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in animal experiments, high doses of antioxidants were
required to obtain a significant effect; for example, the effect
at 250 mg/kg dose of vitamin C or vitamin E was shown to
protect against oxidative renal damage induced by cisplatin
in mice [12]. If the same dose is given to humans (15 g for
60 kg body weight), the amount would be much higher than
the tolerable upper intake concentration of vitamin C (2 g/
day) or vitamin E (1 g/day), as recommended by the Food
and Nutrition Board of the U.S. Institute of Medicine [3¥].
Moreover, it is known that excess vitamin C functions as a
pro-oxidant [3V]. Compared to these antioxidants, hydrogen
has an advantage to protect cells within a safe dosage. Nota-
bly, hydrogen water was ad libitum provided to mice in this
study. Moreover, even when too much hydrogen is taken in,
the excess would be expired via the lungs. Thus, hydrogen
gas or hydrogen water should be applicable for patients with
cancer to reach efficient amounts.

Low concentrations of ROS, such as superoxide anion
and hydrogen peroxide, function as signaling molecules
and regulate apoptosis, cell proliferation, and differentiation
[40, 41]. In fact, recent studies have suggested that exces-
sive antioxidant increased mortality and rates of cancer,
because it may interfere with essential defensive mecha-
nisms [42—14]. Hydrogen selectively reduces hydroxyl rad-
icals but not superoxides and hydrogen peroxides having
physiological roles [l4]; thus, we suggest that the side
effects of hydrogen must be small, different from other anti-
oxidants. Inhalation of hydrogen gas does not influence
physiological parameters such as body temperature, blood
pressure, pH and pO, in the blood, as shown previously
[14]. Hydrogen has already been used for human in the pre-
vention of decompression sickness in divers at the level of
2 MPa partial pressure of hydrogen, suggesting that 16 mM
hydrogen in blood could be safe [45].

This study showed that inhalation of hydrogen gas has
effective protection against cisplatin. For acute and strong
oxidative stress induced by ischemia/reperfusion, 1% of
hydrogen gas is sufficient protection, as shown previously
{14, 17,46-43]. Inhalation of | or 2% hydrogen gas may be
applicable for short-term treatments. Such a low concentra-
tion of hydrogen gas is safe because hydrogen cannot burn
or explode under 4.7% of hydrogen gas. In addition to
hydrogen gas, this study demonstrated that drinking hydro-
gen water ad libitum was sufficient to obtain a significant
effect. We showed that hydrogen from the stomach
delivered to blood in 3 min and that it reduced the level of
oxidative stress (Fig. }). Even with no administration of
hydrogen water, a small amount of hydrogen was detected
in blood (Fig. }). This hydrogen is probably derived from
hydrogen produced by large intestinal bactena.

The brain, heart and liver were protected from oxidative
stress by inhalation of 1% hydrogen gas, whose concentra-
tion in blood was expected to be 8 uM because the
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saturated level of hydrogen in water reaches 800 uM under
atmosphere pressure (14, |7, 16]. Itis possible that continu-
ous consumption of hydrogen protects the kidney from
chronic oxidative stress even at much lower concentrations
than 8 uM. In this study, we presented that the incorpora-
tion of hydrogen from the stomach into blood reaches the
level of several pM orders. The water volume that we
placed in the stomach corresponds to almost one tenth of
consumption volume for 24 h. Frequency of drinking epi-
sodes was 11.13 + 1.28 (mean + SE) per day in mice [+Y].
Thus, these data suggest that mice having free access to
hydrogen water would take several uM hydrogen into
blood 11 times a day. Continuous exposure to hydrogen
may change blood components towards the reductive state,
and indirectly influence the oxidative state in the kidney. In
fact, a randomized clinical test has recently shown that
drinking water dissolving hydrogen reduced an oxidative
stress marker of patients with diabetes [50]. It is very con-
venient to drink hydrogen water to take hydrogen during
chemotherapeutic treatments; thus, hydrogen has potential
to improve quality of life during chemotherapy. Further-
more, we expect that hydrogen would allow higher doses of
cisplatin to patients by efficiently mitigating the side effects.
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ARTICLE INFO ABSTRACT
Article history: Molecular hydrogen secves as an antioxidant that reduces hydroxyl radicals, but not the other reactive
Received 17 November 2008 oxygen and nitrogen species. In the past year, molecular hydrogen has been reported to prevent or ame-
Received in revised form 23 January 2009 liorate eight diseases in rodents and one in human associated with oxidative stress. In Parkinson's disease,
Accepted 7 February 2009 mitochondrial dysfunction and the associated oxidative stress are major causes of dopaminergic cell loss
in the substantia nigra. We examined effects of ~50%-saturated molecular hydrogen in drinking water
K’Y"f‘"d’-" . before or after the stereotactic surgery on 6-hydroxydopamine-induced nigrostrital degeneration in a
:“;:‘e'::;;‘;:";‘;:" rat model of Parkinson's disease. Methamphetamine-induced behavioral analysis showed that molecu-
Oxidative siress lar hydrogen prevented both the development and progression of the nigrostrital degeneration. Tyrosine

hydroxylase staining of the substantia nigra and striatum also demonstrated that pre- and post-treatment
with hydrogen prevented the dopaminergic cell loss. Our studies suggest that hydrogen water is likely
able to retard the development and progression of Parkinson's disease.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Parkinson's disease (PD) is the second most common neurode-
generative disorder after Alzheimer's disease, affecting ~0.3% of
the population over age 50. PD is characterized by resting tremor,
bradykinesia, and rigidity. PD is caused by loss of dopaminer-
gic neurons in the substantia nigra pars compacta. Although the
pathomechanims of PD remain mostly unknown, oxidative stress
to dopaminergic neurons is one of the major causes leading to
dopaminergic neuronal cell loss [33]. Mitochondrial dysfunction
and the associated oxidative stress in PD are directly or indirectly
supported by studies of genetic forms of PD including PINKT (2],
DJ1[19], and HTRA2 (38|, as well as by mitochondrial toxins includ-
ing 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) {15] and
rotenone (3).

Molecular hydrogen (H;) can reduce only hydroxyl radicals
(*OH), but not superoxide (0,°"). hydrogen peroxide (H,0;), or
nitric oxide (NO®) [5.25]. To date, H, has no known side effects in
rodents or humans. Being prompted by these unique features of

H,. studies of molecular hydrogen for oxidative stress-associated
disorders have flourished this past year. Molecular hydrogen in the
form of gas reduces the cerebral infarction volume in rats (25}, sup-
presses hepatic ischemia/reperfusion injury in mice { 12|, reduces
the infarct size of myocardial ischemia/reperfusion injury in rats
|16, reduces apoptosis in neonatal hypoxic brain injury in rats
(8], and mitigates small intestinal transplantation-induced inflam-
mation in rats [4). Effects on the neonatal hypoxic brain injury
are also shown in peritoneal injection of H,-saturated saline {7].
Molecular hydrogen dissolved in drinking water similarly prevents
stress-induced learning impairment in mice {23}, improves lipid
and glucose metabolism in type 2 diabetes and impaired glucose
tolerance in humans [ 18], reduces atherosclerotic lesions in mice
(26|, and prevents cisplatin-induced nephrotoxicity {24},
Intrastriatal injection of the catecholaminergic neurotoxin 6-
hydroxydopamine (6-OHDA) exerts its toxic effect by increasing
oxidative stress in dopaminergic neurons [30}. The technique has
been widely used to evaluate neuroprotective effects of therapeu-
tic modalities. For example, the rat PD model has been treated with
* Corresponding author. Fax: +81 52 744 2449. vitamin E [6), serofendic acid [ (7], estrogen (28], and insulin-like
E-mail address: ohnok@med nagova-u.4c.;p (K. Ohno). growth factor-1 (IGE-1) [27]. Compared to MPTP, 6-OHDA triggers

0304-3940/$ - see front matter @ 2009 Elsevier Ireland Ltd. All rights reserved.
doi: 10 101G/} naulet 2009 02 016
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more prominent dopaminergic cell loss that cannot be readily pre-
vented by neuroprotective methodologies [1].

In an effort to examine a neuroprotective effect of molecu-
lar hydrogen for PD, 6-OHDA-induced PD rats were given free
access to ~50%-saturated hydrogen water starting either before or
after the stereotactic surgery. Behavioral and pathological analyses
demonstrated that molecular hydrogen efficiently prevents both
the development and progression of the nigrostriatal degeneration
1n rats.

Seven-week-old male Sprague-Dawley rats, ranging from 245
to 255 g, were purchased from Charles River Laboratories (Osaka,
Japan). Rats were housed in a room temperature-controlled envi-
ronmentat25°Cundera 12-hlight/dark cycle with ad libitum access
to food and water. The animal studies were approved by the Animal
Care and Use Committee of the Nagoya University Graduate School
of Medicine.

Fifteen rats were randomly divided into three groups: a con-
trol group (Ctr, n=5) with unlimited access to dehydrogenized
water, a pretreatment group (PreH, n=5) with unlimited access to
hydrogen water starting from 7 days before surgery, and a post-
treatment group (PostH, n=5) with unlimited access to hydrogen
water starting from 3 days after surgery. Rats were supplied with
fresh hydrogen water 7 days a week. We also confirmed before
surgery that the weight gains and the amounts of drinking water
were not statistically different between the Ctr and PreH groups.

As the immunostaining of 8-hydroxy-dG (8-OHdG) and 4-
hydroxy-2-nonenal (4-HNE) failed to stain any cells in the
substantia nigra and striatum 4 weeks after surgery (data not
shown), we examined the rat brains 48 h after surgery. We ran-
domly divided six additional rats into three groups. The Ctr and
PreH groups were essentially the same as above. The third group
was a sham operation group that was infused with saline into the
striatum and supplied with dehydrogenized water.

Hydrogen water was provided by Blue Mercury (Tokyo, Japan)
or TYK (Tokyo. Japan). For both suppliers, we measured that the
hydrogen concentration was more than 0.4 mM (equivalent to 50%
saturation at room temperature) immediately before transferring
to a 50-ml closed glass vessel equipped with an outlet line having
two ball bearings. With the glass vessel, the hydrogen concentration
remained more than 0.2mM after 24 h. We measured the hydro-
gen concentrations with a hydrogen electrode (ABLE, Tokyo, Japan).
To make dehydrogenized water, we left hydrogen water uncov-
ered overnight at room temperature and confirmed the complete
removal of hydrogen gas.

We administered 6-OHDA (Sigma-Aldrich Japan, Tokyo, Japan)
steretotactically into the right striatum as previously described [22].
Briefly, each rat was anesthetized by an intraperitoneal injection of
chloral hydrate (400 mg/kg) and was placed in a stereotactic frame.
We infused 20 pg of 6-OHDA in 2 pl of saline containing 0.02%
ascorbic acid each into two sites of the right striatum that corre-
sponded to the following coordinates: AP 1.6 mm, ML 2.4, and DV
4.2; and AP 0.2, ML 2.6, and DV 7.0.

On days 3, 7, 14, 21, and 28 after surgery, rats were intraperi-
toneally injected with 5.0 mg/kg of methamphetamine (Dainippon
Sumitomo Pharma, Osaka, Japan) to provoke dopamine release
from the dopaminergic nerve terminals. We started counting turns
at 10min and counted the total number of turns in the following
30 min. We only counted turns with a diameter of 20cm or less in
order not to include counts when the rats walked along the edge of
a 40-cm round platform. The investigator was blinded whether the
rats were taking dehydrogenized or hydrogen water.

The rats were deeply anesthetized with chloral hydrate and tran-
scardially perfused with 4% paraformaldehyde. The brains were
frozen at -80°C, and cut into coronal sections. After blocking
the sections with horse serum, we incubated the sections either
with an anti-TH rabbit polyclonal antibody (Biomol International,

Y. Fu et al. / Neuroscience Letters xxx (2009) xxx-xo

Plymouth Meeting, PA) at a dilution of 1:200, an anti-8-OHdG mon-
oclonal antibody (JalCA, Nikken SEIL, Shizuoka, Japan) at 1:100,
or an anti-4-HNE monoclonal antibody (JalCA, Nikken SEIL) at
1:40 at 4°C overnight. We next incubated the sections with the
biotinylated secondary antibody (Vector Laboratories, Burlingame,
CA) at a dilution of 1:200, followed by incubation with the
avidin-biotin-horseradish peroxidase complex (the Vectastain ABC
kit, Vector Laboratories) and the ImmPACT DAB Substrate (Vector
Laboratories). The images of the striatum were reconstructed by
the BZ-8000 microscope (Keyence, Woodcliff Lake, NJ). Two blinded
investigators counted the numbers of TH-positive cells.

We counted the number of clockwise turns in 30 min in response
to an intraperitoneal injection of methamphetamine (Fig. 1). In two
rats before surgery, we confirmed that methamphetamine induced
no turn with a diameter of 20 cm or less. The Ctr group exhibited
gradual development of hemiparkinsonism over the course of 4
weeks. On the contrary, the PreH group demonstrated a gradual
and significant decrease of the number of turns over the course
(Fig. 1A). In the PostH group, the number of turns was similar to that
of the Ctr group on day 3. After the rats started drinking hydrogen
water on day 3, however, the number of turns gradually decreased
in 2 weeks, and the improved state persisted up to the end of our
observation period of 4 weeks (Fig. 1B).

The rats were sacrificed 4 weeks after surgery. We then
immunostained the substantia nigra and striatum for TH (Fig. 2).
TH is a rate-limiting enzyme in catecholamine synthesis, and is a
marker for dopaminergic neurons in the central nervous system (9.
We counted the number of TH-positive cells at the nigra and found
that the 6-OHDA-treatment reduced the number of TH-positive

ﬁ
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Fig. 1. Behavioral assays of 6-OHDA-treated rats. (A) Temporal profiles of the Ctr
(open bars) and PreH (closed bars) rats. (B) Temporal profiles of the Ctr (open bars)
and PostH (closed bars) rats. Vertical bars represent means = S.E.M. of the number
of turns in 30 min after intraperitoneal injection of methamphetamine in five rats
Student's t-test results are indicated by asterisks: *p<0.05; **p <0.01; ***p <0.005;
****p<0.001
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Fig. 2. Representative TH staining of the substantia nigra and striatum of 6-OHDA-treated rats. (A-C) Ctr; (D-F) PreH; (G-1) PostH. (A, D, and G) Untreated left side of the
nigra: (B, E, and H) 6-OHDA-treated right side of the nigra; (C, F, and [) the striatum. Arrows point to bleeding scars by the stereotactic needle. (J) The number of TH-positive
cells at the substantia nigra on the treated side is divided by that of the untreated side to calculate the ratio of the remaining dopaminergic cells (mean +5.D., n=5 for each
group). Asterisks indicate p <0.001 compared to Ctr (Student’s t-test). Bar =200 um for A, B. D. E. G, and H: bar=1 mm for C, F. and .

cells to 40.2 £ 10.6% (mean £S.D., n=5) in the Ctr group, whereas
the pre- and post-treatment with hydrogen water increased the
ratios to 83.0 £ 10.2% and 76.3 + 7.0%, respectively (Fig. 2J). We did
not observe TH-positive nerve terminals in the striatum in the Ctr
group, whereas in the PreH and PostH groups we observed patchy
sparing of TH-positive nerve terminals (Fig. 2C, F, and ).

The rats were sacrificed 48 h after surgery, and the substantia
nigra and striatum were immunostained for TH, 8-OHdG, and 4-
HNE (Fig. 3). We observed patchy loss of TH staining (Fig. 3A and
B), as well as appearance of 8-OHdG-positive (Fig. 3D and E) and 4-
HNE-positive cells (Fig. 3G and H) in the ipsilateral striatum in the
Ctrand PreH groups. We observed no effects on the substantia nigra
in 48 h after surgery. Smith and Cass similarly report that 4-HNE-
positive cells and reduced dopamine concentrations are observed
in the striatum but not in the substantia nigra in day 1 after surgery
(36). Forty-eight hours were likely to be too short for 6-OHDA to
exert its toxic effect on the substantia nigra.

[n the substantia nigra, the oxidative damage and the loss of
TH-staining were similar between the Ctr and PreH groups, and H;
showed no discernible protection against oxidative stress in 48 h,

Our current studies demonstrate that molecular hydrogen in
drinking water before the stereotactic surgery efficiently prevents
developmentof PD in a6-OHDA rat model. In humans, parkinsonian

symptoms appear after 80% reduction of striatal dopamine concen-
tration (29 or 50-70% dopaminergic cell loss at the substantia nigra
[11). We observed a loss of 17.0% TH-positive cells in the substantia
nigra in the PreH group, which was likely to be below the threshold
of the development of PD.

The formation of hydroxyl radical and the subsequent lipid
peroxidation and protein oxidation maximize 48 h after 6-OHDA
administration and persist for 7 days [30]. We thus examined the
oxidative stress in 48 h after surgery, and observed appearance of
8-OHdG-positive and 4-HNE-positive cells, as well as loss of TH-
staining, in the ipsilateral striatum. Pretreatment with Hj, however,
exhibited no apparent protective effect. This is likely because the
acute toxicity of 6-OHDA has exceeded the capacity that molec-
ular hydrogen in drinking water can scavenge. Alternatively, as
the treated rats were scarcely capable of drinking water 24 h after
surgery, our experimental protocol of ad [ibitum administration
of hydrogen water might not be suitable for protecting the acute
oxidative stress posed by 6-OHDA. The protective effect against the
dopaminergic cell loss in the substantia nigra is thus not likely
due to immediate extinction of 6-OHDA in the striatum, but to
prevention of the delayed toxic effect of 6-OHDA on the dopamin-
ergic neurons in the substantia nigra. This can also explain why we
observed the similar but less efficient effect with the PostH group.
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Fig. 3. Representative TH, 8-OHdG, and 4-HNE staining of the substantia nigra and striatum of 6-OHDA-treated and sham-operated rats at 48 h after surgery. (A-C) TH
staining; (D-F) 8-OHdG staining: (G, H, and L) 4-HNE staining and nuclear staining with hematoxylin. (A, D and G) Ctr; (B, E, and H) PreH; (C, F, and 1) sham-operation. For
each panel, the upper part shows the striatum and the lower part shows the substantia nigra. High magnification images are attached on the right side of each panel, and the
stars point to the magnified positions. The ipsilateral side is shown on the right side. Arrows point to bleeding scars by the stereotactic needle, where cells are pasitive for
8-OHAG and 4-HNE even in the sham-operated brain. Bars = 1 mm for low magnification images on the left; 10 wm for high magnification images on the right.

When we administered 3 ml of 0.4 mM hydrogen water directly
into the rat stomach, the H, concentration in the carotid artery
increased by 0.011 mM in 10 min (unpublished data), which was
similar to an increase by 0.009 mM when rats were placed in 2%
H gas [25]. Hydrogen in drinking water, however, should not stay
in the body as long as the inhaled hydrogen. In addition, the scav-
enging activity of hydroxyl radicals is observed at 0.2 mM or higher
concentrations of H, in cell-free systems, and is demonstrated at
0.6 mM Hj in culture cells [25]. The amount of H; taken by the rats
was likely to be too low to reduce a large amount of hydroxy! radi-
cals generated by 6-OHDA. One possible explanation would be that
Hj activates yet unidentified pathways that culminate in activation
of the antioxidant activities. Indeed, H, prevents formation of 0,°~
inbrainslices[31]. As H; cannot directly reduce O°~ [5,25), asubtle
reduction of hydroxyl radicals might have exerted beneficial effects
on the integrity of mitochondria and led to reduced production of
0°~, but the exact molecular mechanisms remain to be elucidated.

a-Tocopherol demonstrates a neuroprotective effect for PD in
rats (6], but not in humans in a double-blind placebo-controlled
study [14,34]. Coenzyme Qyq similarly exerts a neuroprotective
effect in cultured cells and in rodents [20]. Coenzyme Qyo, however,
may [35] or may not [37] be beneficial in humans in double-blind
placebo-controlled trials, Neuroprotective effects of vitamin C and
B-carotene are not observed in patients with PD even in open trials
[10]. In contrast to the other radical scavengers, molecular hydrogen
can reduce only hydroxyl radicals (*OH), but not the other reactive

oxygen and nitrogen species including superoxide (0,°-), hydro-
gen peroxide (H,0,), and nitric oxide (NO®)[5.25]. Reactive oxygen
and nitrogen species other than the hydroxyl radical play essen-
tial roles in biological processes including cell proliferation 32,
defense against bacterial infection [39], neurotransmission [13),
and vasodilation [21). Lack of therapeutic effects of a-tocopherol,
coenzyme Quo, vitamin C, and B-carotene in PD may be owing
to aberrations of the biological processes mediated by the reac-
tive oxygen species. On the other hand, hydroxyl radical has no
known biological activities. The ability of molecular hydrogen to
exclusively reduce hydroxyl radical may hold the greatest promise

for a dependable and efficient neuroprotective modality for
PD.
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T, HREL T, 19964 (4458) & b B ias
EELERFIN, 19994 47K) ICBFEBEE T, 8
MEAREZER (XY F 7 LMFEERREER) 0
Wik s b ACEFHEAS 2RI N,

19984 £ W B MR T 2 HHE, 20004EH X D fHEM
(THe ot b REIC LRI HEST) 23895 K9
Whot-hd, HEEBICKELY 2 TIEETERD-
Tz,

20024 (50 /&%) & h HIERFEREZGED S L ) Ik
h, 20044EIC ) > MELARELBE I b, (HF
ML WIREIRA R EH TH > 72, 200545 H I
DAL TBEARE, YR TOBEMELZFEINA
BEE 7oz,

(BEAERE) 434K : S HiiE, 50/% : ML,

(FEEE] E1ZH,

UETEEE] B : 10~204/H x K930 4., 9 © 4%
2B,

(ABREFFE)] HE1795cm, A®ES57 kg, IE
112/80 mmHg, [i1%088/4r (%), #if365°C, ik
IR0 cm &, HEHBS D, OF : S2p /i, S3
(+), S4(+) LARMMUEH S RIERE S, B X CHRE
SIS H D, MEFYE, MEEEEEK, TRUZES
n.

MR R EHRTEYH, MeETRERAL, B



n;Rhythm (1) 0mm/my

DZREEIZE?)

18/15 kg, RHZAE LTS ) (LEEEEA), SRAER IS
fbh, BEMELL, MKEFZL, $EEE, I
Aru—227% L, RHRHE%L.

15ng/dL.
EYAE : STS(—), TPAB(—), HBS-Ag(—),
HCV-Ab(—), HIV-AbL, 2(-),

(BadrAr R

+ RMGifL : WBC 4,800/ 1L, RBC 362x10*/ 1L, Hb
11.1 g/dL, Plt 19x 10%/ L.
BEE% © APTT 264sec, PT-INR 091, FNG 360 mg
/'/dL.
BEPR{LA © TP 64 g/dL, Alb4.1g/dL, UN 77.0 mg
/dL, Cr39mg/dL, UA 104 mg/dL, Na 142 mEq
/L, K 61 mEq/L, Cl 108 mEq/L, Ca 87 mg/dL,
iP 49 mg/dL, LDH 313 IU/L, CK 271 IU/L, CK-
MB 19 IU/L, Glu 123 mg/dL, HbA, 56 %, TC
121 mg/dL, TG 121 mg/dL, BNP 1404 pg/mL,
ToT 029 ng/mL, H-FABP(+), #.862mg/dL,
ELE v #<0.1 mg/dL.
W4T 0 TSH 0531 1U/mL, fT3 3.6 pg/mL, fT4

395

* IRBE : Pro(2+), Bld(+), BFAEMBER S .

R Pro 2l4g/day, ZV7?F=v 2 VP IR
17 mL/min,

* BERRE © Cell 0/mm?®, TP 71 mg/dL, Cl 124 mEq

/L, Glu 60 mg/dL (BS 93 mg/dL), #LE&17.8 mg/
dL, E/NEV#1.01 mg/dL.

* BRI A R 34T ¢ (room air) pH 7.314, pO,

753 torr, pCO, 43.1 torr, HCO; 21.2 mEq/L, BE
=39 mmol/L, s0;95.9%:

- BER X #% (R 2a) : LEK, CTR 68%.
- ifiRERRAE © VC 2961, % VC 64%, FEV,,2.19L,

FEV % 75%.

- WAL ¢ #1 KA eREE, #2paE.
- Wi © well-organized a i EMA, BHEH (—).
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(B AR

| ®3 3IbrarFUTZREF ((RNA-
| Lys) #AL YR —0 I ABIFE
-

RRCMRCF‘C

AN A

T T T

T ACA G

il

T

falil

8344 3356

(B#)

8363
(G)

Al AC

/m/\\

T 1T 71

\/\/\\ \/

‘x
1
k
\

ACAG

W

T R A A

AL

8356

mutant DNA ¥ 32%

8363
(G/A)

®1 BEICHE S hi GE6IAEREBH I RRENER & DEKRRDLR

1 2 3 4 5 6 7 8 9 AFER
LB ? ° 3 » » E ®
5 » » 3 ? °
SMRBRE » » 9
R » » ®
SAIT—RATADA ? 3 N 2 » »
RS s o ° ° »
WAER ® o | o D
R iR 3 b } » » N »
2 - EEEFT » 3 B » b 9
i P | » °
R { { D
- HER  ERE il e HEnE, (tRNALys) & ZMiah7:, S +avFY7DNAR
- IR MRS I BEAT R L. #13 heteroplasmy D 72 8, i3 &ldkds - #H& - #
CDEARR KGR TILDBENCEEORMEL, B fic kb ®ah, BREZR, MREREcLD, &8E
FUFE S BET s LHMEOERZED 5 (R TERINAFUNRL LD, KRR TIE, hET

2c). BEHTIE -WICIFary FY 7oHEDEM
R, BEESREAGLRED 3 (E2d),

« I bav FY 7 DNABE A (MM @ )
v t-RNAN®D G8363A ZE # ki (F3).

Bt LASe, BEEARLY, BAOE T TIEDIcER
FEWiick->TI b ay FY 70 E GE363A
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|

396

DWE D G8363A (tRNALys) O KRB & HAh B
FEERO TR TH > 72 (R).

V.

1n

FILRUZ7DNAZEREKRS

StayFY 7 DNAZEROEMICXSItav
) 7 E AL R O BERE B E DR RIAE & el AR




4 MEHEOSFERE U5 &
DE=&3)
20% AmtDNA

"R
80% AmtDNA

50% AmtDNA

s 4 s 4

L

BELARERYELS Fa> FY THTHROR V) #fbhs |

B emerzosraenr

* PR T L7 b3y Ky 7

BRBHHDIEL G ? ZDEERICH L THEKED
W —ESIIERI oy FY 7 DNA (25 7 4
DI/4LL BT & 72 2 469655 & % % R & : AmtD-
NA4696) & B4R = F 2 F Y 7 DNA % hetero-
plasmy Tb2> 3 bay FY 7EEFEERE~- Y X
(Mito-Mice) # fE®I L T% 2 # H L 7. AmtD-
NA4696 7380 % % #8 Z 7= Mito-Mice 2 8 \» T & F1&
EROMEFIEESBE T L, Ut (SEE & S8
MfE, FEAHEE, B2, LD EEEE (Wencke-
bach ), MHEMEAEEE, EHEEOREER DR
BgExnrs:,

SravFYT7EBELANL ZBREICHY, %D
DNALHARTIFay FY 7DNAIKIRERNAD
PV, ZREHLTI by FY Pik@E s %%
HWOERELT, T ravyFY 70, StavyFy7?
DNA, BXUZ2DBEFEVZHCOEI LT, B
fEAMLVAEEICE>T /o -V AT bav Ry 7
BREAE T L 20 L) IcRIBEE2 @08 T2 L&
AbNd, ZOFEHLIZ T L a v FY 7 DNAKE R
A4269G (tRNAIle) = A3243G (tRNALeu) % homo-
plasmy 12 & DAL Z 1L Z 4 — {3 R e
BESLNAZVD, ZD2ODEAEBZI a7
DNAZ®E%Z L >0 afiart >3 L2 tay

397

FU7 DNARZDBEBETFEVMAZBLAI Z LItk
STRERMIC T b ay FY PIRREEREIIAIEL T 3%
L HYEBRAICETE S 7

Mito-Mice (2 > T 4 AmtDNA4696 #375% £ T
ek LTo s b ay Ry 7Rk I B4R <
TADIbav Y7 ELERABEICHEFINZ, A
mtDNA4696 2375% %A % & I ka2 v FY 7 IR0k
EDMET LER®, 80%%##8A % &3 hay Py 7
BEREANIH R L Uik 4 2ligdstEEEL2E L << 3 (A
4). Z® Mito-Mice DfEFER”S, S bav Y
7 DNAZEZ L OBEZEICBVLTERR mtDNA 2 dH
ZL LB EICERBL 2R RE L 2 wEER R
threshold effect D7y FHEFDIHEZ X 115,

BbHYIC

Ihav ) 7ROBERE:, BRIty YT
DNA DR, ZEIFav FY 7 DNADMKY
i, FACRREREE N 2 O MEIHEIC X > TH
EIND, RAILFaVFY7DNAZL-TORTY,
% DS ERIENEIC L > TRERTRBL Twa L
¥zont, BRI Far FY 7 DNAOHN R
EA T TH->TH, e L bicfRiEfALE2EIL 2
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