The FASEB Journal article fj.07-9610com. Published online October 15, 2007.

The FASEB Journal  Research Communication

Methylene blue delays cellular senescence and enhances
key mitochondrial biochemical pathways
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ABSTRACT Methylene blue (MB) has been used
clinically for about a century to treat numerous ail-
ments. We show that MB and other diaminophenothia-
zines extend the life span of human IMR90 fibroblasts
in tissue culture by >20 population doubling (PDLs).
MB delays senescence at nM levels in IMR90 by enhanc-
ing mitochondrial function. MB increases mitochon-
drial complex IV by 30%, enhances cellular oxygen
consumption by 37-70%, increases heme synthesis, and
reverses premature senescence caused by H,O, or
cadmium. MB also induces phase-2 antioxidant en-
zymes in hepG2 cells. Flavin-dependent enzymes are
known to use NAD(P)H to reduce MB to leucomethyl-
ene blue (MBH,), whereas cytochrome c¢ reoxidizes
MBH,, to MB. Experiments on lysates from rat liver
mitochondria suggest the ratio MB/cytochrome c is
important for the protective actions of MB. We pro-
pose that the cellular senescence delay caused by MB is
due to cycling between MB and MBH,, in mitochondria,
which may partly explain the increase in specific mito-
chondrial activities. Cycling of MB between oxidized
and reduced forms may block oxidant production by
mitochondria. Mitochondrial dysfunction and oxidative
stress are thought to be key aberrations that lead to
cellular senescence and aging. MB may be useful to
delay mitochondrial dysfunction with aging and the
decrease in complex IV in Alzheimer disease.—At-
amna, H., Nguyen, A., Schultz, C., Boyle, K., Newberry,
J-» Kato, H., Ames, B. N. Methylene blue delays cellular
senescence and enhances key mitochondrial biochemi-
cal pathways. FASEB J. 22, 000—-000 (2008)
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SENESCENCE IN PRIMARY human fibroblasts (IMR90
cells) can be delayed by several mitochondrial protec-
tive compounds: carnosine (1), aminoguanidine (2),
and N-t-butyl hydroxylamine (NtBHA) (3, 4), whereas
classic antioxidants appear not to delay senescence (5,
6). We chose to test the ability of methylene blue (MB)
to delay senescence, because of its unique properties;
MB readily cycles between oxidized and reduced states
(7), binds heme (8), modulates the activity of soluble
guanylate cyclase (9), interacts with the mitochondria
(10, 11), acts as a radioprotector (12), and is an
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antioxidant (13). These properties overlap with those
of NtBHA, the most potent agent we previously found
to delay senescence in IMR90 cells (3, 4, 14-18). We
show here that MB at nanomolar levels is over a
thousand times more active in protecting mitochondria
and delaying senescence than NtBHA.

MB is a diaminophenothiazine that has been in
clinical use for approximately 100 years to treat a variety
of ailments. MB treats congenital and poison-induced
methemoglobinemia; prevents the side effects of che-
motherapy (19, 20), and treats septic shock (21). The
dose of MB usually used in clinical settings is between 1
and 2 mg/kg/day (22); signs of toxicity start at higher
levels (>7.5 mg/kg/day) (23). There is weak evidence
that chronic MB extends the life span of mice at 2.5
mg/kg/day (24).

The therapeutic potential of MB also has been dem-
onstrated in models for specific ailments. MB protects
against endotoxin-induced lung injury, bacterial li-
popolysaccharide-induced fever (25, 26), cyclosporine
injury to the kidney (27), doxorubicin injury to the
heart (28), and streptozotocin injury to the pancreas
(29). MB also protects from ischemic-reperfusion injury
(30) and enhances B-oxidation of long-chain fatty acids
(31). Administering MB in vivo appears to benefit the
central nervous system and cognitive function; MB has
anxiolytic properties (32, 33), improves cognitive func-
tion in rats, and increases cytochrome ¢ oxidase (com-
plex IV) activity (34), protects from methylmalonate-
induced seizures (35), and protects from the cognitive
decline inflicted by inhibitors of complex IV (36).

High doses of MB cause toxicity, such as the forma-
tion of Heinz bodies in erythrocytes in humans (37)
and impaired hematological parameters in rodents
(24). Although MB has a variety of clinical uses, high
doses should also be avoided in G6PDH deficiency.
When exposed to UV light, MB can cause oxidative
damage to isolated DNA, though toxicity is expected to
be minimal in humans (38) because it requires high
exposure to UV, and most of the MB in vivo is reduced
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to leucomethylene blue (MBH,), which has no photo-
dynamic activity (11).

MB has a redox potential of 11 mV (39). Because its
redox potential is close to zero, MB is very efficient in
cycling between oxidized and reduced forms by suitable
redox centers and reducing agents such as those in the
mitochondria. MB is efficiently reduced by NAD (P)H-
dependent dehydrogenases to form the colorless
MBH,. MB loses the blue color on reduction due to the
disappearance of the absorbance bands at 600 and 666
nm. MBH, can readily reoxidize to MB by O, if suitable
electron acceptors such as cytochrome ¢ (40) or other
heme proteins (13) are absent.

MB is soluble in water and also can dissolve in
organic solvents (41). Electron delocalization in MB
results in a partial positive charge located on both
nitrogen and sulfur atoms, which may increase the
permeability of MB through membranes. The lipid
solubility of MBH, is higher than for MB; thus, both
forms enter the mitochondria (11), in addition to other
intracellular compartments (such as lysosomes) (42).

In this study, we demonstrate that MB delays cellular
senescence of normal human fibroblasts (IMR90) at
both 5 and 20% oxygen. MB increases oxygen con-
sumption, heme synthesis, and resistance to oxidative
stress and cadmium. MB also increases the cellular
content of cytochrome ¢ oxidase (complex IV) relative
to the other mitochondrial respiratory complexes. MB
also induces phase-2 antioxidant defense enzymes. Ex-
periments on lysates from mitochondria suggest that
MB recycles between oxidized and reduced forms
through interactions with specific mitochondrial elec-
tron carriers, which may contribute to its antisenes-
cence action.

MATERIALS AND METHODS
Measuring the effect of MB on cellular senescence

Normal human lung fibroblasts (IMR90) are an in vitro model
for cellular senescence (43). Cells are started in culture as
young cells with a low population doubling level (PDL) and
allowed to increase in PDL until senescence (high PDL),
when the cells stop dividing but remain metabolically active.
Cells were obtained from the Coriell Institute for Medical
Research at a PDL of 9.0. PDL was calculated as log, (D/D,),
where D and D, are defined as the density of cells at the time
of harvesting and seeding, respectively. Stock cultures were
grown in 100 mm Corning tissue culture dishes containing 10
ml of Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (vol/vol) fetal bovine serum (FBS). Stock
cultures were split once a week when near confluent, and
PDL was calculated as described (4). MB (Fluka, Buchs,
Switzerland) was prepared in PBS and added to the growth
medium at final concentrations of 10, 100, or 1000 nM. The
medium was changed after 4 days with the addition of fresh
MB. The cultures were split at the 7th day from seeding and
reseeded with fresh medium supplemented with MB. Other
diaminophenothiazines (thionione, 1,9-dimethyl-methylene
blue) were tested as described above. PDL was calculated, and
the cultures were seeded again in fresh medium in triplicate
for each condition as described (4). Additional cells from
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each splitting cycle were collected and used for measuring
oxygen consumption or heme synthesis, or stored at —20°C
for additional analysis.

To determine the effect of HyO, on the replicative life
span, cells were first seeded with fresh medium, with or
without MB (see above), for a week. Next, cells grown with or
without MB were each split into two additional groups and
then either 1) treated with 10 or 20 uM H,O, or 2) incubated
without HyO, as described previously (4). A similar experi-
ment was used to test protection against cadmium (1 wg/ml).

Measuring the effect of MB on heme synthesis in
IMR90 cells

The effect of MB on heme synthesis was tested using cells
grown in media supplemented with MB for at least a week.
Heme synthesis was measured in IMR90 cells using iron
(°°Fe), as described previously (44). Total protein content in
the sample was measured and used for normalization of heme
synthesis and iron uptake.

Measuring the effect of MB on the rate of oxygen
consumption of IMR90 cells

Oxygen consumption was measured at 30°C in intact cells
using a Clark-type oxygen electrode. The cellular respiration
medium was DMEM supplemented with 40 mM HEPES
(DMEM/HEPES). HEPES was included to prevent the
change in pH that usually occurs during incubation. The
oxygen electrode was calibrated before the start of the
experiment using sodium dithionite. The cells were har-
vested, collected by centrifugation, resuspended into 300 1
of DMEM/HEPES (prewarmed to 30°C), and added to the 2
ml DMEM/HEPES already in the chamber. The difference
between the rates of O, consumption in the presence and
absence of cells was calculated and used to determine the
nanomoles of O, consumed per minute per milligram of
protein. Protein content was determined using Bio-Rad (Her-
cules, CA, USA) protein reagent.

Isolating mitochondria from rat liver to study the
interaction with MB

The Children’s Hospital Oakland Research Institute Animal
Care and Use Committee approved the use of animals for
isolating mitochondria. Male Fisher 344 rats (Simonsen,
Gilroy, CA, USA) were allowed ad libitum access to standard
Purina rodent chow. For mitochondrial isolation, the rats
were fasted overnight, anesthetized with ether, and sacrificed.
The liver was resected and placed in ice-cold mitochondrial
isolation buffer containing 210 mM mannitol, 70 mM sucrose,
5 mM HEPES, and 1 mM EDTA, pH 7. The liver was
homogenized immediately, and the mitochondrial fraction
was isolated by differential centrifugation, as described previ-
ously (3). Mitochondrial protein was stored at —80°C and
quantified using Bio-Rad protein reagent.

We dissolved isolated mitochondria in 0.5% Triton-X100
for spectrophotometric and fluorometric end points in order
to allow the metabolites used (e.g., NADH and cytochrome c)
to access the active sites of the mitochondrial enzymes. We
measured the effect of MB on the oxidation of NADH by the
mitochondrial lysate. Mitochondrial proteins (234 pg) in 30
wl were added to 900 pl PBS followed by 20 uM Q, (an analog
of coenzyme Q), rotenone, and 100 pnM NADH. The oxida-
tion of NADH was measured at 340 nm. The rate of NADH
oxidation was measured using the millimolar extinction co-
efficient of 6.8 for NADH. The effect of 10 M MB on NADH
oxidation by the mitochondrial lysate was measured as de-
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scribed above. The direct oxidation of NADH by MB was
measured in the reaction components described above ex-
cept that 30 wl PBS were added to the reaction instead of the
lysate.

To test whether the oxidation of NADH by the mitochon-
drial lysate is associated with production of oxidants, we used
2',7'-dichlorodihydrofluorescein (DCFH; Invitrogen, Carls-
bad, CA, USA). We added 10 pM DCFH to the reaction
system similar to the one described above. Oxidants (e.g.,
“OH radical) convert the nonfluorescent DCFH to highly
fluorescent DCF (Ex, 488 nm, and Em, 530 nm). The effect of
MB on the NADH-dependent production of oxidants by the
mitochondrial lysate was tested by three different concentra-
tions of MB (0.1, 1, and 10 uM). In a similar reaction system,
we tested whether cytochrome ¢ affects the MB-induced
increase in oxidant production that we found at 10 uM.
Cytochrome ¢ was added at 10, 50, or 100 wM final concen-
tration.

Measuring the effect of MB on specific subunits of
mitochondrial electron transport complexes (ETCs) using
Western blot analysis

Frozen MB-treated cells or controls were thawed, and lysate
was prepared into 1% Tween-20, protease inhibitor cocktail
(Sigma), and sonicated in ice. Cellular proteins (50-100 pg)
were resolved in 15% SDS-PAGE, transferred to PVDF mem-
brane, blocked with 5% milk proteins, and incubated with
specific antibodies for selected subunits of the mitochondrial
ETC I, III, and IV. For complex IV, we used subunit II
(COX-II). For complex III, we used subunit Corl, and for
complex I, we used ND39. The protein bands were visualized
using goat anti-mouse secondary antibody conjugated to HRP
and chemiluminescence and exposure to imaging film. Quan-
tification of the protein bands in Western blot analysis was
performed by densitometry analysis of bands detected on the
film using Image] software (National Institutes of Health,
Bethesda, MD, USA).

Measuring the effect of MB on induction of thioredoxin
reductase 1 (TrxR1) and NAD(P)H quinone oxidoreductase
(NQO1) in HepG2 cells

HepG2 cells were cultured and maintained in minimum
essential medium (MEM) containing 10% FBS, 1 mM sodium
pyruvate, I mM nonessential amino acids, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin (Invitrogen). HepG2 cells
were seeded in 24-well plates at 1 X 10° cells/well. After 24 h,
the cells were transiently transfected with 1 pg pGL3 vector
(Promega, Madison, WI, USA) bearing human TrxR1 pro-
moter region or rat NQO1 promoter region, for which we are
grateful to K. J. Hintze (45), and 0.04 pg pRL-SV40, an
expression vector for normalization (Promega). Transfection
was performed using LipofectAmine 2000, according to the
manufacturer’s instructions (Invitrogen). After 24 h of trans-
fection, HepG2 cells were incubated with media containing
MB or L-sulforaphane at a final concentration of 10-1000 nM
for 48 h. The cells were washed with PBS and lysed. Luciferase
assays were performed using the dual-luciferase reporter assay
system (Promega), following the manufacturer’s protocol.
Luminescence was measured on a luminometer (TD20/20;
Turner Designs, Sunnyvale, CA, USA). To normalize data, all
values are reported as the ratio of firefly luminescence
(pGL3, experimental plasmid) to renilla luminescence (pRL-
SV40, noninducible plasmid).

Statistical analysis
Graphing and statistical analysis using ttests, Mann-Whitney

nonparametric tests, or one-way ANOVA were performed
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using Prism 4.0 software (GraphPad, San Diego, CA, USA).
Significance was defined as the 95% confidence interval when
P < 0.05.

RESULTS

MB delays the senescence of normal human
fibroblasts (IMR90)

The life span of IMRI0 cells in tissue culture at 20% O,
maintained with MB was extended by >20 PDL relative
to controls (Fig. 1A), indicating a delay of cellular
senescence. Although MB delays senescence at 10 nM,
the most effective concentration of MB among those
tested was 100 nM, which is 1000-fold less than NtBHA
(4). Senescence delay by MB and NtBHA was additive
(Table 1); however, the efficiency decreased when both
agents were used at their optimal concentrations.

MB also delays senescence under conditions of nor-
moxic (5%) O, (Fig. 1B). At 20% O,, 1 pM MB was less
effective in delaying cell senescence than the 10 or 100
nM MB (Fig. 14); however, under 5% oxygen, 1 uM
MB was nearly as efficient as the 100 nM MB (Fig. 1B).
MB also delayed cell senescence when administered at
any PDL (Fig. 1C); however, the efficiency decreased as
the starting PDL increased.

MB is a tetramethylated thionine. Thus, we tested
whether thionine would also delay senescence. Thi-
onine delayed cell senescence, though at higher con-
centrations than MB (1 pM). We also tested com-
pounds with chemical structures similar to MB: 1,9-
dimethyl-methylene blue, Toluildine blue O, and
Celestin Blue; they did not have antisenescence activity
(data not shown).

MB protects IMR90 cells against oxidative stress and
exposure to cadmium

IMR90 cells were maintained in medium containing 10
and 20 pM/ml HyO, or 1 pg/ml cadmium. The
concentrations of cadmium or HyO, used resulted in
slow and progressive toxicity to the cells, evident by the
decline in the gain in PDL per week (Fig. 2). MB (100
nM) prevented the reduction in PDL per week caused
by HyO, and cadmium (Fig. 24, B).

MB increases oxygen consumption by IMR90 cells

IMR90 cells maintained with MB significantly increased
the rate of oxygen consumption by 70%. (In a different
set of experiments, MB significantly increased O, con-
sumption by 37%.) Control cells consumed 5.7 = 1.2
nmol O,/min/mg protein, whereas MB treated cells
consumed 9.74 * 1.95 nmol O,/min/mg protein
(mean*sp, n=3, P<0.04, unpaired ttest). MB (100
nM) added to the control cells (i.e., cells grown without
MB) during the O, consumption measurement did not
affect O, consumption, indicating that MB itself did
not account for the increase in O, consumption. Thus,
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Figure 1. The effect of methylene blue (MB) on senescence of
human lung fibroblasts (IMR90). Young IMR90 cells (PDL
23-25) were cultivated continuously in triplicate with 0, 10,
100, and 1000 nM MB and harvested every week; then the
cells were counted and the PDLs were calculated. Cells (0.5
million) were used to seed new dishes as described in
Materials and Methods: under atmospheric oxygen (20% O,)
(A) and under normoxia (5% O,) (B). Each time point is the
average of triplicates. One representative experiment out of
eight is shown; MB delay of cellular senescence in IMR90 cells
when administered at different PDLs (C). One representative
experiment out of three is shown.
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the increase in O, consumption is most likely due to
cellular factors altered by growth in MB.

MB increases the level of mitochondrial cytochrome ¢
oxidase (complex IV) in IMR90 cells

Complex IV was evaluated by measuring its core sub-
unit II. The level of subunit II increased by ~30%
relative to ETC I and IIT in cells maintained with 100
nM MB as compared to the control cells (Fig. 3),
indicting selective increase in complex IV. On the other
hand, the level of complex IV was undetectable when 1
M MB was used to treat the cells (Fig. 3), which was
totally reversible on removal of MB from the medium
(data not shown). The level of subunit ND39 (complex
I) or subunit core I (complex III) MB were not affected
by MB (Fig. 3).

MB increases heme synthesis by IMR90 cells

IMR90 cells that were maintained with 100 nM MB
showed an increased rate of heme synthesis, whereas 1
uM MB lowered the rate of heme synthesis by 50%
compared to the control cells (Fig. 44). Consistent with
the role of iron in heme synthesis, iron uptake by
IMRO90 paralleled the effect of MB on the rate of heme
synthesis. IMR90 cells that were maintained with 100
nM MB showed a suggestive increase in iron uptake
(P = 0.08), whereas IMR90 cells that were maintained
in 1 wM MB showed a significant decrease in iron
uptake (Fig. 4B).

MB:cytochrome c ratio is important for blocking the
production of oxidants by mitochondria isolated
from rat liver

NADH reduces MB to MBH,, albeit at a very slow rate,
whereas the presence of cellular dehydrogenases accel-
erates the NADH-dependent reduction of MB (46).
Mitochondrial lysate accelerated the oxidation of
NADH by 17-fold, whereas the addition of 10 pM MB to
the lysate accelerated NADH oxidation by more than
57-fold (Table 2). NADH dehydrogenase of complex I
is the major NADH-consuming enzyme in the mito-
chondrial lysate and is likely to contribute to NADH
oxidation by MB.

Incubating the mitochondrial lysate with NADH at
atmospheric O, (20%) also leads to an increase in the
fluorescence of DCFH, indicating the oxidation to DCF
by NADH-dependent production of oxidants (left sec-
tion of Fig. 5). Lowering the O, of the reaction buffer
to 5% (by bubbling with argon) decreases the NADH-
dependent oxidant production to background levels
(right section of Fig. 5). Subsequently, MB was added to
the mitochondrial lysate at 0.1, 1, or 10 uM to assay the
NADH-dependent production of oxidants. MB in-
creases the oxidation of DCFH at 1 and 10 puM MB, but
not at 100 nM (Fig. 5).

The MB-dependent increase in oxidant production
at the high concentration of MB could be due to MBH,
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TABLE 1. Effect of various concentrations of MB, NtBHA, and their combination on the PDL of IMR90 cells grown in air

10 nM MB 10 nM MB 100 nM MB 100 nMB

10 pm 100 pm +10 pm +100 pm +10 pm +100 p™m

Effect Control NTBHA NTBHA 10 nM MB 100 nM MB NTBHA NTBHA NTBHA NTBHA
Senescence 51.7 58.72 77.4 56.03 73.24 64.4 75.01 82.2 80.98
Gain - A7.02 A25.7 A4.33 A21.54 A12.7 A23.31 A30.05 A29.28
Expected gain - - - - - (11.35) (30.03) (28.56) (47.24)

First row shows the PDL at which the cells senesced. Second row shows the gain in PDL induced by the specific treatment; this is calculated
by subtracting the PDL of the control (51.7). Third row shows the expected gain in PDL due to the combined treatments calculated by adding
the gain in PDL of each individual treatment from the respective concentration.A Indicates the gain in PDL found experimentally. The expected
gains in PDL are in parenthesis and calculated from adding the gain from each single treatment.

auto-oxidization by O, to form a superoxide radical.
Because it is known that MBH, preferentially reduces
cytochrome ¢ over O, (40), we suspected that the levels
of cytochrome ¢ in the mitochondrial lysate become
limiting in the presence of 1 or 10 wM MB. Therefore,
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Figure 2. MB protects IMR90 cells from the toxicity of H,O,
and cadmium. Cells were grown for a week in the presence of
MB before the start of the treatment with 10 or 20 uM H,O,
(A), and 1 pg/ml cadmium (B), as described in Materials and
Methods. Every week, the cells were harvested, counted, and
reseeded with or without 100 nM MB, and the respective
treatment with H,O, or cadmium. One representative exper-
iment out of two is shown.
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we tested whether cytochrome ¢ added in excess to the
mitochondrial lysate could block the production of
oxidants by 10 uM MB. We found that adding cyto-
chrome ¢ to the mitochondrial lysate did, in fact,
eliminate the MB-dependent increase in the oxidation
of DCFH (Fig. 6). The effect of cytochrome ¢ is likely
not mediated by the ability of cytochrome ¢ to scavenge
superoxide radical, as has been previously demon-
strated (13, 30, 40).
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Figure 3. MB increases the level of subunit COX II of
mitochondrial complex IV. IMR90 cells were grown in the
presence of 10, 100, and 1000 nM MB for at least a week. A)
Proteins from the cells were separated using SDS-PAGE and
immunoblotted for subunit COX II of mitochondrial com-
plex IV, core 1 of complex III, and ND39 of complex I. One
representative experiment out of five is shown. B) The effect
of MB on the band density of COX II. The density of the
immunoblot bands was measured using National Institutes of
Health Image] software. Data from seven independent exper-
iments were pooled for final analysis (mean * sg; *P<0.05,
##P<0.001 (ANOVA, post hoc Friedman test).
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Figure 4. The effect of MB on the rate of heme synthesis and
iron accumulation in IMR 90 cells. Cells treated with 100 and
1000 nM MB for at least a week, and controls were harvested
and used to measure heme synthesis as described in Materials
and Methods. A) Data on heme synthesis; *P < 0.01 **P <
0.005. B) Data on iron accumulation; ***P < 0.0005 (paired
{ test). Data are means * sk and are an average of 4 different
experiments.

MB induces the phase-2 defense enzymes TrxR1 and
NQOI1 in HepG2 cells

MB dose-dependently increased the luminescence in
HepG2 cells transfected with luciferase reporter gene
constructs for TrxR1 (Fig. 7A) and NQO1 (Fig. 7B),
suggesting the ability of MB to increase the transcrip-
tion of TrxR1 and NQOI. The patterns of induction
were similar for Trxl and NQOI1 using concentrations
between 10 and 1000 nM of MB. We also found a
similar effect of L-sulforaphane on Trxl and NQOI
transcription, which was consistent with previous find-
ings (45). Although r-sulforaphane induced Trxl and
NQOI in hepG2 cells, as did MB, it did not extend the
life span of the IMR 90 cells when tested at concentra-
tions ranging between 1 nM and 10 pM (data not
shown).

TABLE 2. Effect of MB on the oxidation of NADH with or

without the mitochondrial lysate

Incubation Average * SD n
NADH + MB 1.77 = 0.59 2
Mitochondria + NADH 30.7 £ 0.94* 3
Mitochondria + NADH + MB 101.5 = 3.16%* 3

*P < 0.0001, nmol/min/mg protein.
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Figure 5. The effect of MB on the NADH-dependent oxida-
tion of DCFH by the mitochondrial lysate at atmospheric
(20%) and normoxic (5%) oxygen. Mitochondria were iso-
lated from rat liver, and lysates were prepared as described in
Materials and Methods. Where indicated, coenzyme Q, (Q),
NADH, or MB was added to the mitochondrial lysate. The
oxidation of DCFH, as an indicator for the production of
oxidants, was measured by the fluorescence of DCF (Ex, 488
nm; Em, 530 nm). The experiments were performed at 20
and 5% oxygen, as labeled in the figure. Data shown are the
means * sp and are an average of 3 different experiments.
Means without a common letter differ, P < 0.0001 (ANOVA,
Bonferroni’s test).

DISCUSSION

MB has various additional metabolic activities when
administered at high concentrations, including an an-
tioxidative activity (26, 47), inhibition of activated sGC
(48), and inhibition of NOS (49). The concentrations
of MB that we used in the current study are in the
nanomolar range. Mitochondrial dysfunction, oxida-
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Figure 6. The effect of cytochrome ¢ on the MB-dependent
increases in the oxidation of DCFH by the mitochondrial
lysate. The effect of MB on the production of oxidants by
NADH-supplemented mitochondrial lysate at atmospheric
oxygen is shown. Oxidant production was measured by the
increase in the fluorescence resulting from oxidation of
DCFH to DCF. The effect of increasing concentrations of
cytochrome ¢ (10, 50, 100 uM) on oxidant production is also
shown. Data shown are the means * sp of three different
experiments. ***P < (0.0001 (ANOVA, Bonferroni’s test).
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Figure 7. Induction of human thioredoxin reductase (A) or
rat quinone reductase (B) by MB in HepG2 cells. HepG2 cells
were transiently transfected with vector bearing promoter
region of human TrxR1 (A) or rat NQO1 (B). Transfected
HepG2 cells were incubated with MB at increasing concen-
trations for 48 h. Luciferase assays were performed using the
dual-luciferase reporter assay system in cell lysates; lumines-
cence data are reported as the ratio of firefly luminescence
(pGL3, experimental plasmid) to renilla luminescence (pRL-
SV40, noninducible plasmid), as described in Materials and
Methods. Values are means * sp; n = 3. Means without a
common letter differ, P < 0.05 (one way ANOVA, Bartlett’s
test for equal variances).

tive damage to macromolecules, and telomere shorten-
ing are proposed mechanisms contributing to cellular
senescence and aging. However, a complete under-
standing of the antisenescence mechanism of MB is
possible only if each one of these mechanisms is
studied. In this study, we concentrated on the interac-
tion of MB with specific factors related to the mitochon-
dria, as well as the unique redox activity of MB.

We have previously demonstrated that NtBHA was
highly efficient in delaying the senescence of IMR90
cells (3, 4). MB is even more efficient in delaying
cellular senescence of IMR90 cells maintained either in
5% (normoxia) or 20% (air) O, (Fig. 14, B). MB also
delays senescence when added to the cells at any PDL
during the life span; however, the efficiency declines as
the starting PDL increases (Fig. 1C). The metabolic
activity of the mitochondria increased in response to
MB, as measured by increases in oxygen consumption,
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complex IV (Fig. 3), and heme synthesis (Fig. 4), all of
which are key mitochondrial metabolic pathways. Mito-
chondrial dysfunction occurs during cellular senes-
cence. HyO, causes oxidative stress to a variety of
cellular components, whereas the toxic effects of cad-
mium are seen in mitochondria (50). Both toxins
accelerated cellular senescence. MB increased the tol-
erance of IMR 90 cells to both hydrogen peroxide (Fig.
2A) and cadmium (Fig. 2B).

TrxRIl and NQOI are two of 292 phase-2 enzymes
elevated by Keapl/Nrf2, including GSH biosynthetic
enzymes. The transient induction of phase-2 enzymes
by alkylating and oxidizing agents increases cellular
resistance to alkylating agents and oxidative stress (51,
52). Oxidation or alkylation of specific thiols in Keapl
increases the nuclear localization of Nrf2, which, in
turn, induces phase-2 enzymes. MB induces TrxR1 and
NQOT1 in hepG2 cells, likely by transient oxidation of
Keapl on first exposure to MB (53). The effect of MB
on phase-2 enzymes may contribute to the increased
resistance to Hy,O, and cadmium that we observed in
IMR90 cells (Fig. 2). The role of the induction of
phase-2 enzymes in the senescence delay by MB is not
yet clear. Normal cells (IMR90) were used for the study
on life span, while a transformed cell line (hepG2) was
used for the induction of phase-2 enzymes; therefore,
comparisons are uncertain. MB’s effect on life span
may be explained in part by the metabolic enhance-
ment of mitochondria by MB.

Intracellular MB is likely to cycle between the oxidized
(MB) and the reduced (MBH,) forms. Although numer-
ous NAD(P)H-dependent enzymes can reduce MB to
MBH,, cytochrome ¢ in the mitochondria and methemo-
globin (in the red blood cells) are the only heme proteins
reported to reoxidize MBH, to MB (13, 40), which may
also auto-oxidize with O, under specific circumstances
(see below). Thus, MBH, may increase the rate of the
reduction of cytochrome ¢ over and above the normal
enzymatic reduction of cytochrome ¢ by complex III in
the ETC. Cytochrome ¢ is an electron carrier from com-
plex III to complex IV (i.e., cytochrome ¢ is the substrate
for complex IV). Complex IV catalyzes the electron trans-
fer from reduced cytochrome ¢ to O, to form H,O. Thus,
increased reduction of cytochrome ¢ by MBH, (13, 40)
could explain in part the increase in complex IV that
occurs in the presence of 100 nM MB (Fig. 3). The
signaling mechanism that mediates this increase in com-
plex IV by MB needs to be clarified.

Adequate assembly and activity of complex IV depends
on heme-a (54), which exists only in complex IV. Thus,
the increase in the level of complex IV requires an
increase in heme, which is the precursor for heme-a. The
increase in the rate in heme synthesis that we observed at
100 nM MB could provide the cells with the heme-a to
support the assembly of complex IV. The increases in
heme synthesis can also support metabolic functions
other than complex IV. Close to 95% of the intracellular
O, is consumed by the activity of complex IV. Consistent
with the increase in complex IV, we also observed an
increase in Oy, consumption in cells maintained in 100



nM MB. Although the increase in complex IV reflects an
increase in the mitochondrial activity, it is also likely to
cause a decrease in the intracellular steady-state concen-
tration of Oy, which may decrease oxidant production.

The level of complex IV and the rate of heme
synthesis decreased at 1 wM MB, but increased at 100
nM MB. This similar pattern of response to 100 nM and
1uM MB by complex IV and heme synthesis suggests
that both effects are linked as proposed above. The
mechanism of the decrease in complex IV and in heme
synthesis inflicted by 1 wM MB, however, is not clear.
The loss of complex IV at 1 uM MB was totally
reversible on removal of MB from the medium (data
not shown). The adverse effects seen by the 1 pM MB
on cellular senescence in air (20%) were not observed
in 5% O, (Fig. 1B), suggesting that the effect of MB on
cellular senescence and complex IV depends on the
intracellular concentration of O,. The relevance of
these observations to the mechanism of senescence
delay by MB is discussed below.

The oxidation of NADH by MB is accelerated by
more than 50-fold in the presence of mitochondrial
lysate (Table 2), consistent with the enzymatic reduc-
tion of MB by NAD(P)H. The NADH dehydrogenase
activity of complex I is a possible catalyst for the
oxidation of NADH by MB in the mitochondrial lysate.
Interestingly, only a minor decline in the absorbance of
MB at 666 nm occurred in the mitochondrial lysate and
NADH. Such a minor decline was unexpected, and
probably due to MBH,, being quickly reoxidized to MB
in the presence of mitochondrial lysate. Potential can-
didates responsible for reoxidizing MBH, are cyto-
chrome ¢ or O,. Reoxidation of MBH, by O, produces
oxidants. In an attempt to find whether cytochrome ¢
or O, (13, 40) reoxidizes MBH, in the mitochondrial
lysate, we used DCFH to examine whether the oxidation
of MBH, in the mitochondrial lysate produces oxidants.
We found that adding only NADH to the mitochondrial
lysate at atmospheric O, (=250 uM O,) in the absence of
MB almost doubled the oxidation of DCFH, suggesting an
NADH-dependent increase in the production of oxidants,

MOM ==

Scheme 1. The sequence of reduction-oxidation
events of MB proposed for the electron trans-

which was moderate (Fig. 5). Adding MB at 0.1, 1, and 10
uM to the mitochondrial lysate and NADH increases
oxidants production by 60% and 500% at 1 puM and 10
wM MB, respectively (Fig. 5), whereas 0.1 uM MB did not
increase DCFH oxidation. To test the contribution of O,
to this phenomenon, we lowered the concentration of Oy
in the reaction buffer to 5% (~62.5 uM). Low concen-
trations of O, eliminated the MB-dependent production
of oxidants seen at 1 wM MB and dramatically decreased
oxidant production at 10 uM MB (Fig. 5). Because at 5%
O, the reaction buffer still contains 60- and 6-fold excess
of O, over 1 pM and 10 uM MB, respectively, and yet
oxidant production by MB dramatically decreases, we
suspected cytochrome ¢ in the mitochondrial lysate is
involved in preventing the oxidant production by MB,
based on previous work by McCord and Fridovich and
others (13, 40).

MBH, is known to preferentially and directly reduce
cytochrome ¢ even in the presence of molecular oxygen,
bypassing the production of superoxide radical (13, 40).
Cytochrome ¢ added to the mitochondrial lysate, NADH,
rotenone, and 10 uM MB significantly eliminated the
production of oxidants (Fig. 6). We interpreted this effect
of cytochrome ¢ on oxidants to be due to the transfer of
electrons from MBH, to the excess cytochrome ¢ rather
than to O,, preventing the formation of superoxide
radical. These findings also suggest that a high ratio
between cytochrome ¢and MB (or cytochrome ¢complex
IV/MB) is essential for preventing the autooxidation of
MBH, inside the cell. Consistently, no increase in the
oxidation of DCFH in the mitochondrial lysate was seen at
100 nM MB (Fig. 5), suggesting that the endogenous
cytochrome ¢ present in the lyaste is enough to compete
with O, on the 100 nM MBH,. Thus, the antisenescence
action of MB at 100 nM (in air) and 1 pM (in 5% O,) in
IMR 90 cells might be explained, in part, by an optimal
ratio (cytochrome ¢ + complex IV) /MB/O, under these
conditions.

NAD (P)H-dependent dehydrogenases (e.g., NADH-
dehydrogenase of complex I) can reduce artificial
electron acceptors other than MB (e.g., phenazine

Cytosol

port complexes (ETC I, II, III, and IV). MB is
proposed to be reduced to MBH,, by the NADH-
dehydrogenase of complex I, thus competing
with O, and preventing the formation of oxi-
dants. Subsequently, MBH, is reoxidized by
heme proteins such as cytochrome c (cyt ¢) and
by ETC IV. Similar reactions may occur in other
redox-active proteins, as discussed in the text.
MB, oxidized MB; MBH,, reduced MB; Q, coen-

zyme Q.
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methosulfate) or O, to produce superoxide radical
(55). Thus, we propose that MBH, and MB serve as
electron carriers between several dehydrogenases and
heme-proteins (e.g., cytochrome ¢, Scheme 1). Com-
plex IV, in turn, recycles the reduced cytochrome ¢. If
this cycling of MB occurs within the mitochondrial
ETC, we predict an inhibition of the production of
superoxide radical by MB competing with O, at the site
of free radical production at NADH-dehydrogenase
component of complex I (55). The significance of
cytochrome ¢ in lowering the production of oxidants
has been previously demonstrated (56). NADH-dehy-
drogenase of complex I faces the matrix; thus, part of
the MBH, will be formed in the mitochondrial matrix
in addition to the cytosol. The hydrophobicity of MBH,
increases on reduction (53, 57, 58), thus increasing the
chances that MBH, crosses the mitochondrial inner
membrane and reaches cytochrome ¢ and complex IV
(Scheme 1).

A similar model for recycling of MB was also pro-
posed for xanthine oxidase (XOD) (30). XOD, a
flavo-enzyme, reduces O, to form superoxide radical.
Enzymatic reduction of MB by XOD in vitro has been
previously shown to prevent the production of super-
oxide radical by XOD and protect from postischemic
injury in slices from rat liver. The product, MBH,, has
been proposed to produce Hy,O, rather than superox-
ide radical, which was considered an advantage as HoO,»
can readily be eliminated by catalase and glutathione
peroxidase (30). Our data suggest that in the presence
of a suitable physiological electron carrier (e.g., heme
proteins (13, 40, 53), oxidants will not be formed. We
believe that other physiological electron carriers, in
addition to cytochrome ¢, can recycle MB.

A promising strategy to prevent oxidative damage is
to block the production of free radicals rather than
intercepting them postformation. We propose that MB
blocks the production of free radicals by recycling
within the ETC. The effects of MB on complex IV and
mitochondrial metabolic pathways may provide protec-
tion against a variety of pathological conditions, toxic
agents, and age-related mitochondrial associated neu-
rodegeneration. Complex IV decay is a key mitochon-
drial dysfunction in AD. It is shown here that MB
increases complex IV in vitro. We have replicated these
findings in vivo (unpublished data). Thus, MB, which is
known to enter the brain, may be useful in AD.
Complex I decay has primarily been implicated in
Parkinson disease (PD). The experiments here also
suggest that MB may also be useful for PD.

We thank Joyce McCann, Jung Hyuk Suh, and John Nides
for reading the manuscript. This work was supported by the
Bruce and Giovanna Ames Foundation (H.A.).

REFERENCES

1. McFarland, G. A., and Holliday, R. (1994) Retardation of the
senescence of cultured human diploid fibroblasts by carnosine.
Exp. Cell Res. 212, 167-175

METHYLENE BLUE, MITOCHONDRIA, AND AGING

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Fujisawa, H., Nishikawa, T., Zhu, B. H., Nishimura, Y., Shimizu,
M., Kimoto, M., Higuchi, K., and Hosokawa, M. (1999) Amino-
guanidine supplementation delays the onset of senescence in
vitro in dermal fibroblast-like cells from senescence-accelerated
mice. J. Gerontol. A. Biol. Sci. Med. Sci. 54, B276-B282

Atamna, H., Robinson, C., Ingersoll, R., Elliott, H., and Ames,
B. N. (2001) N-t-Butyl hydroxylamine is an antioxidant that
reverses age-related changes in mitochondria in vivo and in
vitro. FASEB J. 15, 2196-2204

Atamna, H., Paler-Martinez, A., and Ames, B. N. (2000) N-t-butyl
hydroxylamine, a hydrolysis product of alpha-phenyl-N-t-butyl
nitrone, is more potent in delaying senescence in human lung
fibroblasts. J. Biol. Chem. 275, 6741-6748

Hipkiss, A. R. (2001) On the anti-aging activities of aminogua-
nidine and N-t-butylhydroxylamine. Mech. Ageing Dev. 122, 169—
171

Wagner, G. (2006) Towards a life-prolonging pill? Small mole-
cules with anti-ageing properties. Curr. Drug Targets 7, 1531—
1537

Boon, E. M., and Barton, J. K. (2003) DNA electrochemistry as
a probe of base pair stacking in A-, B-, and Z-form DNA.
Bioconjug. Chem. 14, 1140-1147

Atamna, H., Krugliak, M., Shalmiev, G., Deharo, E., Pescar-
mona, G., and Ginsburg, H. (1996) Mode of antimalarial effect
of methylene blue and some of its analogues on Plasmodium
falciparum in culture and their inhibition of P. vinckei petteri and
P. yoelii nigeriensis in vivo. Biochem. Pharmacol. 51, 693-700
Gruetter, C. A., Gruetter, D. Y., Lyon, J. E., Kadowitz, P. J., and
Ignarro, L. J. (1981) Relationship between cyclic guanosine
3":5'-monophosphate formation and relaxation of coronary
arterial smooth muscle by glyceryl trinitrate, nitroprusside,
nitrite and nitric oxide: effects of methylene blue and methe-
moglobin. J. Pharmacol. Exp. Ther. 219, 181-186

Chandler, J. E., Harrison, C. M., and Canal, A. M. (2000)
Spermatozoal methylene blue reduction: an indicator of mito-
chondrial function and its correlation with motility. Theriogenol-
ogy 54, 261271

Gabrielli, D., Belisle, E., Severino, D., Kowaltowski, A. J., and
Baptista, M. S. (2004) Binding, aggregation and photochemical
properties of methylene blue in mitochondrial suspensions.
Photochem. Photobiol. 79, 227-232

Teicher, B. A., Herman, T. S., and Kaufmann, M. E. (1990)
Cytotoxicity, radiosensitization, and DNA interaction of plati-
num complexes of thiazin and xanthene dyes. Radiat. Res. 121,
187-195

Kelner, M. J., Bagnell, R., Hale, B., and Alexander, N. M. (1988)
Methylene blue competes with paraquat for reduction by flavo-
enzymes resulting in decreased superoxide production in the
presence of heme proteins. Arch. Biochem. Biophys. 262, 422—426
Wariishi, H., Nonaka, D., Johjima, T., Nakamura, N., Naruta, Y.,
Kubo, S., and Fukuyama, K. (2000) Direct binding of hydroxyl-
amine to the heme iron of Arthromyces ramosus peroxidase.
Substrate analogue that inhibits compound I formation in a
competetive manner. J. Biol. Chem. 275, 32919-32924
Deguchi, T., Saito, M., and Kono, M. (1978) Blockade by
N-methylhydroxylamine of activation of guanylate cyclase and
elevations of guanosine 3',5'-monophosphate levels in nervous
tissues. Biochim. Biophys. Acta 544, 8—19

Lamond, S., Watkinson, M., Rutherford, T., Laing, K., Whiting,
A., Smallwood, A., Nargund, G., Campbell, S., and Banerjee, S.
(2003) Gene-specific chromatin damage in human spermatozoa
can be blocked by antioxidants that target mitochondria. Reprod.
Biomed. Online. 7, 407-418

Lee, J. H., Kim, I. S., and Park, J. W. (2004) The use of N-t-butyl
hydroxylamine for radioprotection in cultured cells and mice.
Carcinogenesis 25, 1435-1442

Lagercrantz, C. (1991) Spin trapping by use of N-tert-butylhy-
droxylamine. Involvement of Fenton reactions. Free Radic. Res.
Commun. 14, 395-407

Patel, P. N. (2006) Methylene blue for management of ifos-
famide-induced encephalopathy. Ann. Pharmacother. 40, 299-303
Pelgrims, J., De Vos, F., Van den Brande, J., Schrijvers, D., Prove,
A., and Vermorken, J. B. (2000) Methylene blue in the treat-
ment and prevention of ifosfamide-induced encephalopathy:
report of 12 cases and a review of the literature. Br. J. Cancer 82,
291-294



21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

10

Kwok, E. S., and Howes, D. (2006) Use of methylene blue in
sepsis: a systematic review. J. Intensive Care Med. 21, 359-363
Clifton, J., 2nd, and Leikin, J. B. (2003) Methylene blue. Am. J.
Ther. 10, 289-291

Sweet, G., and Standiford, S. B. (2007) Methylene-blue-associ-
ated encephalopathy. J. Am. Coll. Surg. 204, 454—458

Bristol, D. W. (2006) TR-540: Technical report pathology tables
and curves. In: Toxicology and Carcinogenesis Studies of Methylene
Blue Trihydrate in 344 Rats and B6C3FI Mice. National Institutes
of Health, Public Health Service, U.S. Department of Health
and Human Services. URL: http://ntp.niehs.nih.gov/go/20955
Demirbilek, S., Sizanli, E., Karadag, N., Karaman, A., Bayraktar,
N., Turkmen, E., and Ersoy, M. O. (2006) The effects of
methylene blue on lung injury in septic rats. Eur. Surg. Res. 38,
35-41

Riedel, W., Lang, U., Oetjen, U., Schlapp, U., and Shibata, M.
(2003) Inhibition of oxygen radical formation by methylene
blue, aspirin, or alpha-lipoic acid, prevents bacterial-lipopolysac-
charide-induced fever. Mol. Cell Biochem. 247, 83-94

Rezzani, R., Rodella, L., Corsetti, G., and Bianchi, R. (2001)
Does methylene blue protect the kidney tissues from damage
induced by cyclosporin A treatment? Nephron 89, 329-336
Hrushesky, W. J., Olshefski, R., Wood, P., Meshnick, S., and
Eaton, J. W. (1985) Modifying intracellular redox balance: an
approach to improving therapeutic index. Lancet 1, 565-567
Haluzik, M., Nedvidkova, J., and Skrha, ]J. (1999) Treatment
with the NO-synthase inhibitor, methylene blue, moderates the
decrease in serum leptin concentration in streptozotocin-in-
duced diabetes. Endocr. Res. 25, 163-171

Salaris, S. C., Babbs, C. F., and Voorhees, W. D., 3rd (1991)
Methylene blue as an inhibitor of superoxide generation by
xanthine oxidase. A potential new drug for the attenuation of
ischemia/reperfusion injury. Biochem. Pharmacol. 42, 499-506
Visarius, T. M., Stucki, J. W., and Lauterburg, B. H. (1999)
Inhibition and stimulation of long-chain fatty acid oxidation by
chloroacetaldehyde and methylene blue in rats. J. Pharmacol.
Exp. Ther. 289, 820-824

de-Oliveira, R. W., and Guimaraes, F. S. (1999) Anxiolytic effect
of methylene blue microinjected into the dorsal periaqueductal
gray matter. Braz. J. Med. Biol. Res. 32, 1529-1532

Martinez, J. L., Jensen, R. A., Vasquez, B. J., McGuinness, T, and
McGaugh, J. L. (1978) Methylene blue alters retention of
inhibitory avoidance responses Physiol. Psych. 6, 387-390
Callaway, N. L., Riha, P. D., Bruchey, A. K., Munshi, Z., and
Gonzalez-Lima, F. (2004) Methylene blue improves brain oxi-
dative metabolism and memory retention in rats. Pharmacol.
Biochem. Behav. 77, 175-181

Furian, A. F., Fighera, M. R., Oliveira, M. S., Ferreira, A. P,
Fiorenza, N. G., de Carvalho Myskiw, J., Petry, J. C., Coelho,
R. C., Mello, C. F., and Royes, L. F. (2007) Methylene blue
prevents methylmalonate-induced seizures and oxidative dam-
age in rat striatum. Newrochem. Int. 50, 164171

Callaway, N. L., Riha, P. D., Wrubel, K. M., McCollum, D., and
Gonzalez-Lima, F. (2002) Methylene blue restores spatial mem-
ory retention impaired by an inhibitor of cytochrome oxidase in
rats. Neurosci. Lett. 332, 83—-86

Sills, M. R., and Zinkham, W. H. (1994) Methylene blue-induced
Heinz body hemolytic anemia. Arch. Pediatr. Adolesc. Med. 148,
306-310

Wagner, S. J., Cifone, M. A., Murli, H., Dodd, R. Y., and Myhr,
B. (1995) Mammalian genotoxicity assessment of methylene
blue in plasma: implications for virus inactivation. Transfusion
35, 407-413

Kamat, P., Mimitijevic, N., and Fessenden, R. (1987) Photoelec-
trochemistry in particulate systems: electron-transfer reactions
of small CdS colloids in acetonitrile. J. Phys. Chem. 91, 396—-401
McCord, J. M., and Fridovich, I. (1970) The utility of superoxide
dismutase in studying free radical reactions. II. The mechanism
of the mediation of cytochrome ¢ reduction by a variety of
electron carriers. J. Biol. Chem. 245, 1374-1377

Vol. 22 March 2008

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

The FASEB Journal

Wagner, S. J., Skripchenko, A., Robinette, D., Foley, J. W., and
Cincotta, L. (1998) Factors affecting virus photoinactivation by
a series of phenothiazine dyes. Photochem. Photobiol. 67, 343-349
Mellish, K. J., Cox, R. D., Vernon, D. 1., Griffiths, J., and Brown,
S. B. (2002) In vitro photodynamic activity of a series of
methylene blue analogues. Photochem. Photobiol. 75, 392-397
Hayflick, L. (1992) Aging, longevity, and immortality in vitro.
Exp. Gerontol. 27, 363-368

Atamna, H., and Boyle, K. (2006) Amyloid-beta peptide binds
with heme to form a peroxidase: Relationship to the cytopathol-
ogies of Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 103,
3381-3386

Hintze, K. J., Wald, K. A., Zeng, H., Jeffery, E. H., and Finley,
J. W. (2003) Thioredoxin reductase in human hepatoma cells is
transcriptionally regulated by sulforaphane and other electro-
philes via an antioxidant response element. J. Nutr. 133, 2721—
2727

Rice, L., Phoenix, D. A., Wainwright, M., and Waring, J. J.
(1998) Effect of increasing methylation on the ability of meth-
ylene blue to cause diaphorase-catalysed oxidation of NADH.
Biochem. Soc. Trans. 26, S319

Haluzik, M., Nedvidkova, J., and Skrha, J. (1998) The influence
of NO synthase inhibitor and free oxygen radicals scavenger—
methylene blue—on streptozotocin-induced diabetes in rats.
Physiol. Res. 47, 337-341

Dierks, E. A., and Burstyn, J. N. (1998) The deactivation of
soluble guanylyl cyclase by redox-active agents. Arch. Biochem.
Biophys. 351, 1-7

Mayer, B., Brunner, F., and Schmidt, K. (1993) Inhibition of
nitric oxide synthesis by methylene blue. Biochem. Pharmacol. 45,
367-374

Dorta, D. J., Leite, S., DeMarco, K. C., Prado, 1. M., Rodrigues,
T., Mingatto, F. E., Uyemura, S. A., Santos, A. C., and Curti, C.
(2003) A proposed sequence of events for cadmium-induced
mitochondrial impairment. J. Inorg. Biochem. 97, 251-257

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y.,
Oyake, T., Hayashi, N., Satoh, K., Hatayama, I., Yamamoto, M.,
and Nabeshima, Y. (1997) An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme genes
through antioxidant response elements. Biochem. Biophys. Res.
Commun. 236, 313-322

Kwak, M. K., Wakabayashi, N., Itoh, K., Motohashi, H.,
Yamamoto, M., and Kensler, T. W. (2003) Modulation of gene
expression by cancer chemopreventive dithiolethiones through
the Keapl-Nrf2 pathway. Identification of novel gene clusters
for cell survival. J. Biol. Chem. 278, 8135-8145

Kelner, M. J., and Alexander, N. M. (1985) Methylene blue
directly oxidizes glutathione without the intermediate forma-
tion of hydrogen peroxide. J. Biol. Chem. 260, 15168-15171
Carr, H. S., and Winge, D. R. (2003) Assembly of cytochrome ¢
oxidase within the mitochondrion. Acc. Chem. Res. 36, 309-316
Grivennikova, V. G., and Vinogradov, A. D. (2006) Generation
of superoxide by the mitochondrial Complex I. Biochim. Biophys.
Acta 1757, 553-561

Zhao, Y., Wang, Z. B., and Xu, J. X. (2003) Effect of cytochrome
¢ on the generation and elimination of O2* and H,O, in
mitochondria. J. Biol. Chem. 278, 2356-2360

Bongard, R. D., Merker, M. P., Shundo, R., Okamoto, Y., Roerig,
D. L., Linehan, J. H., and Dawson, C. A. (1995) Reduction of
thiazine dyes by bovine pulmonary arterial endothelial cells in
culture. Am. J. Physiol. 269, L78-1.84

Merker, M. P., Bongard, R. D., Linehan, J. H., Okamoto, Y.,
Vyprachticky, D., Brantmeier, B. M., Roerig, D. L., and Dawson,
C. A. (1997) Pulmonary endothelial thiazine uptake: separation
of cell surface reduction from intracellular reoxidation. Am. J.
Physiol. 272, 1.673-1.680

Recetved for publication August 9, 2007.
Accepled for publication September 13, 2007.

ATAMNA ET AL.



