week (a), 2 weeks (), and 6 weeks (c) (F(3 35 =7.66!; P<0.0005),
the passive avoidance test was performed by examining step-through
latency time from light to dark compartments on the first day of the
conditionai trial (conditioning). At 24h after an electric shock was given in
the dark compartment, the latency time of mice moving from the light to
dark compartment was measured (24 h). When a mouse did not enter the
dark compartment for 3005, the latency time was scored as 300s. The
number of mice that stayed in the light compartment for more than 3005
on the second day is shown (right panel). Stress and CTL, groups with or
without restraint stress, respectively, HW( +) and HW(-), groups given
water with and without hydrogen, respectively. Experiments in (a), (b),
and (c) were performed using different mice. *P<0.0! and **P <000
vs Stress + HW(—). Data are the meant SEM (each group consisted
0 mice).

hydrogen (Figure 3c, right panel). On the other hand,
consumption of hydrogen water did not improve the
cognitive ability when no stress was provided (Figure 3c).

As an alternative method to confirm impaired cognitive
function after restraint stress, we applied the object
recognition task (Wang et al, 2004; De Rosa et al, 2005;
Ohsawa et al, 2008). If mice remember an object, they prefer
to explore and/or sniff a novel object when the original
object is replaced with the novel object. After 3-week
restraint stress, hydrogen water tended to prevent or restore
the decline in the recognition of a novel object, observed as
a decreased frequency of exploring or sniffing the novel
object (Figure 4a). The mice were subjected to the second
object recognition task after 6-week stress, because the
second test was available if the second objects were
completely different from ones used in the first examination
(Mouri et al, 2007). When restraint stress was applied for 6
weeks, consuming hydrogen water ad libitum significantly
prevented or restored the decline in recognition and
memory (Figure 4b). It should be noted that consumption
of hydrogen water could not improve the cognitive ability
when no stress was provided (Figure 4b).

To test spatial recognition and learning, we subjected
mice to the Morris water maze (Morris et al, 1982; D’Hooge
and De Deyn, 2001; Ohsawa et al, 2008). After 4-week
restraint stress, the mice took longer to reach an invisible
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Figure 4 Object recognition task shows that hydrogen water prevented
cognitve decine induced by restraint stress. For the object recognition task,
after apolying restrant stress for 3 (a) or 6 weeks (b) (F(3 35y = 7466,
P <0.0005), two different objects were presented to a mouse for 10 min
for visual training and the number of times of explorations and/or sniffs of
an object was counted in the initial S-min period (Training). To test
memory retention after | day, one of the original objects was replaced with
the novel one with a different shape, and then the number of times of
explorations and/or sniffs of the novel one was counted for Smin
(Retention test). The recognition indexes were obtained as the frequency
(%) of exploring and/or sniffing the object that will be replaced, or the
novel one that had been replaced. For example, if a mouse explored and/or
sniffed only the novel object, the recognition index is scored as |00%,
w~hereas if it did only the uncnanged one, the recognition index is 0%. Stress
and CTL, groups with or without restraint stress, respectively: HW( +) and
HW(—), groups given water with and without hydrogen, respectively
Expenments in (a) and (b) were performed using the same mice. When tne
second object recognition test was given to the same mice, opjects that
differed in shape and color were used. Data are the mean + SEM (each
group consisted |0 mice). *P<0.01 and **P <0.001 vs Stress + HW(—).

platform hidden in a pool after training than unstressed
controls, indicating loss of memory of the platform location.
Continuous consumption of hydrogen water shortened the
time required for mice to reach the platform compared with
stressed controls (Figure 5a). When the invisible platform is
removed, mice should swim for longer near where the
platform had previously been placed (the target quadrant) if
they retain the memory of the platform location (Figure 5b,
area A). Indeed, mice with chronic restraint stress swam
around that location for a shorter time depending on their
memory loss than unstressed controls (Figure 5c, area A).
[n contrast, stressed mice with consumption of hydrogen
water swam in the target quadrant area (Figure 5b, area A)
for a longer time than stressed controls without hydrogen
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water, although no group showed significant difference in
three nontarget quadrant areas (Figure 5c, areas B-D).
Notably, hydrogen water consumption apparently improved
spatial recognition and learning that had declined by
restraint stress. This experiment also indicates that hydro-
gen water has no potential for improving the spatial
cognitive ability when no stress was applied, which agrees
with the previous results.

Hydrogen Water did not Affect Stress-Induced
Reductions in Muscular Strength and Movement

To examine whether hydrogen water influenced the whole
body, we monitored body weight during periods of restraint
stress. Body weight decreased with restraint, and hydrogen
water did not overcome this decrease (Supplementary
Figure §1). Wire-hanging (Hamann et al, 2003) and open-
field tests (Kim and Han, 2006) were used to exclude the
possibility that hydrogen water influenced muscular
strength and movement. Wire-hanging times depended on
the body weight of each mouse, and no significant
difference was observed in muscular strength (Supplemen-
tary Figure S2). Although restraint stress tended to affect
movement, no effect of hydrogen water consumption was
observed in the locomotion test (Supplementary Figure $3).
Together, the behaviors observed by the three methods used
to test cognitive function were not due to changes in
movement ability, but indicated a decline in learning and
memory. Thus, the improvement observed in the hydrogen
water group was reflected by better learning ability and
memory (Figures 3-5).

Hydrogen Water Improved the Proliferation of
Progenitor Cells

Cognitive function may be involved in adult neurogenesis in
the hippocampus. Finally, after 8-week restraint stress, we
examined the correlation between adult neurogenesis and
the hippocampal function by counting proliferating pro-
genitor cells in the dentate gyrus of the hippocampus with
BrdU labeling (Kee et al, 2002; Ekdahl et al, 2003). Positive
nuclei, as judged by the shape and size, were counted in the
boundary region of the dentate gyrus in four serial sections.
Restraint stress decreased the number of proliferating cells,
and hydrogen water significantly restored them (Figure 6a,
b). As an alternative method, Ki-67 was used as a marker of
proliferating cells (Kee et al, 2002; Shidara et al, 2005). The
results were similar to those obtained by the BrdU-labeling
method (Figure 6¢c, d). These findings suggest that
continuous consumption of hydrogen water improves the
proliferation of neural progenitor cells or adult neurogen-
esis impaired by restraint stress.

DISCUSSION

[n summary, the continuous consumption of hydrogen
water throughout the whole period of physical restraint
stress reduced oxidative stress, prevented the decline in the
proliferation of neural progenitors, and prevented cognitive
decline, all of which are induced by chronic physical
restraint stress. The restraint stress applied in this study
may also induce considerable psychological as well as
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Figure 5 The Moms water maze shows that hydrogen water prevented cognitive decline induced by restraint stress. After applying restraint stress for |
4 weeks, the time to reach a hidden platform was measured after four daily trials (a). During the expenments, mice continued to be immobilized for 8 h per
day. (b) A single-probe trial consisted of a 60's free swim in the pool without the platform. Quadrant areas used for the probe trial are shown, where the
olatform had been located in area A and mice were placed and released in region B. (<) At 6 days after daily training, after removing the platform, the time of
free swimming in each area (A-D). Two parameters (stress and hydrogen) were analyzed by two-way ANOVA. Area A: F(; 35 =4.455; P=0042; area B:

stress

Fi136=0016,P=0901,area C: F, 3 =0933;P =034l and area D: F(y, 36 = 3:235: P = 0.08 by two-way ANOVA. Four groups were compared in area
A by one-way ANOVA (F3 35 = 5.074; P=00049). Stress and CTL, groups with or without restraint stress, respectively; HW(+) and HW(-), groups
given water with and without hydrogen, respectively. Data are the mean £ SEM (each group consisted 10 mice). *P <005, **P <001, and ***P <0.00! vs
Stress + HW/(=). #*P<0.05, **P <003 vs CTL+HW(=); *#*#P <001 vs CTL + HW/(—) and CTL+HW(+).

physical stress. In this study, we examined impaired
learning and memory by three different methods: passive
avoidance learning, object recognition task, and the Morris
water maze. In these methods, successive object recognition
tasks are available (Mouri et al, 2007) and the Morris water
maze gives no influence on results of passive avoidance test
(Yamada et al, 1999; King and Arendash, 2002). Thus, some
experiments were performed using the same mice as shown
in Figure 1, although a possibility cannot be ruled out that
the passive avoidance test was influenced by the water-maze
training.

We have recently reported that hydrogen reduced
hydroxyl radicals, the most reactive oxygen species (ROS),
and protected cells against oxidative stress. [nhalation of 1%
hydrogen gas was enough to protect the brain and liver
(Ohsawa et al, 2007; Fukuda et al, 2007), where the
hydrogen in blood should be 8 uM because the saturated
level of hydrogen reached 800uM under atmospheric
pressure. It is possible that continuous consumption of
hydrogen defends the brain against chronic oxidative stress
even at much lower concentrations than 8 uM. In this study,
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we showed that the incorporation of hydrogen from the
stomach into blood reached 5puM. Continuous exposure to
hydrogen may change blood components toward the
reductive state, and indirectly influence the oxidative state
in the brain. Although it remains unclear how hydrogen
reduces oxidative stress in the brain, the present study may
highlight the prominent role of oxidative stress in deficits of
learning and memory.

The consumption of hydrogen water ameliorated the
proliferation of neural progenitors that had been declined
by restraint stress although the mechanistic link between
the changes in neurogenesis and cognitive impairments is at
this stage correlative. However, adult neurogenesis may be
involved in hippocampal functioning, including learning
and memory and spatial recognition processes, and affected
by multiple intrinsic and extrinsic factors. For example,
adult neurogenesis is suppressed by cranial radiotherapy,
stress-sensitive adrenal hormones such as glucocorticoids,
and physical or psychological stress, and improved with
inflammatory blockade. When we studied oxidative stress,
we found growing evidence suggesting that it is involved
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Figure § Hydrogen restores the proliferation of progenitor cells declined by restraint stress. (a) Mice were injected with 5-bromo-2'-deoxyuridine (BrdV)
after 6-week restraint stress. Representative photographs of BrdU-positive progenitor cells in the dentate gyrus of the hippocampus are shown. Arrows
indicate positive cells. Scale bar: upper left panel, 100 um; magnified panels, 25 um. (b) BrdU-positive nuclei of progenitor cells in the boundary region of the
dentate gyrus of the hippocampus were counted in four senial sections (Fry, 37 =4.289; P=0.0241). (c) Cell proliferation in the dentate gyrus was examined
using anti-Ki-67 antibody. Representative photographs of Ki-67-positive cells in the dentate gyrus of the hippocampus are shown. Arrows indicate positive
cells. Scale bar: upper left panel, 100 um; magnified panels, 25 um. (d) Ki-67-positive progenitor cells in the boundary region of the dentate gyrus were
counted in four seral sections (F(z 57) = 3.155; P =0.0587). CTL, unstressed control group; Stress, group exposed to restraint stress for 8 weeks; HW(+),
group provided with hydrogen water: and HW/(—), group provided with degassed water. Data are the mean + SEM (each group consisted |0 mice).

*P <005, **P <0.03, and ***P<0.0! vs Stress + HW(=).

downstream of contributors that affect adult neurogenesis:
(1) radiotherapy produces hydroxyl radicals of ROS
(Madsen et al, 2003; Raber et al, 2004), (2) an inflammatory
blockade restores adult hippocampal neurogenesis, which
may be elucidated by decreasing inflammatory oxidative
stress (Ekdahl et al, 2003; Monje et al, 2003), (3)
glucocorticoids enhance oxidative stress-induced cell death
in the hippocampus (Behl et al, 1997), and (4) the present
study and others have shown that restraint stress itself
enhances oxidative stress in the brain (Liu et al, 1996; Kim
et al, 2005; Luo et al, 2005).

Thus, it is possible that during the exposure to physical
restraint stress continuous consumption of hydrogen water
reduced oxidative stress in the brain, resulting in the
improvement of adult neurogenesis or the stimulation of
neural proliferation, leading to the prevention of the decline
in learning and memory. This is the first report showing a
benefit of drinking hydrogen water. Thus, we propose that
hydrogen water is applicable as preventive treatment by
reducing oxidative stress.
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Abstract

Recent reports on amyloid B peptide (AB) binding-alcohol dehydrogenase (ABAD) have revealed the link of AR with oxidative stress
derived from mitochondria in the pathogenesis of Alzheimer’s disease (AD). As a novel function of ABAD, we speculate that ABAD may |
detoxify aldehydes, such as 4-hydroxy-2-nonenal (4-HNE). To verify this speculation, we transfected cDNA encoding ABAD into cultured
cells (HeLa and SH-SYSY), where ABAD was localized to mitochondria. ABAD-transfectants decreased the levels of externally added
4-HNE in cultured medium as detected by TLC and became resistant against external 4-HNE. Moreover, ABAD suppressed the cytotoxic
effects caused by cellular 4-HNE, which were produced through excess reactive oxygen species (ROS) by treatment with an inhibitor of
mitochondrial respiration, antimycin A or by adding H,O,. Catabolism of 4-HNE by ABAD was inhibited by A, resulting in the abolishment
of the cytoprotective function by ABAD against ROS. These results propose an additional role of ABAD in neural cell death in AD: ABAD

detoxifies aldehydes, such as 4-HNE derived from lipid peroxides in healthy brains, and inhibited by A in the development of AD.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction high specificity and inhibits its enzymatic activity, leading to

the generation of reactive oxygen species (ROS) (Lustbader
Accumulation of amyloid B peptide (AB) has been et al., 2004),

widely accepted as a central event for the development of 4-Hydroxy-2-nonenal (4-HNE) is widely used as a marker
Alzheimer’s disease (AD) (Scikoe. 1994). On the other hand, of excess oxidative stress, because it is a non-enzymatic
many reports support the contribution of the decrease in end-product derived from lipid peroxides (LPO) (Mark et
energy production and the increase in oxidative stress, both of al., 1997). 4-HNE is highly toxic by readily binding with
which are due to mitochondrial dysfunction (Ohsawa ct al.. lysine, histidine, serine, and cysteine residues (Uchida and
2003: Ohta. 2003); however, the relationship between mito- Stadtman, 1992). The accumulation of LPO and 4-HNE
chondrial dysfunction and A has remained unclear foralong has been reported in neurodegenerative disorders including
time. Recently, it has been revealed that some A localizes AD (Sayre et al., 1997). We have previously proposed that
to mitochondria (Manczak ctal.. 2006). [n particular, reports ALDH2 is involved in the detoxification of 4-HNE gener-
on the binding of AB to mitochondrial AB-binding alcohol ated by oxidative stress of mitochondria and that defects
dehydrogenase (ABAD) highlighted the molecular link of AB in ALDH2 activity cause neuronal death by stimulating the
with the role of mitochondria. AR interacts with ABAD with accumulation' of 4-HNE due to oxidative stress (Ohsawa ¢t
’ al., 2003).

* Corresponding author. Tel.: +81 44 733 9267: fax: +81 44 733 9268. Alcohols [~CH,OH] are reversibly conv.erted into aldehy-
E-mail address: shist@ s oc.ip (S. Ohta).. des [-CH=0] by alcohol dehydrogenases in the presence of
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NAD*, while aldehydes are irreversibly converted into acids
[—C(~OH)=0] by aldehyde dehydrogenases in the presence
of NAD* (Suzuki ¢t al., 2004). Thus, we speculate that ABAD
may function as a detoxifier of cytotoxic aldehydes and that
AP may disturb the function leading to the accumulation of
aldehydes that accelerate neuronal death. In this study, we
tried to verify the working hypothesis. Here we show that
AR inhibits the activity of ABAD to catabolize 4-HNE and
abolishes the cytoprotective role of ABAD.

2. Materials and methods

2.1. Plasmid construction, cell culture and transfection

Cloned full-length human cDNA encoding ABAD (named
HADH?2) was composed of the cytomegalovirus (CMV)
immediate early promoter, SV40 early mRNA polyadeny-
lation signal, and a neomycin resistance cassette. Nucleotide
sequence of ABAD cDNA was confirmed by direct
sequencing. HeLa and SH-SYSY neuroblastoma cells were
transfected with ABAD cDNA after digestion of Apa LI for
linearization, cloned using 400 and 600 p.g/mL of Geneticin®
(Gibco BRL Invitrogen, Stockholm, Sweden), respectively.
HeLa and SH-SYSY transfectants were placed at a density of
2 x 10* and 5 x 10* cells/cm?, respectively, for experiments
throughout this study.

2.2. Detection of 4-HNE catabolism and accumulation

The HeLa transfectants were placed on a 9 cm dish and
the medium was exchanged with 1 mL of Kreb—Henseleit
buffer containing 250 uM 4-HNE and incubated at 37°C
for 15 or 30 min. TLC was used to semi-quantify 4-HNE
with a modified previous method (Burczynski et al., 2001) by
using pure 4-HNE (Calbiochem, San Diego, CA, USA) as a
standard. Intensities of TLC spots with Rf =0.49 were quan-
tified with NIH image software to calculate the amount of
4-HNE remaining in the supernatant. When A pretreatment
is necessary, the AR peptide (AB1—42 (human), Biosource,
Camarillo, CA, USA) was incubated for 4 days at 37°C to
be aggregated in PBS and added to cell culture to 1 pg/mL
in DMEM/F12 containing 1% FBS for 14h at 37°C.

We placed HeLa transfectants on 4-well plastic plates
(SonicSeal slide; Nalge Nunc, Rochester, NY, USA) and
imaged proteins conjugated with 4-HNE by using anti-4-
HNE antibody as described previously (Ohsawa et al., 2003).
Pixel intensity was measured with NIH image.

2.3. Treatments with 4-HNE, antimycin A or H;0;

To examine cell viability, cells were placed in 96-well
plates and treated with 4-HNE, H;O; or antimycin A in
DMEM/F-12 medium containing 1% FBS for 24 h, followed
by staining with 10 wM propidium iodide (P to detect nuclei
of dead cells) and 10 M Hoechst 33342 (for nuclei of total
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cells). The cells stained were with PI and/or Hoechst under a
fluorescence microscope to calculate the percentage of dead

cells. When necessary, pretreatment with aggregated A3 was
performed as above.

2.4. Statistical analysis

Statistical analyses were performed using StatView soft-
ware (SAS Institute). Unpaired two-tailed Student ¢-test and
ANOVA followed by Fisher's exact test were used for sin-
gle and multiple comparisons, respectively. Experiments for
quantification were performed in a blinded fashion.

3. Results
3.1. ABAD catabolizes 4-HNE to protect cells

To reveal the role of ABAD in living cells, we transfected
HADH?2 cDNA into HeLa cells or SH-SY5Y neuroblastomas
to overexpress ABAD and confirmed its overexpression by
Western blotting (Supplementary-Fig. 1). Two clones from
each transfectant were used for this study; ABAD-positive .
clones are A1, A2 (HeLa) and A3, A4 (SH-SYS5Y); and vector
control transfectants are V1, V2 (HeLa) and V3, V4 (SH-
SYS5Y). Then, we imaged ABAD with its specific antibody by
confocal laser scanning microscopy: the majority of ABAD
localized to mitochondria (Supplementary-Fig. 2), which is
in good agreement with previous reports (Lustbader et al.,
2004: Yang et al.. 2005).

First, we examined whether ABAD-transfectants catabo-
lize 4-HNE by TLC. Thirty minutes after exposure to 4-HNE
(250 wM), we found significant decrease in the levels of 4-
HNE in the media in ABAD-transfectants more than controls
at 30min (Fig. {A and Supplementary-Fig. 3A). Since 4-
HNE rapidly modifies proteins, the possibility is not ruled
out that the decrease in 4-HNE in the media may be due
to only the acceleration of incorporation of 4-HNE. As 4-
HNE is produced from lipid peroxides in a non-enzymatic
manner, we forced to generate superoxide radicals by treat-
ment with a mitochondrial respiratory inhibitor, antimycin
A (Schulze-Osthoff et al., 1992), and then detected proteins
conjugated with 4-HNE by immunostaining using its specific
antibody. The amount of proteins conjugated with 4-HNE in
ABAD-negative transfectants significantly increased more
than ABAD-transfectants after treatment with |5 pg/mL
antimycin A (Fig. | B and Supplementary-Fig. 3B); therefore,
it is concluded that ABAD catabolizes 4-HNE.

Next, we examined the cytoprotective effects of ABAD
against 4-HNE. Considerable dead cells after treatment with
10 uM 4-HNE for 24 h were found in control transfectants
in a dose-dependent manner, whereas fewer dead cells were
seen in ABAD-transfectants (Fig. 1C and Supplementary-
Fig. 4A). Moreover, we examined the cytoprotective role of
ABAD against 4-HNE in neuroblastomas. Twenty-four hour
after co-transfection of SH-SY3Y cells with the ABAD and
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Fig. 1. ABAD catabolizes exog s and endog s 4-HNE. (A) Each HeLa transfectant was treated with external 4-HNE (250 wM). The external 4-HNE was
extracted from the supernatant medium, spotted onto TLC and quantified (see Supplementary-Fig. 3A). (B) 4-HNE-protein conjugates in each HeLa transfectant
after treatment with antimycin A were quantified from pixel intensity in cells stained with anti-4-HNE antibody (see Supplementary-Fig. 3B). (C) Percentage of |
dead cells of each HeLa transfectant after treatment with 4-HNE for 24 h (see Supplementary-Fig. 4A). (D) SH-SYSY cells were transiently co-transfected with
EGFP/vector or EGFP/ABAD, and then treated with 4-HNE for 24 h, and living cells expressing EGFP were enumerated under a fluorescent microscope. Open |
and grey bars indicate co-transfectants of EGFP with empty vector and the ABAD cDNA, respectively (see Supplementary-Fig. 4B). **p <0.01 in Student’s
t-test. Note that transfection efficiency was approximately 70% as judged by the appearance of EGFP-positive cells without 4-HNE. (E) Percentage of dead '
cells of each stable HeL a transfectant after treatment for 24 h with antimycin A (see Supplementary-Fig. 4C). Note that antimycin A induces superoxides that
may accelerate lipid-peroxidation and accumulate 4-HNE. (F) Percentage of dead cells of each stable HeLa transfectant after treatment for 24 h with H,0,
(see Supplementary-Fig. 4D). Note that H0; accelerates lipid-peroxidation and accumulates 4-HNE. (A-F) Al, A2: ABAD-expressing HeLa, and A3, A4:
ABAD-expressing SH-SYSY; V1, V2: vector control HeLa transfectants, and V3, V4: vector control SH-SY5Y transfectants. Data are the mean + S.D. (n=4).
*p <0.05; **p <0.01 in ANOVA (A-F) or Student’s t-test (D).

EGFP genes, treatment with 4-HNE for 24 h decreased the (Fig. |E and F, Supplementary-Fig. 4C and D). Therefore, '
EGFP-positive cells due to cell death; however, vector/EGFP ABAD makes cells cytoprotective against oxidative stress.
co-transfectants were less than ABAD/EGFP, indicating

ABAD-transfectants were more resistant against the 4-HNE- 3.2. Cytoprotective role of ABAD is suppressed by AB
treatment (Fig. I1D and Supplementary-Fig. 4B). Thus, these ‘

experiments suggest that ABAD catabolizes 4-HNE to pro- When cell cultures are-exposed to AB, AB binds to ABAD
tect cells. :

(Yan ct al.. 1997). Thus, we examined whether AR actually
The protective ability against cell death was examined by inhibits ABAD activity in the detoxification of 4-HNE. When

treatment with antimycin A and hydrogen peroxide (H;0,). HeLa transfectants were treated with AB|_4;, it inhibited
Considerable dead cells in controls were seen after treatment, the decrease in external 4-HNE only in ABAD-transfectants
whereas ABAD-transfectants were resistant to the treatment (Fig. 2A). Moreover, AP inhibited the cytoprotective role
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transfectants. Data are the mean = S.D. (n=4); *p <0.05 in ANOVA.

by ABAD against the exposure to ROS induced by treat-
ment with antimycin A in HeLa and SH-SY3Y transfectants
(Fig. 2B and C). It was reported that co-overexpression of
ABAD and mutant APP induced cytotoxicity (Yan ct al.,
1997). In contrast to this report (Yan et al.. 1997), no cyto-
toxic effect was observed even in the presence of AR without
treatment with antimycin A (Fig. 2B and C). Only when
cells were co-treated with AR and antimycin A, the differ-
ence between ABAD and control transfectants was evident.
These findings indicate that AP suppresses the cytoprotective
activity of ABAD to 4-HNE.

4. Discussion

ROS modifies unsaturated fatty acids to form peroxides,
from which aldehydes such as malondialdehyde (MDA), and
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highly toxic 4-HNE are non-enzymatically produced. 4-HNE
has also been shown in vitro to promote neuronal death
(Kruman and Mattson, 1999). Recently, marked increases
in 4-HNE were reported in the hippocampus and superior
and middle temporal gyrus of patients with mild cognitive
impairment (MCI) and those with early AD compared with
healthy individuals (Williams et al.. 2006). 4-HNE not only
induces neuronal death but also causes synapse dysfunction
due to mechanisms such as reducing Na*, K*-ATPase activ-
ity (Pedersen et al.. 1999) and markedly inhibits microtubule
formation and neurite outgrowth ( Necl‘y etal.. 1999). In this
study, we demonstrated the role of ABAD in detoxification
of exogenous and endogenous 4-HNE at cultured cell level,
although it remains unclear whether ABAD actually func-
tions to detoxify cytotoxic aldehydes in the brain.

ABAD has several functions: in the third step of
mitochondrial fatty acid (-oxidation, as short chain 3-
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hydroxyacyl-CoA dehydrogenase (SCHAD): additionally,
ABAD catalyzed a wide spectrum of substrates, including
steroids, cholic acids and fatty acid ( Yang et al., 2005). Thus,
if this multifunctional enzyme would have an additional func-
tion, it might be reasonable. When we pay attention on fatty
acid 3-oxidation (Schulz, 1991), the B-oxidation is not avail-
able in energy metabolism in the brain (Penicaud et al..
2006); however; ABAD, an enzyme involved in B-oxidation,
expresses in the brain (Yang et al., 2003). Thus, it suggests
that ABAD plays an alternative role in the brain instead of
energy metabolism.

ABAD can detoxify 4-HNE only in the presence of
NADH as a cofactor in the healthy brain according to our
model. Thus, when energy metabolism to generate NADH is
declined, the detoxification system by ABAD would not be
functional, leading to amplifying toxic aldehydes. Since it is
known that energy metabolism is poor in the brain of AD,
NADH must be not abundant in AD brains. Moreover, in our
model, AB plays a role toward the accumulation of 4-HNE
by inhibiting the ABAD activity in the development of AD.
Since 4-HNE stimulates the AB production (Tamagno et al..
2005), AB would in turn enhance to increase by 4-HNE. This
vicious cycle could increase AR as well as 4-HNE, both of
which should contribute to the pathogenesis of AD. Further
study will be required to reveal the relationship between AD
and ABAD.
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Little work has been performed to determine roles of mitochondrial ATP-sensitive
potassium channels (mitoKats) in ischemic preconditioning (IPC) in brain. To investigate
the role on cerebral IPC, we examined effect of S-hydroxydecanoate (5-HD), a selective
mitoK rp blocker, and diazoxide (DZX), a selective mitoKare opener on various [PC models.
An IPC model with gerbil: 2 min bilateral common carotid arteries occlusion (BLCO) +24 h
recovery+5 min BLCO. 5-HD, DZX, vehicle was administered 30 min before 5 min BLCO.
Seven days later, surviving CA1 neurons were counted. A focal [PC model with rat: 15 min
middle cerebral artery occlusion (MCAO) +48 h recovery +90 min MCAO. Twenty-four hours
before 90 min MCAO, 5-HD, DZX, or vehicle was administered. One day after 90 min MCAQ,
neurological symptoms and infarct volumes were evaluated. An in vitro IPC model with
primary neuronal cultures: 8 min oxygen-glucose deprivation (OGD) +24 h recovery +70 min
OGD. Thirty minutes before 70 min OGD, 5-HD or DZX were added. One day later, surviving
neurons were counted. Mitochondrial membrane potential was also monitored. 5-HD
significantly attenuated the protective effect of [PC in gerbil model, rat model, and in vitro
OGD model. DZX significantly facilitated the protective effect of [PC in gerbil and rat model.
The mitochondrial membranes were depolarized with IPC, and 5-HD treatment significantly
reduced this effect. These results strongly suggest that mitoKarp channel activation playsa
key role in development of a protective mechanism of cerebral [PC.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

involves endogenous cellular protective mechanisms. This
phenomenon has been observed in various animal models

There is a continuous interest in understanding mechanisms
of ischemic cell damage and in developing adequate treat-
ments for stroke patients. It has been reported that ischemic
tolerance (preconditioning) phenomenon, in which brief epi-
sodes of ischemia protect against subsequent lethal ischemia,

* Corresponding author. Fax: +81 3 3822 4865.
E-mail address: k-katsur@nms ac jp (K. Katsura).

of forebrain ischemia (Kitagawa et al, 1990, Kirino, 2002,
Heurteaux at al,, 1995) and focal cerebral ischemia (Chen etal,,
1996, Barone ot al, 1998, Puisieux et al, 2000, Shimizu et al,
2001, Nakamura et al, 2002). It was also observed in human
stroke patients that transient ischemic attack (TIA) could
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protect against subsequent final stroke damage (Weagener =t
al, 2004). Among the various mechanisms considered as
mediators of preconditioning in brain, considerable attention
has been drawn to the activation of adenosine Al receptors
and ATP-dependent potassium (Karp) channels. This study
line was influenced by the report that both the Kare channel
blocker glibenclamide and the Al receptor antagonist DPCPX
(1,3-dipropyl-8-cyclopentylxanthine) could abolish the protec-
tive effect of preconditioning in a rat global ischemia model
when administered during the preconditioning insult (Heur-
teaux 2t al,, 1995). However, recent study failed to support a
direct involvement of A1 receptors or plasma membrane Kare
channels during early stages in the development of ischemic
tolerance in vivo (Sorimachi and Nowak, 2004), stating that the
role of mitoKa7p channels remained to be elucidated. Activa-
tion of mitochondrial ATP-sensitive potassium (mitoKars)
channels has been proposed to play a pivotal role in pre-
conditioning (O'Rourke, 2000, Oldenburg et al., 2002) in heart.
Pharmacological agents that open mitoK,tp channels showed
preconditioning in heart (Garlid et al, 1997, Szewczyk and
Wojtczak, 2002). Moreover, the physiological or chemical
preconditioning phenomenon is prevented by selective
mitoKarp channel blockers (Horiguchi et al., 2003, Yoshida et
al,, 2004). The beneficial effects of mitoKarr channel opener
diazoxide have been also demonstrated in the heart (Garlid et
al, 1997, O'Rourke, 2000, Oldenburg et al,, 2002) and other
organs (Kullin et al,, 2003, Roth et al., 2006). However, in vivo
experiments showing involvement of mitoKarp channels in
brain ischemic preconditioning were quite limited (Yoshida et
al,, 2004). Although they showed the cancellation of ischemic
tolerance phenomenon by administration of mitoK,p chan-
nel blocker 5-hydroxydecanoate (5-HD) in a rat MCAO model,
because they administered 5-HD at 30 min before lethal
ischemia, possibilities of direct effect of 5-HD itself still remain
to be solved. In addition, we have published a report on the
roles of adenosine receptors in ischemic tolerance phenom-
enon (Hiraide et al,, 2001) and we were interested in clarifying
the downstream signal transduction after adenosine receptor
activation. To that end, we studied the roles of mitoKare
channels in ischemic preconditioning by using mitoKare
channel inhibitor 5-HD and mitoKarp opener diazoxide (DZX)
in a gerbil globalischemia model, rat transient middle cerebral
artery occlusion (MCAO) model, and in vitro primary neuronal
cell culture. Especially, in rat MCAO model, we administered
5-HD, or DZX at 24 h before the lethal ischemia (and 24 h after
the preconditioning ischemia) to be free from the drug's direct
effects on the lethal ischemia.

2. Results

2.1.  Transient global ischemia with gerbil

Gerbil hippocampal CA1 neuronal densities after 5 min ische-
mia are shown in Fig. 1. Sham operation only showed neu-
ronal densities of 187.3£3.5 (n=6). Without preconditioning
ischemia, 5 min of carotid occlusion decreased survival cells
down to close to zero (S min group). In the groups with 2 min
preconditioning ischemia at 24 h before the 5 min ischemia,
the decrease of the number of surviving cells was significantly
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Fig. 1 - Five minutes of carotid artery occlusion gave rise to
almost complete cell death (5 min; A). When 2 min ischemia
was given 24 h before the 5 min ischemia (2 min +5 min; B),
the surviving neurons were significantly enhanced. The
increase was significantly reduced when 5-HD was
administered before the 5 min ischemia (2 min + 5SHD+5 min;
C). The increase was significantly enhanced when DZX was
administered before the 5 min ischemia (2 min + DZX + 5 min;
D). Upper panels (A-D) showed typical histological
appearances in gerbil hippocampus. Lower panel (E) showed
CA1 neuronal densities. **: p<0.01, *: p<0.05. Scale bar in
panel D shows 200 pm.

attenuated after S min of carotid occlusion (2 min+5 min
group). When 5-HD was administered intraperitoneally 30 min
before 5 min occlusion (2 min + 5HD + 5 min group), the number
of surviving neurons was significantly decreased compared to
the number in the 2 min+5 min group. On the other hand,
when DZX was administered 30 min before 5 min ischemia
(2 min+DZX+5 min group), the number of surviving neurons
was significantly enhanced against the number of 2 min+
S min group.



