384

3. Results
3.1. AX improves cell survival under oxidative stress

To test whether AX protects cells against oxidative stress, we
exposed rat adrenal pheochromocytoma (PC12) cells, a neuronal
model cell line shown to be sensitive to oxidative stress [27], to
antimycin A. Antimycin A, an inhibitor of complex [II of the electron
transport chain, induces oxidative stress by increasing mitochondrial
superoxide production [28] (see also Fig. 2B and E). Preincubation
with AX for 6 h did not significantly increase PC12 cell survival, but
when cells were exposed to AX for 24 h, a significant increase in the
number of surviving cells was observe with more than 200 nM AX,
demonstrating that AX was able to protect PC12 cells against oxidative
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stress at relatively low concentrations (Fig. 1). The effect was
concentration dependent, with 400 nM AX being more protective
than 100 nM AX (P<01).

3.2. AX reduces basal oxidative stress levels but not acute oxidative stress

To determine the mechanism by which AX protects against
oxidative stress, we determined whether AX was able to directly
scavenge superoxide radical. Human cervical cancer (Hela) and T
lymphocyte (Jurkat) cells were exposed to antimycin A as an acute
stress model, and oxidation of the superoxide-sensitive probe
MitoSOX Red quantified as described in Materials and methods.
Preincubation of cells with 800 nM AX did not significantly reduce the
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presence (right) or absence (left) of 800 nM AX. The membrane potential image was created by color coding the dual excitation fluorescence ratio. Asterisks (pink) mark the
approximate positions of cell nuclei. (B) Average JC-1 dual excitation fluorescence ratio from three independent experiments, with fluorescence recorded at 2 locations for each
experiment. Membrane potential was significantly higher (P<.001) in the presence of AX after 2 days in culture, but rather than increasing the mitochondrial membrane potential, AX
seemed to prevent a loss of membrane potential that occurred with increasing time in culture.
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amount of superoxide detected (Fig. 2A), suggesting that AX did not
scavenge excess amounts of superoxide under this unphysiological
condition. Similarly, jurkat cells were treated with antimycin A-
generated superoxide anion (as assessed by MitoSOX Red) and
reactive peroxides (as assessed by H,DCFDA) to a great extent (Fig.
2B and E). In these flow cytometry experiments, the population of
cells with an intensity of 1000 or more (marked with * in Fig. 2B and
C) was between 2% and 4% of the cells analyzed. Quantitative analysis
revealed no significant difference in the fluorescence intensity of
oxidized MitoSOX product (Fig. 2C) or DCF (Fig. 2F) between AX-
treated or nontreated cells, even when cells were treated with AX for
2 days. Post-addition of AX did not change fluorescent patterns of the
antimycin A-treated cells without AX treatment (data not shown),
indicating that AX does not interfere with fluorescence of oxidized
MitoSOX and DCF.

However, when the basal level of oxidative stress, that is the
physiologically occurring oxidative stress, in HeLa cells was deter-
mined using the oxidant sensitive probe 2’,7'-dichlorodihydrofluor-
escein, AX significantly reduced the amount of fluorescent oxidation
product (DCF) produced (Fig. 2D), indicating that AX is able to reduce
endogenous oxidative stress. This signifies that there is a low but
detectable amount of endogenous oxidative stress under normal
culture conditions, which AX can reduce.

3.3. AX helps maintain the mitochondrial membrane potential

We proceeded to determine whether such endogenous oxidants
affect cellular function and whether AX could influence it. The
mitochondrial membrane potential was quantified using the aggre-
gate-forming probe JC-1 [29]. Using dual excitation ratio imaging, we
observed a significantly higher mitochondrial membrane potential
when AX was present in culture after 2 days (Fig. 3A). For shorter
incubation times, the difference was not significant. Interestingly,
rather than increasing the mitochondrial membrane potential, AX
seemed to slow down a gradual loss of membrane potential that may
occur with time in culture. While a significant loss in the membrane
potential occurred from 6 h to 2 days in culture without AX (Fig. 3B,
P<001), no significant difference/loss could be detected in the
presence of AX.

3.4. AX effect on respiratory control

Speculating that a decrease in mitochondrial membrane could also
affect mitochondrial respiration, we measured the oxygen consump-
tion of intact Hela cells cultured under the same conditions.
Measuring first baseline oxygen consumption (no additions), then
the mitochondrial State 4 consumption (by blocking complex V with
oligomycin) and then maximal oxygen consumption by uncoupling
mitochondria with DNP (80 uM) (Fig. 4A), we could not observe
significant changes in the absolute consumption rates (Fig. 4B), but
the ratio of baseline to uncoupled oxygen consumption was
significantly higher in the presence of AX, that is, mitochondria
were more active in the presence of AX (Fig. 4C). In addition, the
relative reduction in oxygen consumption upon addition of oligomy-
cin was increased in the presence of AX (Fig. 4C). Together, these
findings suggest that AX stimulates respiration probably by main-
taining a higher membrane potential (Fig. 3).

3.5. AX improves the mitochondrial redox state

Due to these positive but rather subtle effects of AX on
mitochondrial function, we looked for a sensitive method to detect
relatively mild oxidative stress at the organelle level. We chose
redox-sensitive GFP as a promising method since it is ratiometric and
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can be targeted to various cellular compartments [20,21,30].
Furthermore, it has been shown to be a quantitative sensor for the
redox potential of the cellular glutathione redox buffer (31]. Hela
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cells were stably tranfected with the expression vector for roGFP1
targeted to mitochondria as described above and the colocalization of
roGFP1 with mitochondria confirmed using confocal microscopy.
ROGFP1 showed almost perfect overlap with the mitochondrial
marker dye TMRM (Fig. 5A). Cells expressing mitochondrial roGFP1
showed no abnormal morphology (Fig. 5A and B), and mitochondria

exhibited the characteristic tubular shape and movement presum-
ably along microtubules (Supplementary Movie). The mitochondrial
redox state of individual cells was measured using dual excitation
imaging (Fig. 5C). Mitochondrial roGFP1 (basal redox state) was
more reduced in cells cultured with AX for 6 h, 1 day and 2 days (Fig.
5D and E). Mitochondrial ability to maintain the reducing
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Fig. 6. Effect of AX on the cytosol redox state. (A) Epifluorescence image of HeLa cells
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individual cells are marked in pink. Scale: 20 pm. (B) Time course of cytosol redox state
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after addition of H,0,, between cells cultured for 2 days in the presence (open
diamonds, n=73 cells) or absence (filled diamonds, n=90 cells) of 800 nM AX.

environment was then tested by exposing cells to 100 pM H,0,,
which quickly oxidized mitochondrial roGFP1 but significantly less so
when AX was present (Fig. 5D and E). To exclude the possibility that
the more reduced state after addition of H,0, is simply a
consequence of the more reduced (basal) state prior to addition of
H,0,, we also compared the change in fluorescence ratio induced by
H,0,. This difference was also significantly smaller in the presence of
AX (Fig. 5E). Whether this antioxidant effect of AX was limited to
mitochondria or also extended to the cytosol was tested using cells
expressing roGFP1 in the cytosol (Fig. 6A). The basal redox state and
resistance to oxidative challenge with H,0, were tested in the same
manner as for mitochondria, but no effect of AX on the redox state of
the cytosol could be detected (Fig. 6B). ‘

4. Discussion

The results above demonstrate that, under basal conditions, AX
had a small but significant positive effect on mitochondrial function
(higher membrane potential, higher respiratory control). This is
reassuring since endogenous oxidative stress, though clearly present
[32], should be rather mild in the absence of external stress-inducing
agents. Since mitochondria are a major source of reactive oxygen
species (ROS) in the cell, accumulation of AX in the mitochondrial
membrane would potentiate its antioxidant effects. There is a report
showing AX protects mesangial cells from hyperglycemia-induced
oxidative signaling [33]. The fact that AX was able to maintain
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mitochondria but not the cytosol in a reduced state (Fig. 5) indicates
that the effect of AX is, at least during mild, endogenous oxidative
stress, concentrated on mitochondria. The effect of AX became more
pronounced with incubation time. [nterestingly, such a time depen-
dency was also observed in an investigation of the antitumor activity
of AX [34]. AX, at a total serum concentration of approximately 1.2 uM,
suppressed tumor cell growth when mice were fed AX before
inoculation but was ineffective when the AX-supplemented diet was
started at the same time as tumor inoculation [34].

Cell types differ in their dependence on mitochondria-generated
ATP as a source of energy and in their sensitivity to oxidative stress.
AX protected PC12 cells against antimycin A-induced cell death. HeLa
cells, in contrast, can rely on glycolysis as the sole energy supply and
survive even in the absence of a functional electron transport chain
[35]. Accordingly, blocking electron transport with antimycin A,
though clearly inducing oxidative stress, does not necessarily lead to
Hela cell death [36,37]. That AX was protective in both cells lines
indicates that the effect of AX should not be cell type or cancer specific
[38]. Moreover, mitochondria isolated from PC12 cells had oxygen
consumption rates similar to isolated rat liver mitochondria (data not
shown) [39], indicating that the effects of AX described here are not
specific to those of cancer-type cells.

Although direct superoxide scavenging by a highly water-dis-
persible carotenoid phospholipid has been reported at high concen-
trations [40], AX may not exert its strong effect by scavenging
superoxide. In fact, under conditions of acute oxidative stress when
large amounts of ROS are produced, AX showed no detectable effect,
indicating that the effects of AX are not due direct scavenging of ROS
such as superoxide or peroxides (Fig. 2A). This is to be expected since
superoxide is a charged radical unable to cross cellular membranes
and carotenoids are extremely lipophilic. On the other hand, since AX
reduced the endogenous oxidative stress level (Fig. 2D), it is
reasonable to assume it protects cells against oxidative damage in
the lipid phase (Fig. 1). Thus, even though it may not scavenge ROS
directly, AX has the potential to protect cells against damage mediated
by oxidative stress. Since ROS including superoxide and hydrogen
peroxide play significant roles in the signal transduction at low
concentrations [41], this characteristic of AX suggests little possibi-
lities of negative side effects of AX consumption.

The increase in mitochondrial oxygen consumption of AX-treated
cells is probably in part a consequence of the change in mitochondrial
membrane potential [41]. The relatively higher reduction in oxygen
consumption upon addition of oligomycin in the presence of AX
would be expected as mitochondrial membrane potential is higher in
the presence of AX, while in the absence of AX, oligomycin is unable to
increase membrane potential to the same level. Such an inhibition of
respiration upon inactivation of complex V is referred to as
“respiratory control ratio,” an important measure of mitochondrial
health when investigating isolated mitochondria [41], even though it
should be pointed out that we used intact cells, where respiration
during stimulation of complex V with ADP is not accessible, and the
ratios are not comparable. Physiological effects of AX have been
shown to include stimulation of B-oxidation for fatty acids [42,43].
This would be of considerable benefit in reducing obesity and
metabolic syndrome in affluent societies. Much of the benefit of one
of the most effective drugs for diabetes, metformin, has been
attributed to activation of AMP-dependent kinase, which helps by
reducing gluconeogenesis and driving oxidation of fat in muscle
mitochondria [44]. The AX concentration upon which a significant
benefit could be observed (200 nM, Fig. 1) is also well within the
range that can be achieved with supplementation. A single oral dose
of 10 mg AX resulted in a peak plasma concentration of ~130 nM,
whereas a single dose of 100 mg AX resulted in a peak plasma
concentration of ~470 nM, with half-lives in the order of days [25].
Similarly, daily consumption of 250 g of either wild or farmed salmon
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(farmed salmon is fed synthetic AX to give it its natural coloring) lead
to a plateau of ~50 nM AX in plasma after about 6 days [26].

Redox-sensitive GFP targeted to mitochondria could detect
changes in the mitochondrial redox state even after short incubation
with AX, where conventional methods failed. This indicates that roGFP
is a powerful tool for measuring oxidative stress and redox balance at
the organelle level. Targeting roGFP to mitochondria allowed us to
detect changes in the mitochondrial redox state that were too small to
affect the cytosol. Redox-sensitive GFP possibly interacts with a
number of cellular enzymes and redox couples, but it is still unclear
which determine the roGFP1 redox state to what extent. The reduction
of roGFP1 is likely enzyme-dependent, as reductase and dehydrogen-
ase inhibitors reduced or prevented reduction of the close cousin
roGFP2 in the cytosol [20]. Conversely, oxidation of roGFP proceeded
considerably faster when, compared to the isolated protein, it was
expressed in cells, suggesting that the oxidation is also catalyzed by
intracellular enzymes. In our hands, the response of roGFP1 to
hydrogen peroxide was also significantly faster than previously
reported [20]. RoGFP oxidation was observed immediately, and the
maximum response in the cytosol was reached within 5 min (Fig. 6B).

The high sensitivity of roGFP to changes in organelle redox state
suggests that it is a powerful tool to investigate the biochemistry of
oxidative stress and redox balance at the organelle level. Accurate
measurement of oxidative stress is an ongoing challenge, and despite
the availability and ongoing development of a wide range of probes
and methods, their correct use is often complicated (e.g., Ref. [45])
and/or cumbersome (e.g., Ref. [46]). The most widely employed
method to “quantify” ROS, the conversion of dichlorodihydrofluor-
escein (H,DCF) to DCF, requires a catalyst for H,DCF to be oxidized by
hydrogen peroxide and reacts indiscriminately with a variety of
oxidizing factors, including light and itself [47,48].

RoGFP1 is a relatively new nondestructive and ratiometric sensor
for cellular redox state [20,21] permitting a wide range of measure-
ments previously impossible or extremely labor-intensive and there-
fore open to errors and artefacts. Experiments to establish the
sensitivity of roGFP1 to various stressors and antioxidants are
currently under way in our laboratory, but in our opinion, roGFP
offers great promise for pin-point detection of oxidative stress.
Targeting roGFP1 to subcellular structures allowed us to observe
oxidative stress restricted to mitochondria without affecting the
cytosol, demonstrating that changes in redox state and oxidative
stress can be confined to cellular compartments. To understand
cellular redox states, it might therefore be important to determine
compartmental redox states independently. Furthermore, transgenic
animals expressing roGFPs should be a valuable tool to test the
efficacy of treatments aimed at reducing oxidative stress.
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ARTICLE INFO ABSTRACT

Article history:

Mutations in PTEN-induced putative kinase 1 (PINK1) cause a recessive form of Parkinson's disease (PD). PINK1
is associated with mitochondrial quality control and its partial knock-down induces mitochondrial
dysfunction including decreased membrane potential and increased vulnerability against mitochondrial
toxins, but the exact function of PINK1 in mitochondria has not been investigated using cells with null
expression of PINK1. Here, we show that loss of PINK1 caused mitochondrial dysfunction. In PINK1-deficient
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Parkinson's disease were decreased compared with those in littermate wild-type MEFs. However, mitochondrial proton leak,
Mitochondria which reduces membrane potential in the absence of ATP synthesis, was not altered by loss of PINK1. Instead,
PINK1 activity of the respiratory chain, which produces the membrane potential by oxidizing substrates using
Parkin

oxygen, declined. H,0, production rate by PINK1~/~ mitochondria was lower than PINK1 */* mitochondria as
a consequence of decreased oxygen consumption rate, while the proportion (H;0, production rate per
oxygen consumption rate) was higher. These results suggest that mitochondrial dysfunctions in PD
pathogenesis are caused not by proton leak, but by respiratory chain defects.
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Introduction

Parkinson's disease (PD) is a neurodegenerative disease character-
ized by loss of dopaminergic neurons in the substantia nigra.
Mitochondrial dysfunction has been proposed as a major factor in the
pathogenesis of sporadic and familial PD (Abou-Sleiman et al., 2006). In
particular, the identification of mutations in PTEN-induced putative
kinase 1 (PINK1) has strongly implicated mitochondrial dysfunction
owing to its loss of function in the pathogenesis of PD (Valente et al,
2004). PINK1 contains an N-terminal mitochondrial targeting sequence
(MTS) and a serine/threonine kinase domain (Valente et al, 2004).
PINK1 kinase activity is crucial for mitochondrial maintenance via TRAP

Abbreviations: Ay, mitochondrial membrane potential; FCCP, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone; MEFs, mouse embryonic fibroblasts; PD, Parkin-
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phosphorylation (Pridgeon et al., 2007). Loss of PINK1 function induces
increased vulnerability to various stresses (Exner et al., 2007; Haque et
al., 2008; Pridgeon et al., 2007; Wood-Kaczmar et al., 2008). However,
silencing of PINK1 has only been partial and only one study has been
performed to assess mitochondrial functions in steady and artificial
states with complete ablation of PINK1 expression (Gautier et al., 2008).

Several studies have shown that PINK1 acts upstream of parkin in
the same genetic pathway (Clark et al., 2006; Park et al., 2006) and co-
overexpressed PINK1 and parkin both co-localized to mitochondria
(Kim et al., 2008). Overexpression of PINK1 promotes mitochondrial
fission (Yang et al. 2008). Fission followed by selective fusion
segregates dysfunctional mitochondria and permits their removal by
autophagy (Twig et al, 2008). PINK1 loss-of-function decreases
mitochondrial membrane potential (Chu, 2010) and the PINK1-
parkin pathway is associated with mitochondrial elimination in
cultured cells treated with the mitochondrial uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which causes mitochon-
drial depolarization (Geisler et al., 2010; Kawajiri et al., 2010;
Matsuda et al., 2010; Narendra et al., 2008, 2010; Vives-Bauza et al.,
2010). However, the exact mechanism underlying the mitochondrial
depolarization induced by PINK1 defects leading to mitochondrial
autophagy has not been examined in detail.
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Here, we describe a detailed characterization of mitochondria in
PINK1-deficient cells. We show that PINK1 deficiency causes a
decrease in mitochondrial membrane potential, which is not due to
proton leak, but to respiratory chain defects.

Materials and methods

PINKT knock-out mouse embryonic fibroblasts (MEFs)

PINK1 knock-out MEFs were prepared and cultured as described
previously (Matsuda et al, 2010). Mouse embryonic fibroblasts
(MEFs) were derived from E12.5 embryos containing littermate 4
mice of each genotype. Embryos were mechanically dispersed by
repeated passage through a P1000 pipette tip and plated with MEF
media containing DME, 10% FCS, 1x nonessential amino acids, 1 mM
L-glutamine, penicillin/streptomycin (invitrogen). The 2 cell line, an
ecotropic retrovirus packaging cell line, was maintained in Dulbecco's
modified Eagle medium (DMEM, Sigma) with 5% fetal bovine serum
and 50 pg/ml kanamicin. Transfection of the ¢2 cells with pMESVTS
plasmids containing an SV40 large T antigen was performed by
lipofection method according to the manual provided by the
manufacturer (GIBCO BRL). Five micrograms of the plasmids was
used for each transfection. Transfectants were selected by G418 at the
concentration of 0.5 mg/ml, and 10 clonal cell lines were established.
The highest titer of 5x 10% cfu/ml was obtained for the conditioned
medium of a cell line designated 42SVTS1. 10® MEFs were plated onto
a10-cm culture dish and kept at 33 °C for 48 hours. Then medium was
replaced with 2ml supplemented with polybrene-supplemented
medium conditioned by the y2SVTS1 cells at confluency for 3 days.
Infection was continued for 3 hours, and the medium was replaced
with a fresh one. The infected MEFs were cultured at 33 °C until
immortalized cells were obtained.

We confirmed that the differences we detected in this study were
due to the PINK1 deficiency, not to artificial effects by immortaliza-
tion, by measuring cellular respiration rates of not immortalized MEFs
from other littermates (Supplemental figure). The respiration rates of
not immortalized MEFs were slightly slower than those of immortal-
ized MEFs, but the differences between PINK1*/* and ~/— MEFs were
consistent (Fig. 2A).

Cell growth

Cells were seeded in 12-well plates at density of 3 ~6 x 10 cells/well
and incubated in DMEM high glucose medium (4.5 g/l glucose and
1 mM sodium pyruvate) supplemented with 10% fetal bovine serum.
After a day, the medium was replaced with DMEM glucose-free medium
supplemented with 1 g/l galactose, 1 mM sodium pyruvate and 10%
fetal bovine serum (DMEM galactose medium) at 37 °C in an incubator
with a humidified atmosphere of 5% CO,. Cells were trypsinized and live
cells were assessed by trypan blue dye exclusion.

Mitochondrial morphological changes

Cells were seeded in 6-well plates at 2.0 x 105/well and incubated
in DMEM high glucose medium (4.5 g/l glucose and 1 mM sodium
pyruvate) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. After a day, the medium was replaced with
DMEM glucose-free medium supplemented with 1g/I galactose,
1 mM sodium pyruvate and 10% fetal bovine serum (DMEM galactose
medium) at 37 °Cin an incubator with a humidified atmosphere of 5%
CO,. 24 hours later, cells were fixed and immunostained with anti-
Tom20 antibody to visualize mitochondria according to a protocol as
previously described (Kawajiri et al., 2010). All images were obtained
using an Axioplan 2 imaging microscope (Carl Zeiss, Oberkochen,
Germany).
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Cellular ATP levels

Intracellular ATP levels were determined by a cellular ATP assay kit
(TOYO B-Net, Tokyo, Japan) according to the manufacturer's instruc-
tions using a Lumat LB9507 luminometer (Berthold Technology, Bad
Wildbad, Germany).

Membrane potential

Fluorescence images were recorded using a multi-dimensional
imaging workstation (AS MDW, Leica Microsystems, Wetzlar,
Germany) with a climate chamber maintained at 37 °C. Fluorescence
was quantified with a CCD camera (CoolSnap HQ, Roper Scientific,
Princeton, NJ) using a 20x objective. Cells were stained for 1 hour
with a non-quenching concentration (20 nM) of tetramethylrhoda-
mine methyl ester (TMRM) in a 96-well plate. The cell-permeable
cationic dye TMRM accumulates in mitochondria according to the
Nernst equation. Nuclei were stained with 250 nM Hoechst 34580.
Mitochondrial TMRM fluorescence was integrated in a 40-um
diameter circular area around the nucleus, and the minimum
fluorescence in this area was subtracted as background fluorescence.

Cell respiration

Cell respiration was measured at 37 °C using the Oxygen Meter
Model 781 and the Mitocell MT200 closed respiratory chamber
(Strathkelvin Instruments, North Lanarkshire, United Kingdom). Cells
were cultured in DMEM with 4.5 g/l of glucose supplemented with
10% FBS. Cells were then trypsinized and resuspended in Leibovitz's '
L-15 medium (Invitrogen) at density of 8.0 x 10° cells/ml. The oxygen
respiration rate was measured under each of the following three
conditions: basal rate (no additions); State 4 (no ATP synthesis) [after
addition of 1 pg/ml oligomycin (Sigma)], uncoupled [after addition of
3 uM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone;
Sigma)] using Strathkelvin 949 Oxygen System. After sequential
measurements, the endogenous respiration rate was determined by
adding 1 uM rotenone + 2 uM myxothiazol.

Mitochondrial respiration and membrane potential

Mitochondria were prepared from cultured MEFs as previously
described (Amo and Brand, 2007). Mitochondrial oxygen consump-
tion with 5 mM succinate as a respiratory substrate was measured at
37°C using a Clark electrode (Rank Brothers, Cambridge, United
Kingdom) calibrated with air-saturated respiration buffer comprising
0.115M KCl, 10 mM KH;PO4 3 mM HEPES (pH 7.2), 2 mM MgCl,,
1 mM EGTA and 0.3% (w/v) defatted BSA, assumed to contain
406 nmol atomic oxygen/ml (Reynafarje et al., 1985). Mitochondrial
membrane potential (Ay) was measured simultaneously with
respiratory activity using an electrode sensitive to the lipophilic
cation TPMP* (triphenylmethylphosphonium) (Brand, 1995). Mito-
chondria were incubated at 0.5 mg/ml in the presence of 80 ng/ml
nigericin (to collapse the pH gradient so that the proton motive force
was expressed exclusively as Ay) and 2 pM rotenone (to inhibit
complex 1). The TPMP*-sensitive electrode was calibrated with
sequential additions of TPMP* up to 2 pM, then 5mM succinate
was added to initiate respiration. Experiments were terminated with
2 pM FCCP, allowing correction for any small baseline drift. A¢ was
calculated from the distribution of TPMP™" across the mitochondrial
inner membrane using a binding correction factor of 0.35 mg
protein/pl. Respiratory rates with 4 mM pyruvate + 1 mM malate as
a substrate in State 3 (with 0.25 mM ADP) and State 4 (with 1 pg/ml
oligomycin) were determined using the Oxygen Meter Model 781 and
the Mitocell MT200 closed respiratory chamber (Strathkelvin
Instruments).
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Modular kinetic analysis

To investigate differences in oxidative phosphorylation caused by
PINK1 knock-out, we applied a systems approach, namely modular
kinetic analysis (Amo and Brand, 2007; Brand, 1990). This analyzes the
kinetics of the whole of oxidative phosphorylation divided into three
modules connected by their common substrate or product, Ag. The
modules are (i) the reactions that produce Ay, consisting of the substrate
translocases, dehydrogenases and other enzymes and the components of
the respiratory chain, called ‘substrate oxidation’; (ii) the reactions that
consume Ay and synthesize, export and dephosphorylate ATP, consisting
of ATP synthase, the phosphate and adenine nucleotide translocases and
any ATPases that may be present, called the ‘phosphorylating system’,
and (iii) the reactions that consume Ay without ATP synthesis, called the
‘proton leak’ (Brand, 1990). The analysis reports changes anywhere
within oxidative phosphorylation that are functionally important but is
unresponsive to changes that have no functional consequences.
Comparison of the kinetic responses of each of the three modules to Ay
obtained using mitochondria isolated from PINK1*/* and PINK1~/~
MEFs would reveal any effects of PINK1 on the kinetics of oxidative
phosphorylation. Oxygen consumption and Ay were measured simulta-
neously using mitochondria incubated with 80 ng/ml nigericin and 4 pM
rotenone. Respiration was initiated by 5 mM succinate. The kinetic
behavior of a ‘Ays-producer’ can be established by specific modulation of a
Ay-consumer and the kinetics of a consumer can be established by
specific modulation of a Ay-producer (Brand, 1998). To measure the
kinetic response of proton leak to Ay, the State 4 (non-phosphorylating)
respiration of mitochondria in the presence of oligomycin (0.8 pg/ml; to
prevent any residual ATP synthesis), which was used solely to drive the
proton leak, was titrated with malonate (up to 8 mM). In a similar way,
State 4 respiration was titrated by FCCP (up to 1 pM) for measurement of
the kinetic response of substrate oxidation to Ay. State 3 (maximal rate of
ATP synthesis) was obtained by addition of excess ADP (1 mM). Titration
of State 3 respiration with malonate (up to 1.1 mM) allowed measure-
ment of the kinetics of the Ay-consumers (the sum of the phosphory-
lating system and proton leak). The coupling efficiencies of oxidative
phosphorylation were calculated from the kinetic curves as the
percentage of mitochondrial respiration rate at a given Ay that was
used for ATP synthesis and was therefore inhibited by oligomycin. Note
that any slip reactions will appear as proton leak in this analysis (Brand et
al., 1994).

Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of H,0, generation rate, determined fluorometrically by measure-
ment of oxidation of Amplex Red to fluorescent resorufin coupled to
the enzymatic reduction of H,0, by horseradish peroxidase using a
spectrofluorometer RF-5300PC (Shimadzu, Kyoto, Japan). The H,0,
generation rate was measured in non-phosphorylating conditions
(=State 4) using either pyruvate/malate or succinate as respiratory
substrates. Mitochondria were incubated at 0.1 mg/ml in respiration
buffer. All incubations also contained 5puM Amplex Red, 2 U/mil
horseradish peroxidase and 8 U/ml superoxide dismutase. The
reaction was initiated by additipn of 5mM succinate or 4 mM
pyruvate + 1 mM malonate and the increase in fluorescence was
followed at excitation and emission wavelengths of 560 and 590 nm,
respectively. Appropriate correction for background signals and
standard curves generated using known amounts of H,0, were used
to calculate the rate of H,0, production in nmol/min/mg mitochon-
drial protein. The percentage free radical leak, which is a measure of
the number of electrons that produce superoxide (and subsequently
H,0,) compared with the total number of electrons which pass
thorough the respiratory chain, was calculated as the rate of H,0,
production divided by the rate of O, consumption (Barja et al., 1994).
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Statistics

Values are presented as means+ SEM except Fig. 2D, in which
error bars indicate SD. The significance of differences between means
was assessed by the unpaired Student's ¢-test using Microsoft Excel; P
values<0.05 were taken to be significant.

Results

Cell growth and mitochondrial morphology

In general, cultured cells gain their energy mostly from glycolysis.
Therefore, cells deficient in respiratory function can grow in normal
medium, although possibly at a slower rate, relying predominantly on
glycolysis (Hofhaus et al., 1996). Actually, p° cells, which lack
mitochondrial DNA completely, can grow producing energy exclu-
sively through glycolysis (King and Attardi, 1989). On the other hand,
galactose metabolism via glycolysis is much slower than glucose |
metabolism (Reitzer et al., 1979). Therefore, cells in galactose medium
are forced to oxidize pyruvate through the mitochondrial respiratory
chain for energy required for growth. Consequently, cells with defects
in their mitochondrial respiratory chains show growth impairments
in galactose medium. To evaluate this phenomenon is also observed in
our cells, we examined growth retardation by addition of mitochon-
drial complex I inhibitor, rotenone (Fig. 1A). In glucose medium,
10 nM rotenone had only a slight effect on the growth of PINK1*/+
MEFs and slower growth was observed even in the presence of
100 nM rotenone. However, in the galactose medium, 10 nM rotenone
significantly inhibited the growth of PINK1*/* MEFs and 100 nM
roteone completely arrested the growth. Therefore, we could confirm
that the growth impairment of our cells in the galactose medium was
due to mitochondrial respiratory chain defects.

PINK1 acts upstream of parkin, regulating mitochondrial integrity
and function; therefore, loss of PINK1 is considered to affect
mitochondrial functions. To assess the mitochondrial functions of
PINK1~/~ MEFs, growth capability in a medium in which galactose
replaced glucose was examined. As shown in Fig. 1B, PINK1~/~ MEFs
appeared to show clear growth impairments in the galactose medium,
whereas PINK1+/+ MEFs grew slightly slower than in the glucose
medium.

No differences of mitochondrial morphology between PINK1*/*
and ~/~ MEFs in the glucose medium were detected (Fig. 1C),
consistent with the previous report (Matsuda et al., 2010). However,
in the galactose medium, mitochondria of the PINK1~/~ MEFs were
more fragmented compared to the PINK*/* MEFs (Fig. 1C). This is
consistent with previous reports, which found mitochondrial mor-
phological changes were more pronounced when PINK1 knock-down
Hela cells were grown in low-glucose medium (Exner et al., 2007)
and human PINK1 homozygous mutant fibroblast in galactose
medium (Grinewald et al., 2009). In these cells, mitochondrial
morphological changes were associated with the mitochondrial
functional impairment.

Assessments of mitochondrial functions at the cellular level

Because PINK1~/~ MEFs showed severe growth impairments in
the galactose medium, the mitochondrial functions of these cells were
assessed at the cellular level. First, cellular respiration rates were
measured (Fig. 2A). The basal respiration rate was significantly
reduced in PINK17/~ cells compared with that in PINK1*/* cells
(11.13+£0.71 versus 14.36+1.01 nmol O/min/10¢ cells; p<0.05;
n=>5 independent experiments), consistent with previous reports
using partial knock-down of PINK1 expression (Gandhi et al., 2009:
Liu et al., 2009). Oligomycin inhibits ATP synthase, resulting in non-
phosphorylating respiration. FCCP uncouples oxidative phosphoryla-
tion, leading to maximum respiration rates. In both conditions, the
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Fig. 1. (A) Growth retardation of PINK1*/+ MEFs by mitochondrial complex I inhibitor, rotenone in glucose or galactose medium. Closed circles with solid line, 0 nM rotenone: open
triangles with dashed line, 1 nM rotenone; ctosed diamonds with solid line, 10 nM rotenone; open circles with dashed line, 100 nM rotenone; closed triangles with solid line,
1000 nM rotenone. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye exclusion. (B) Growth curves of PINK1 '+ and —/~ MEFs. Closed
symbols (glucose), growth curve for cells grown in DMEM containing 4.5 g/l glucose and 1 mM sodium pyruvate; open symbols (galactose), growth curve for cells grown in DMEM
lacking glucose and containing instead 1.0 g/l galactose and 1 mM sodium pyruvate. Cells grown in 12-well plates were trypsinized and live cells were assessed by trypan blue dye
exclusion. (C) Mitochondrial morphology of PINK1*'* and ~/~ MEFs. After incubating cells with the glucose or galactose medium for 24 hours, cells were fixed and immunostained
with anti-Tom20 antibody to visualize mitochondria. Scale bar, 20 pm.

PINK17™'™ cells respired significantly slower than the PINK1 ™+ cells The main function of mitochondria is ATP synthesis via oxidative
(1.76 £0.13 versus 2.95+0.27 (p<0.01; n=5 independent experi- phosphorylation. ATP levels under basal conditions were significantly
ments) and 16.44 +1.80 versus 23.50 4 1.18 nmol O/min/10° cells reduced in PINK1™'~ MEFs (Fig. 2B), as reported previously for
(p<0.05; n=5 independent experiments), respectively). dissociated PINK1~/~ mouse neurons (Gispert et al., 2009) and PINK1
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Fig. 2. Mitochondrial functions assessed at the cellular level. Open bars, PINK1 +/+ MEFs; closed bars, PINK1~/~ MEFs. (A) Cell respiration rate of PINK1*/* and =/~ MEFs. The oxygen
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level in PINK1*'* cells. Error bars indicate SEM (n=4 independent experiments). (C) Live cell images of PINK1*/* and =/~ MEFs with TMRM fluorescence. (D) Mitochondrial
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siRNA knock-down PC12 cells (Liu et al, 2009). Mitochondrial
membrane potential was also measured by live cell imaging of TMRM
fluorescence. Typical images were shown in Fig. 2C. The histogram
shows the distribution of TMRM fluorescence from 3537 PINK1+/* cells
and 2566 PINK1~/~ cells from 12 wells per cell type and the bar graph
indicates the mean4+SD of TMRM fluorescence per cell (Fig. 2D).
According to the Nernst equation, the ratio of TMRM fluorescence would
translate into, on average, 6.88 mV lower mitochondrial membrane
potential in the PINK1~/~ cells if the plasma membrane potentials were
not different between PINK1*/* and ~/~ cells. Mitochondrial mem-
brane potential decrease was also showed previously in PINK1 knock-
down Hela cells (Exner et al., 2007) and in stable PINK1 knock-down
neuroblastoma cell lines (Sandebring et al., 2009). '

Assessments of mitochondrial functions using isolated mitochondria

To further analyze mitochondrial functions, we measured the
kinetics of oxidative phosphorylation using isolated mitochondria
from PINK1*/* and =/~ MEFs. Fig. 3 shows the kinetics of the three
modules of oxidative phosphorylation using succinate as a respira-
tory substrate (complex lI-linked respiration). Fig. 3A shows the
kinetic response of substrate oxidation to its product, Ay. The
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substrate oxidation kinetic curve for PINK17/~ cells was clearly
shifted lower compared with that for PINK1*/* cells, indicating that
the loss of PINK1 caused mitochondrial respiratory chain defects.
Fig. 3B shows the kinetic response of proton leak to its driving force,
AW, and Fig. 3C shows the kinetic response of the ATP phosphory-
lating pathway to its driving force, Ay. Both kinetic curves for
PINK1*/* and ~/~ MEFs (open and closed symbols, respectively)
were overlapping, implying that there were no significant differ-
ences in those modules.

We also independently measured the mitochondrial oxygen
consumption rate using pyruvate/malate as a respiratory substrate
instead of succinate to check complex . Modular kinetic analysis
using pyruvate/malate is technically difficult for the following
reasons: (1) the oxygen consumption rate with pyruvate/malate is
much slower than succinate respiration; and (2) there are no
competitive inhibitors of complex I-linked respiration, such as
malonate for succinate respiration. As shown in Fig. 4A, the
respiration rates in State 3 and 4 with pyruvate/malate of isolated
mitochondria from PINK1 =/~ cells (closed symbols) were signifi-
cantly slower than those of PINK1 /" cells (open symbols), as in the
case of succinate respiration (Fig. 4B; data derived from the kinetic
curves in Fig. 3).
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Mitochondrial ROS production

Mitochondrial ROS production rate was assessed by measurement
of the H,0, generation rate. Mechanisms of mitochondrial ROS
production were well described elsewhere (Fig. 1 of Lambert et al.,
2010). Pyruvate and malate generate NADH, which induced forward
electron transport and generate ROS mainly from complex I and II1.
For pyruvate/malate respiration, the basal H,0, generation rate
(measured in the absence of respiratory chain inhibitors) was not
different between PINK1*'* and =/~ mitochondria (Fig. 4C). The
addition of antimycin A and further addition of rotenone, which
inhibited forward electron transport at complex IIl and I, respectively,

enhanced H,0, generation. During succinate respiration in the
absence of respiratory chain inhibitors, ROS are generated mainly
from the quinine binding site of complex I due to reverse electron flow
from coenzyme Q to complex I. For succinate respiration, H,0,
generation rate in the absence of reparatory chain inhibitors was
higher in PINK1*/* mitochondria than in PINK1~/~ mitochondria,
but the difference was not significant (Fig. 4D). The addition of
rotenone, which blocks reverse electron flow from coenzyme Q to
complex I, attenuated H,0, generation.

Figs. 4 C and D show a tendency for PINK1 ™" mitochondria to
generate more ROS than PINK1~/~ mitochondria. However, their
respiration rates were remarkably different (Figs. 4A and B).
Therefore, we calculated the percentage free radical leak, which is
the fraction of molecules of O, consumed that give rise to H,0, release
by mitochondria (free radical leak) during either pyruvate/malate or
succinate State 4 respiration (Figs. 4E and F). For pyruvate/malate
respiration, mitochondria isolated from PINK1~/~ cells had higher
proportion of H,0, generation than PINK1*/* mitochondria. During
succinate respiration without respiratory inhibitors, PINK1~/~ mito-
chondria had also higher proportion of free radical leak mainly from
complex [ due to reverse electron flow from coenzyme Q to complex I.
Because the differences disappeared with addition of rotenone, which
inhibit reverse electron flow, ROS generation enhanced by loss of
PINK1 was mostly from complex I.

Discussion

We produced an in vitro model of Parkinson's disease, immortal-
ized PINK1~/~ MEFs. Previously, impairment of mitochondrial
respiration was observed in the brains of PINK1~/~ mice (Gautier et
al., 2008). PINK1~/~ MEFs clearly showed a phenotype of mitochon-
drial dysfunctions, which is consistent with PD pathogenesis. This
phenotype was apparent in a cell growth experiment using medium
containing galactose instead of glucose (Fig. 1B). Mitochondrial
fragmentation was observed when PINK1~'~ MEFs grew in the
galactose medium (Fig. 1C), which was consistent with previous
reports (Exner et al., 2007; Griinewald et al., 2009). Our results have
unveiled that the PINK1~/~ MEF line could be a potential PD model,
presenting growth retardation due to decreased mitochondrial
respiration activity. Thus, the PINK1~/~ MEFs are a useful tool for
evaluating the role of PINK1 in mitochondrial dysfunction and
relevant to PD.

In PINK1~/~ MEFs, mitochondrial membrane potential was de-
creased compared with that in littermate wild-type MEFs (Figs. 2C and
D), as reported previously for PINK1 knock-down Hela cells (Exner et
al, 2007) and stable PINK1 knock-down neuroblastoma cell lines
(Sandebring et al., 2009). This is a key event during elimination of
mitochondria. Mitochondrial fission followed by selective fusion
segregates damaged mitochondria, which decreases their membrane
potential, and permits their removal by autophagy (Twig et al., 2008).
The PINK1-parkin pathway is thought to have a crucial role in this
mitochondrial elimination mechanism (Geisler et al., 2010; Kawajiri et
al,, 2010; Matsuda et al., 2010; Narendra et al., 2008, 2010; Vives-Bauza
et al, 2010). To clarify what caused the decrease in mitochondrial
membrane potential, we performed a modular kinetic analysis using
isolated mitochondria (Fig. 3). This analyzes the kinetics of the whole of
oxidative phosphorylation divided into three modules connected by
their common substrate or product, mitochondrial membrane potential
(A¢). The modules are include one A-producer (substrate oxidation)
and two Ay-consumers (phosphorylating system and proton leak)
(Brand, 1990). To decrease Ay, the Ay-producer should be down-
regulated and/or Ay-consumers should be up-regulated. As cellular ATP
levels were decreased compared with those in littermate wild-type
MEFs (Fig. 2B), it is unlikely that the phosphorylating system is
up-regulated. Indeed, the kinetics of the phosphorylation module
were not altered (Fig. 3C). The other Ay-consumer, proton leak,
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Fig. 4. Oxygen consumption rate and H,0, production rate of mitochondria isolated from PINK1*/* and =/~ MEFs. Open bars, PINK1*/* MEFs; closed bars, PINK1~/~ MEFs. (A) State
3 and State 4 respiration rate of mitochondria with pyruvate/malate as a respiratory substrate. (B) State 3 and State 4 respiration rate of mitochondria with succinate as a respiratory
substrate. Data were derived from the results of modular kinetic analysis (Fig. 3). State 3 respiration rates were the kinetic start points of the Ay-consumers (the sum of the
phosphorylating system and proton leak). State 4 respiration rates were average values of the respiration rates at the kinetic start points of substrate oxidation and proton leak. (C, D)
Mitochondrial H,0, production rate with pyruvate/malate (C) or succinate (D) as a respiratory substrate. (E, F) Percentage free radical leak (FRL) for State 4 respiration with
pyruvate/malate (E) or succinate (F) as a respiratory substrate, Error bars indicate SEM (n=5 and 4 independent mitochondrial preparations for pyruvate/malate and succinate

respiration, respectively). *P<0.05; **P<0.01; ***P<0.001.

which partially dissipates the membrane potential without ATP
synthesis, was also not changed (Fig. 3B). Therefore, the decrease in
membrane potential caused by loss of PINK1 is likely to have been
caused only by lower activity of the Ay-producer, substrate oxidation
(Fig. 3A). This is the first report showing that mitochondrial membrane
potential decrease caused by loss of PINK1, which is the key event for the
following mitochondrial elimination, was not due to proton leak, but to
respiratory chain defects. We used only succinate (a complex II-linked
substrate) as a respiratory substrate in the modular kinetic analysis for
technical reasons. However, complex I-linked respiration (pyruvate/
malate) was also decreased in PINK1~/~ MEFs like succinate respiration
(Fig. 4A).

The mitochondrial respiration rates in State 4 were decreased in
PINK1~'~ MEFs, and consequently, the proportions of free radical
leak were significantly higher in PINK1~'~ MEFs than in PINK1*/*
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MEFs (Figs. 4E and F). Because the differences disappeared with
addition of rotenone (complex I inhibitor, which inhibits reverse
electron flow from coenzyme Q to complex 1), ROS generation
enhanced by loss of PINK1 was mostly from complex I. These results
are partially consistent with those in previous reports, suggesting
that MPTP and rotenone induce neuronal cell death by inhibiting
complex [ activity, leading to a PD-like phenotype (Dauer and
Przedborski, 2003; Jackson-Lewis and Przedborski, 2007; Troja-
nowski, 2003).

In this study, we developed an in vitro PD model, the PINK1~/~ MEF
line, and established the experimental conditions for cell growth to
detect mitochondrial dysfunction. This is the first report showing that
complete ablation of PINK1 causes a decrease in mitochondrial
membrane potential, which is not due to proton leak, but to respiratory
chain defects.
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Supplementary materials related to this article can be found online
at doi:10.1016/j.nbd.2010.08.027.
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Molecular Hydrogen Improves Obesity
and Diabetes by Inducing Hepatic FGF21 and
Stimulating Energy Metabolism in db/db Mice

Naomi Kamimura!, Kiyomi Nishimaki', Ikuroh Ohsawa'? and Shigeo Ohta'

Recent extensive studies have revealed that molecular hydrogen (H,) has great potential for improving oxidative
stress-related diseases by inhaling H, gas, injecting saline with dissolved H,, or drinking water with dissolved

H, (H,-water); however, little is known about the dynamic movement of H, in a body. First, we show that hepatic
glycogen accumulates H, after oral administration of H,-water, explaining why consumption of even a small amount

of H, over a short span time efficiently improves various disease models. This finding was supported by an in vitro
experiment in which glycogen solution maintained H,. Next, we examined the benefit of ad libitum drinking H,-water
to type 2 diabetes using db/db obesity model mice lacking the functional leptin receptor. Drinking H,-water reduced
hepatic oxidative stress, and significantly alleviated fatty liver in db/db mice as well as high fat-diet-induced fatty

liver in wild-type mice. Long-term drinking H,-water significantly controlled fat and body weights, despite no increase
in consumption of diet and water. Moreover, drinking H,-water decreased levels of plasma glucose, insulin, and
triglyceride, the effect of which on hyperglycemia was similar to diet restriction. To examine how drinking H,-water
improves obesity and metabolic parameters at the molecular level, we examined gene-expression profiles, and found
enhanced expression of a hepatic hormone, fibroblast growth factor 21 (FGF21), which functions to enhance fatty acid
and glucose expenditure. Indeed, H, stimulated energy metabolism as measured by oxygen consumption. The present

results suggest the potential benefit of H, in improving obesity, diabetes, and metabolic syndrome.

QObesity (2011) dor:!

INTRODUCTION
Oxidative stress is involved in many lifestyle-related diseases,
including diabetes, atherosclerosis, heart failure, Alzheimer’s
disease, and Parkinson diseases (1-6). Recent studies have
revealed that molecular hydrogen (H,) actsas anovel antioxidant
and prevents or ameliorates diseases associated with oxidative
stress in animal experiments (7-18) and clinical tests (19-22).
The brain, heart, liver, and intestine were protected from oxida-
tive stress by inhalation of 1-2% H, gas (7-11). Interestingly,
instead of inhaling H, gas, drinking water with dissolved H,
(H,-water) protected the brain and kidney from oxidative stress
(12-15). These studies strongly suggest the potential of H, as an
effective therapeutic and preventive antioxidant; however, water
dissolves H, at 0.8 mmol/l at saturated level. Thus, it has been an
open question why consumption of even a small amount of H,
is effective for various disease models. s
Oxidative stress is one of the causes of type 2 diabetes (1-3).
To examine whether H, has benefits on type 2 diabetes, we
used db/db mice, in which oxidative stress is accumulated in

the liver and leads to hyperglycemia and hyperlipidemia (23).
Db/db mice lack a functional leptin receptor, and have been
extensively studied as a model for type 2 diabetes (24,25).

In this study, we showed that H, can be accumulated in the
liver with glycogen after oral administration. Next, chronic
consumption of H,-water reduced oxidative stress in the liver of
db/db mice, and improved obesity and diabetes. As a mechanis-
tic study, we showed that long-term consumption of H,-water
enhanced the expression of a hepatic hormone, fibroblast growth
factor 21 (FGF21), which is a regulator of energy expenditure
(26-29). These findings suggest the great potential for hydrogen
therapy and prevention of metabolic syndrome.

METHODS AND PROCEDURES

Animals .

Male Sprague-Dawley rats of 10 weeks of age and male C57BL/6 mice
of 12 weeks of age were purchased from Nippon SLC (Hamamatsu,
Shizuoka, Japan). Genetically diabetic male db/db mice (BKS.Cg
+Lepr®/ +Lepr®/Jcl) and their nondiabetic heterozygous db/+ littermates
(BKS.Cg m+/+Lepr®/Jcl) were purchased at 5 weeks of age from CLEA
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Japan, (Tokyo, Japan). Mice were given H,-water from 6 weeks of age.
For the diet-induced obesity study, C57BL/6 mice were given a high
fat-diet (F2HFD1; Oriental Yeast, Tokyo, Japan) for 1 or 2 weeks. The
care and use of laboratory animals were in accordance with the National
Institutes of Health guidelines. This study was approved by the Animal
Care and Use Committee of Nippon Medical School (Tokyo, Japan).

Hydrogen water

H,-water was prepared as described previously (12). In brief, H, was
dissolved in water under high pressure (0.4 MPa) to a supersaturated
level and the saturated H -water was stored under atmospheric pres-
sure in an aluminum bag with no dead volume. Saturated H,-water was
used as 100% H,-water. H,-water degassed by gentle stirring was used
as control water. Saturated H,-water was diluted with ninefold control
water and used as 10% saturated H,-water. Mice were given water freely
using closed glass vessels equipped with an outlet line containing two
ball bearings, which kept the water from being degassed. The vessel was
freshly refilled with H -water at 2:00 pm every day.

Diet restriction

Diabetic mice were subjected to controlled dietary restriction, such that
the daily diet consumption was equivalent to 80% or 50% of that of ad
libitum diet consumption. Control groups were permitted free access to
food and water throughout the experiment. In the diet-restricted group,
mice were permitted ad libitum water, but food intake was restricted.

Measurement of H, concentration
H, concentration in rat liver tissue was measured using a needle-type
hydrogen electrode (Unisense, Aarhus, Denmark). Rat received H,-
water orally by stomach gavage at 15 ml/kg. Throughout the experiment,
the electrode current was measured with a picoammeter (Keithley,
Cleveland, Ohio) and H, concentration was obtained from the calibra-
tion curve generated using known levels of H,-saturated saline.

Inan in vitro experiment, H, concentration in glycogen, glucose solu-
tions, or drinking water in the glass vessel was measured using a needle-
type hydrogen electrode as described above.

Sample collection and biochemical analysis

Mice were killed under anesthesia, blood was collected from the heart,
and liver tissues were excised and frozen with liquid nitrogen or fixed
with 4% paraformaldehyde for further analysis. The antioxidation
effect of H, was determined by measuring lipid peroxides in the liver,
using a malondialdehyde assay kit (Northwest Life Science Specialties,
Vancouver, WA) and the level of lipid peroxides was expressed as nmol
malondialdehyde (MDA)/mg protein. Plasma concentrations of total
ketone bodies, triglyceride, and total cholesterol were determined with
commercially available kits (Wako Pure Chemical Industries, Osaka,
Japan). Plasma low-density lipoprotein-cholesterol and high-density
lipoprotein-cholesterol were measured using kits (Sekisui Medical,
Tokyo, Japan). Plasma glucose and nonesterified fatty acids were deter-
mined with kits available from Shino-Test (Tokyo, Japan) and Eiken
Chemical (Tokyo, Japan), respectively. Plasma insulin was measured
using an insulin ELISA kit (Morinaga Institute of Biological Science,
Kanagawa, Japan).

Oil Red O staining

Mouse livers were fixed in 4% paraformaldehyde in phosphate-buffered
saline, embedded, and cryosectioned 10 mm thick. The sections were
rinsed with 60% isopropanol, stained with 0.25% Oil Red O solution,
rinsed with 60% isopropanol, and mounted in aqueous mountant. The
area of stained lipid (%) was calculated using the Image ] program (ver
1.41; National Institutes of Health, Bethesda, MD) from four sections
for each mouse.

Body fat composition analysis

For computed tomography analysis of body fat composition, mice were
anesthetized with halothane in a mixture of nitrous oxide and oxy-
gen (70%:30%, vol/vol) and then scanned using a LaTheta LCT-100,
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experimental animal computed tomography system (Aloka, Tokyo,
Japan). Contiguous 1-mm slice images were used for quantitative
assessment using LaTheta software (ver 1.00). Visceral fat, subcutane-
ous fat, and muscle were distinguished and evaluated quantitatively.

RNA isolation and reverse transcriptase-PCR

Total RNA was isolated from the liver tissue using an RNeasy Mini
kit (QIAGEN, Valencia, CA). Complementary DNA generated by
SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) was
analyzed by quantitative PCR using Thermal Cycler Dice Real Time
System TP800 (TAKARA BIO, Shiga, Japan). All samples were normal-
ized to glyceraldehyde 3-phosphate dehydrogenase expression. Primer
and probe sequences for each PCR are shown in Table 1.

Behavioral analysis

Movement activities were recorded in db/+ and db/db mice automati-
cally using a laboratory animal monitoring system (ACTIMO-100;
Shinfactory, Fukuoka, Japan). Mice were housed individually and
temperature was maintained at 22 °C. Food and water with or with-
out hydrogen were available ad libitum. Mice were acclimatized to the
chambers for 24h before beginning recordings and then monitored
for 48 h. Movement activity was measured as ambulatory counts from
a record of consecutive adjacent infrared beam breaks. Cumulative
ambulatory counts on the x- and y-axes were recorded every 10 min.

Indirect calorimetric analyses

Metabolic rate was measured by indirect calorimetric analysis in
db/+ and db/db mice using an open-circuit calorimeter (Oxymax;
Columbus Instruments, Columbus, OH). Mice were housed individu-
ally in a chamber (20 x 10 x 12.7 cm) and temperature was maintained
at 22 °C, with air flow of 0.51/min. Food and water with or without H,
were available ad libitum. Mice were acclimatized to the chambers for
48 h before beginning recordings and then monitored for 48h. VO,
and VCO, were measured every 10 min using an electrochemical O,
analyzer and a CO, sensor (Oxymax), and the respiratory exchange
ratio was calculated as VCO,/VO, (volume of CO, produced per vol-
ume of O, consumed (ml/kg/h)).

Statistical analysis

We performed statistical analysis using StatView software (SAS Institute)
by applying an unpaired two-tailed Student’s t-test and ANOVA fol-
lowed by Fisher's exact test, as described previously (7). Differences
were considered statistically significant at P < 0.05.

Table 1 Primers and probes for reverse transcriptase-PCR
Gene

Sequence

FGF21  Fprimer 5-CCGCAGTCAGAAAGTCTCCT-3’

Rprimer  5’-TCTGAAGCTGCAGGCCTCA-3’

Probe  5-AGCTCTCTATGGATCGCCTCACTTTGATCC-3’
PEPCK Fprimer 5-TGCTGCAGAACACAAGGGC-3’

Rprimer 5'-TTTGCCGAAGTTGTAGCCG-3’

Probe  5-TCATCATGCACGACCCCTTTGCC-3’
G6PC  Fprimer 5-CGCCATGCAAAGGACTAGGA-3'

R primer 5-AGGGCCGATGTCAACACCT-3’

Probe  5-TAAAGCCTCTGAAACCCATTGTGAGGCC-3
GAPDH  Fprimer 5-CATCACTGCCACCCAGAAGA-3'

R primer  5’-ATGTTCTGGGCAGCC-3’

Probe  5-TGGATGGCCCCTCTGGAAAGCTG-3'

FGF21, fibroblast growth factor 21; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; GBPC, glucose-6-phosphatase. catalytic subunit; PEPCK, phospho-
enolpyruvate carboxykinase.
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RESULTS

Molecular hydrogen is accumulated

in the liver with glycogen

We monitored the dynamic movement of H, in the liver after
oral administration of H,-water. Rat received H -water orally
by stomach gavage, and levels of H, in the liver were moni-
tored by directly inserting a needle-type hydrogen sensor
into the liver for an hour (Figure la). The H, concentration
profile gave a peak 5 min after administration of H,-water in
both a fed and fasted liver; however, a great difference was
found between the fed and fasted liver; the maximum H, level
in the fed liver was twofold that of the fasted liver. Moreover,
the fed liver maintained a considerable H, level for an hour,
while that in the fasted liver returned to the basal level after
25 min.

Since a fed liver is rich in glycogen, we speculated that
higher polymers of carbohydrates including glycogen have
the capacity to maintain H,. To verify this speculation, we
examined saturated solubilities of H, in glycogen and glucose
solutions by a hydrogen sensor. H, was dissolved in a glycogen

. or glucose solution by bubbling H, gas up to a saturated level
(Figure 1b). Compared to the glucose solution and water, the
glycogen solution dissolved a significantly higher amount of
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Figure 1 Hydrogen is accumulated and maintained in a fed liver and in
glycogen solution in vitro. (a) The concentration of molecular hydrogen
in the liver was monitored using a needle-type hydrogen sensor in fed
or overnight-fasted rat liver. Rat received hydrogen water (0.8 mmol/l

H, in water) orally by stomach gavage at 15ml/kg. Arrow indicates the
time point when rat was administered hydrogen water. (b) Saturated
concentration of hydrogen in glycogen and glucose solutions, and water.
Molecular hydrogen was dissolved in indicated solutions by bubbling H,
gas to a saturated level. The concentration of hydrogen in solution was
measured using a hydrogen sensor. Data are means + s.d. (n=3). “P <
0.05; **P < 0.01; ***P < 0.001 compared with 100 or 10mg/ml glycogen
groups. (c) Concentration of hydrogen in water, 100mg/mi glycogen
solution and 100 mg/mi glucose solution after bubbling stopped.
Hydrogen-saturated solutions were kept in a plastic tube with the lid off
at 20 °C for 0, 30, or 90 min under atmospheric pressure. Concentration
of hydrogen in solution was measured using a hydrogen sensor. Data
are mean ts.d. (n=3). “*P < 0.05, **P < 0.01, ***P < 0.001.
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H,. The hydrogen sensor was not influenced by glycogen and
glucose (data not shown). In addition, H, was maintained
for a longer time in saturated glycogen solution than in satu-
rated glucose solution or water in a plastic tube with the lid
off under atmospheric pressure (Figure 1c). The half-life was
19.1 +2.3,30.9 + 3.0, and 20.3 + 0.4 min (mean + s.d., n = 3)
in water, 100 mg/ml glycogen and glucose solutions, respec-
tively. The half-life of dissolving H, in the glycogen solution
was prolonged 1.6-fold. Thus, it is concluded that H, can be
accumulated and reserved in the liver with glycogen, sug-

gesting that expenditure of glycogen should accompany the
release of H,.

Consuming hydrogen water reduces oxidative

stress in the liver and improves fatty liver

Since obesity is a proinflammatory disease, consumption of
H,-water may suppress obesity by acting as an anti-inflam-
matory. To examine the antioxidation effect of H, on the
liver, we used obesity and type 2 diabetes model mice db/db
lacking functional leptin receptors, because oxidative stress
is accumulated in the liver. Db/db mice and their lean litter-
mates drank H,-water ad libitum for 3 months. H,-water was
exchanged for fresh saturated or 10% saturated water at 1400 h
every day. The concentration of dissolved H, was measured as
described in Methods and Procedures (Figure 2a). Since db/
db mice drank much more water than wild-type mice, H, was
degassed much faster into the air phase in the vessel used for
db/db mice; however, a considerable amount of H, was main-
tained by this method.

The effect of H, on oxidative stress in the liver was examined
as judged by the level of malondialdehyde (MDA), an oxidative
stress marker derived from lipid peroxides. The MDA level in
the liver of H,-administered mice significantly fell to nearly the
level in nondiabetes control mice, indicating that consumption
of H,-water ad libitum markedly suppressed oxidative stress
(Figure 2b). A dotted pattern caused by the accumulation of
fat disappeared in the liver of db/db mice with H,, compared
to control water administered db/db mice (Figure 2¢, insets of
upper panels). Oil red O staining indicated that H, adminis-
tration significantly reduced neutral lipid accumulation in the
livers of db/db mice (Figure 2b, lower panels and Figure 2d,
left graph). Furthermore, even with short-term administration
(1-2 weeks), H, significantly reduced fat accumulation in the
liver of high fat-diet-induced obesity mice using the wild-type
(Figure 2d, middle and right graph). These data clearly indi-
cate that consumption of H, markedly reduces hepatic oxida-
tive stress levels and improves fatty liver in db/db as well as
diet-induced obesity mice.

Consuming hydrogen water suppressed body-weight

gain and reduced plasma glucose and triglyceride levels

To investigate the effect of H, on the obesity of db/db mice,
body-weight was monitored throughout the experimental
period, and body fat mass at 18 weeks old was measured by
computerized tomography. Mice were divided randomly into
3 groups. Group I (control) was allowed to freely drink water
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proves fatty liver. (a) Hydrogen concentration in a glass vessel described

in Methods and Procedures section was measured without mice (open circle), showing that the equipment retains hydrogen. Profile of the hydrogen
concentration in drinking water in a glass vessel given to db/db mice (closed square) or wild-type mice used for diet-induced obesity (DIO) (closed circle),
indicating that hydrogen gas was released into the air phase by consuming water. Data are the mean + s.d. (n = 3). (b) Malondialdehyde concentration in
a fed or overnight-fasted liver was measured. The db/+ and db/db mice were given water with or without hydrogen for 3 months. Data are mean + s.e.m.
(n=10 for each db/+ group and n = 15 for each db/db group). *P < 0.05, **P < 0.01. (c) The appearance and representative oil red O staining of the liver
of db/+ and db/db mice given water with and without hydrogen for 3 months, respectively. Scale bar: 100 um. (d) Levels of fat accumulation in the liver.
The db/db mice were given water with or without hydrogen for 3 months (left panel). DIO (high fat-diet induced obesity) mice were given water with or
without hydrogen for 1 or 2 weeks (middle or right panel). Oil accumulation in the liver was calculated from oil red O staining using an image analysis
program, Image J program. Data are mean = s.e.m. (n = 12 for each db/db group and n = 8 for each DIO group). *P < 0.05, **P < 0.01.

without H,. Group II and Group III were given H,-water
with 0.8 mmol/l (saturated H,-water; 100%) and 0.08 mmol/I
(10% saturated level of H,), respectively. In the initial phase
of the experiment, the weight gains of all group animals were
similar, suggesting no toxic effect of H -water; however, while
the control mice exhibited a progressive weight increase,
the mice in both 100% and 10% H,-administered groups
achieved a modest weight increase (Figure 3b). Group II
mice (100% H,) were slimmer and their body-weight was
significantly lower than that of Group I mice (control) at 18
weeks of age (Figure 3a,b). The suppression of body-weight
gain was observed in mice drinking 10% H,-water (Group
III) (Figure 3b). Body fat was also substantially lower in
100% H,-consuming mice (Figure 3c,d). Since the consumed
amounts and volumes of diet and water did not differ among
groups (Figure 3e,f), it is suggested that H, consumption
stimulates energy metabolism to suppress the gain of fat and
body weights.

Next, we performed biochemical examinations of blood.
Plasma levels of glucose and insulin were significantly reduced
in the 100% H,-administered group and triglycerides were
significantly lowered in both 100% and 10% H,-administered
groups (Figure 4a-c). Plasma total ketone bodies tended to
increase in the 100% H,-administered group (Figure 4d),
while no change in plasma levels of free fatty acid, high-density
lipoprotein-cholesterol, low-density lipoprotein-cholesterol-
cholesterol, total cholesterol, and adiponectin was found
(Figure 4e-i). These data demonstrate that the consumption of
H, markedly improves obesity, hyperglycemia, and the plasma
triglycerides of diabetic db/db mice.

Consuming hydrogen water shows a similar

effect to diet restriction

Since db/db mice cannot regulate their appetite to eat excess
diet by a deficient leptin receptor gene, diet restriction should
be effective to improve obesity and diabetes (30). When db/db
mice were subjected to controlled dietary restriction, the levels
of plasma glucose, insulin, and triglycerides significantly fell
(Figure 5a-c). When comparing the effects by drinking H,-
water and dietary restriction, the plasma glucose level of mice
given 80% of ad libitum diet consumption was the same as that
of H -administered mice (Figure 5a). Furthermore, an addi-
tive effect was observed when mice were given both H,-water
and a restricted diet (Figure 5a). A similar additive effect was
seen in plasma triglyceride levels (Figure 5c). In particular,
when both H,-water and 80% diet restriction were given to db/
db mice, the plasma triglyceride reached the level of control
db/+ mice (Figure 5c).

Consuming hydrogen water increases hepatic

mRNA level of FGF21

The liver plays an essential role in controlling blood glucose
levels by modulating glucose catabolism and gluconeogenesis.
To understand the mechanism of how H, regulates glucose
and triglycerides, db/db mice given H,-water for 3 months
were subjected to expression analyses of genes related with
the regulation of gluconeogenesis. Phosphoenolpyruvate car-
boxykinase catalyzes the initial step of gluconeogenesis, and
glucose-6-phosphatase catalyzes the last committed step of
this process (31). Data from real-time PCR revealed that H,
administration had no influence on hepatic mRNA levels of
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Figure 3 Consuming molecular hydrogen suppresses obesity. (a) The
appearance of db/db mice given water with or without hydrogen for 3
months. Each average mouse was photographed. (b) Body weights of
db/db mice given water with 100% (0.8 mmol/l) or 10% (0.08 mmol/l)
hydrogen were examined every 2 weeks. Control mice (CTL) received
water without hydrogen. *P < 0.05; 100% H, vs. control group (n=9
for H, and n = 6 for control group). (c) Representative CT images of
abdominal part of average db/db mice drinking water with or without
hydrogen for 3 months. Blue, green, and red represent visceral

fat, subcutaneous fat, and muscle, respectively. (d) Total body fat
composition of db/db mice calculated by the integration of fat area in
each section from CT scan images. Data are mean + s.e.m. (n = 15).
*P < 0.05. (e) Food and (f) water intake of db/db mice was measured
every 2 weeks throughout the experiment.

phosphoenolpyruvate carboxykinase and glucose-6-phos-
phatase, catalytic subunit (G6PC) (Figure 6¢,d).

Since FGF21, an atypical member of the fibroblast growth
factor family, contributes to energy metabolism, we focused on
the gene expression of FGF21 after integrated study of the gene
expression. H, administration induced hepatic mRNA levels of
FGF21, regardless of a fed or fasted liver (Figure 6a,b). These
results indicate that, at least in part, the induction of hepatic
FGF21 contributes to the lowering effect on plasma glucose
and triglyceride levels.

Drinking hydrogen water stimulates energy metabolism
To verify whether drinking H,-water stimulates energy metab-
olism, we examined oxygen (O,) consumption and carbon
dioxide (CO,) production. First, we compared physical abil-
ity by detect{ng the movement of mice with infrared beams.
Although db/db mice was apparently less active in light and
dark than control db/+ mice, no difference was found between
db/db mice with and without H,-water (Figure 7a,b).

Db/db mice with or without H -water consumed less O,
and produced less CO, than db/+ control mice (Figure 7c-t).
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Figure 4 Consuming molecular hydrogen suppresses hyperglycemia,
hyperinsulinemia, and plasma triglyceride level. Db/db mice were given
water with 100% (0.8 mmol/l) or 10% (0.08 mmol/l) hydrogen for 3
months. Db/+ and db/db mice were given water without hydrogen (HW)
for the same period as controls. Biochemical analyses were performed
to obtain plasma parameters of db/+ and db/db mice. (a) Plasma
concentration of glucose, (b) insulin, (¢) triglyceride (TG), (d) total
ketone bodies (T-KB), (e) free fatty acids (NEFA), (f) high-density
lipoprotein-cholesterol (HDL-C), (g) low-density lipoprotein-cholesterol-
cholesterol (LDL-C), (h) total cholesterol (T-CHO), and (i) adiponectin
(ADN) are shown as mean + s.e.m. (n= 15). ‘P < 0.05, “*P < 0.01.

Moreover, it is significant that H,-drinking db/db mice con-
sumed more O,, 10%, and produced more CO,, 10%, than
db/db mice without H,-water during both night and day
(Figure 7c-f). Since respiratory exchange rates (VCO,/VO,)
did not differ between db/db mice with and without H -water,
the carbon source for energy production was not changed to
stimulate energy metabolism (Figure 7g,h).

Thus, drinking H,-water suppresses the gain of fat and body
weights and improves metabolic parameters by stimulating
energy metabolism.

DISCUSSION ‘

In this study, we show a novel benefit of H,, it may be useful
on therapy for and prevention of obesity and diabetes. So far,
many reports have confirmed that consumption of H, reduces
oxidative stress in various disease models and clinical tests
(7,8,10-16,19). Clinical tests revealed that drinking H,-water
reduced oxidative stress makers in patients with type 2 diabe-
tes (19) or subjects with potential metabolic syndrome (20),
and influenced glucose (19) and cholesterol metabolism (20).
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Figure 5 The effect of hydrogen is similar to that of dietary restriction.
Db/db mice were given water with or without hydrogen (HW) and
subjected to dietary restriction (DR). Control groups were permitted free
access to food and water throughout the experiment. In diet-restricted
groups, mice were permitted ad libitum water, but food intake was
restricted to 80% or 50% of that of ad libitum diet consumption. Plasma
concentrations of (a) glucose, (b) insulin (INS), and (c) triglyceride (TG)
were measured after 3-month treatment. Data are mean + s.e.m. *P <
0.05; **P < 0.01; ***P < 0.001; compared with HW (-)/DR (-) group
(n=8-15).
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Figure 6 Chronic effects of hydrogen on fibroblast growth factor 21
(FGF21) gene expression in the liver. Db/+ and db/db mice were
given water with or without hydrogen for 3 months. (a) The gene
expression of FGF21 with fed liver, (b) FGF21 with fast liver, (c)
Phosphoenolpyruvate carboxykinase (PEPCK), and (d) glucose-6-
phosphatase, catalytic subunit (G6PC) were measured. Data are
mean £ s.e.m. “P < 0.05; control vs. hydrogen water in db/db mice
(n=15).
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Figure 7 Molecular hydrogen increases oxygen consumption and
carbon dioxide production without influencing movement activities.

(a and b) movement activity, (c and d) oxygen consumption, (e and f)
carbon dioxide production, and (g and h) RER (respiratory exchanging
rate) in db/+ and db/db mice given water with or without 100%

(0.8 mmol/l) hydrogen for 3 months. (a, ¢, e, and g) Representative
profiles for each parameter. Gray area represent dark phase. (b, d, f,
and h) Data are the mean + s.e.m. (n=9 and n = 6, for db/db and for
db/+ groups, respectively). “*P < 0.05.

The mitochondria are a major source of reactive oxygen spe-
cies during energy production metabolism and H, directly
protects mitochondria that are exposed to reactive oxygen
species (7). Thus, it may be reasonable that mitochondrial
energy metabolism, especially fatty acid metabolism, func-
tions against oxidative stress to efficiently expend glucose and
fatty acid. :

Initially, H, was dissolved in culture media and shown to
protect cells and organelles by directly reacting highly active
reactive oxygen species (7). Next, the brain, heart, liver, and
intestine were protected from oxidative stress by inhalation
of H, gas (7-11). Interestingly, instead of inhaling H, gas, H,-
water was effective in protecting the brain and kidney from
oxidative stress (12-15) and decreased oxidative stress mark-
ers of patients with diabetes and potential metabolic syndrome
(19,20). Drinking H,-water is the most convenient method to
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