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Abstract

The thiazine dye methylene blue has long been used to stimulate cellular redox metabolism. To determine the extent to which it also
generates oxidant stress in cells, its effects in cultured human-derived endothelial cells were studied. As expected, low concentrations of
the dye (2-20 uM) activated the pentose phosphate pathway and oxidized both NADPH and NADH. Methylene blue enhanced
extracellular ferricyanide reduction, indicating that the reduced form of the dye was present outside the cells. This reduction was greater
when ferricyanide was added just before rather than 15 min after methylene blue, confirming that the dye is at least initially reduced at the
cell surface. In the absence of glucose, methylene blue at concentrations above 5 uM increased intracellular oxidant stress, as manifest by
oxidation of dihydrofluorescein and cellular GSH. Inclusion of glucose protected against these effects. In cells that had been loaded with
ascorbate, the dye caused progressive oxidation of ascorbate, even in the presence of b-glucose. Loading cells with ascorbate also partially
prevented oxidation of dihydrofluorescein by methylene blue. These results suggest that concentrations of the dye above 5 uM generated
intracellular reactive oxygen species that were scavenged by ascorbate and GSH. Further, although p-glucose enhanced reduction of

methylene blue, it ameliorated the oxidant stress generated by the dye.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The redox dye methylene blue (MB™) has long been used
as a tool to dissect intracellular redox metabolism. Because
of its size and positive charge, it is unlikely that the oxidized
or “blue” MB™ enters cells appreciably. Further, Merker
and co-workers showed that cultured pulmonary endothelial
cells reduce MB™ at the cell surface via a novel trans-
membrane thiazine reductase activity [1,2]. The resulting
“leuko” or colorless form of methylene blue (MBH) is
uncharged, lipophilic, and enters cells by diffusion across
the plasma membrane where it is re-oxidized and thus
sequestered within the cells [2,3]. Although molecular
oxygen can directly oxidize MBH with generation of super-
oxide [4], reaction of MBH with heme-containing proteins
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is greatly favored in cells [4,5]. In erythrocytes, MBH is
directly oxidized by oxy- or methemoglobin [5-7]. In cells
lacking hemoglobin, MBH oxidation appears to be
mediated by other iron-containing proteins, such as cyto-
chrome c [4], guanylate cyclase [8], nitric oxide synthase
[9], and probably many others. However, if the capacity of
the iron-containing proteins to fully oxidize MBH is over-
whelmed, there is the potential for partial oxidation of MBH
by molecular oxygen to form superoxide.

Redox cycling of intracellular MB™ could further
increase superoxide generation. To redox cycle, MB™
would have to be reduced again within the cell. In ery-
throcytes, MB™" is reduced via a poorly characterized
NADPH dehydrogenase [7], termed diaphorase II [6]. In
nucleated cells, MB™ reduction has been demonstrated for
heme-containing proteins, such as xanthine oxidase and
cytochrome c-dependent reductases [4,10]. Although in
endothelial cells the net effect of treatment with MB™ is
sequestration of MB™ within as yet unknown organelles
[2,3], redox cycling could still occur.
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Despite the potential for redox cycling of MB™, evi-
dence that it generates superoxide and other reactive
oxygen species (ROS) within cells is indirect. Metz et
al. [5] found that low concentrations of MB™ (<6 uM)
added to human erythrocytes activated the pentose phos-
phate pathway, but did not increase oxygen consumption.
However, higher MB* concentrations (20100 pM) not
only increased the activity of the pentose phosphate path-
way, but also increased oxygen consumption and oxidized
GSH. The decrease in GSH was presumably due to scaven-
ging of ROS generated by reaction of molecular oxygen
with either MBH or its one-electron oxidized radical form.
It remains to be demonstrated, however, that ROS are
produced at high MB™ concentrations.

In the present work, cellular metabolism and ROS
generation by EA.hy926 endothelial cells were evaluated
across a range of MB™ concentrations. EA.hy926 is a
permanent hybridoma cell line derived from human umbi-
lical vein endothelial cells [11]. Endothelial cells were
studied because they might be exposed to such concentra-
tions of MB™ during therapy of methemoglobinemia, as an
antidote for paraquat poisoning [10], or during treatment of
shock syndromes [12,13], and to determine their mechan-
isms for handling oxidant stress.

2. Materials and methods
2.1. Materials

EA.hy926 cells were generously provided by Dr. Cora
Edgell (University of North Carolina, Chapel Hill, NC).
Culture medium for the cells consisted of Dulbecco’s
minimal essential medium that contained 20 mM p-glu-
cose, 5mM hypoxanthine, 20 puM aminopterin, and
0.8 mM thymidine, and 10% (v/v) fetal bovine serum.
The cells were cultured to confluence for 18-24 hr before
use in an experiment. MB™ and other analytical reagents
were from Sigma/Aldrich. Molecular Probes supplied the
dihydrofluorescein diacetate. The latter was prepared to a
10 mM concentration in dimethylsulfoxide and stored at
—20° until dilution for use in modified Krebs—Ringer
buffer containing HEPES to maintain pH (KRH: 20 mM
HEPES, 128 mM NaCl, 5.2 mM KCI, 1 mM NaH,PO,,
1.4 mM MgSO,, and 1.4 mM CaCl,, pH 7.4). Radionu-
clides were purchased from New England Nuclear Life
Science Products Inc.

2.2. Assay of radiolabeled glucose metabolism in
EA.hy926 cells

Glucose metabolism beyond phosphorylation was
assessed as the release of *H,O from p-[2-’H]glucose
[14]. Pentose phosphate pathway activity was measured
as recently described by measuring '*CO, release from
p-[1-'*C]glucose using a high throughput 96-well microtiter

plate method [15]. To test the effect of MB™ on glucose
utilization, the indicated concentration of MB™ was added
just before incubation with radionuclides. The activity of
the pentose phosphate pathway was calculated by subtract-
ing the nmol of '*CO, generated from p-[6-“C]glucose
(which reflects activity of the tricarboxylic acid cycle) from
that generated from p-[1-'*C]glucose.

2.3. Intracellular oxidant stress measured by oxidation
of dihydrofluorescein

Intracellular ROS were measured as oxidation of intra-
cellular dihydrofluorescein, as previously described [15].
Briefly, EA.hy926 cells in 96-well plates were rinsed twice
in KRH to remove culture medium, and incubated in
0.2 mL of KRH that contained 5 mM glucose, 20 uM
dihydrofluorescein diacetate, and other additives as noted.
The cells were incubated for 30 min at 37°, rinsed three
times with 0.2 mL of KRH, and then incubated further in
0.2 mL of KRH that contained 5 mM glucose and the
indicated concentration of MB™. The plate was loaded
into a Fluostar Galaxy fluorescence microtiter plate reader
and incubated at 37° for 33 min with measurement of the
fluorescence in each well every 4 min. The excitation
wavelength was 480 nm, and the emission wavelength
was 520 nm.

2.4. Other assays

Intracellular concentrations of GSH were measured
using the method of Hissin and Hilf [16] as previously
described [17]. The recycling method of Zerez et al. [18]
was used to measure pyridine nucleotide concentrations in
1 mL lysates from cells cultured in 6-well plates. In this
assay, cells in 6-well plates are treated with 1 mL of ice-
cold lysis buffer containing 20 mM NaHCO5;, 100 mM
Na,COs3, and 10 mM nicotinamide, frozen on dry ice,
and allowed to thaw on ice. The cell material is scraped
from the plate, microfuged for 5 min at 3° to remove
particulate matter, and the extracts are assayed for pyridine
nucleotides as described [18]. The assay uses alcohol
dehydrogenase to measure NADH, and glucose 6-phos-
phate dehydrogenase to measure NADPH. It employs a
heating step of 60° for 30 min to destroy NAD(P)™, so that
the reduced forms of the pyridine nucleotides can be
selectively measured. The heating step also frees pro-
tein-bound NAD(P)H, so that total cell nucleotides are
measured. Intracellular ascorbate was measured as pre-
viously described [19] using high performance liquid chro-
matography with electrochemical detection [20], except
that tetrapentylammonium bromide was used as an ion pair
reagent. Intracellular concentrations of GSH, pyridine
nucleotides, and ascorbate were expressed relative to the
intracellular distribution space of 3-O-['*C]methylglucose,
which was taken as 3.6 & 1.2 pL/mg protein [15]. Potas-
sium ferricyanide (CgFeK3Ng) reduction was measured by
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the ortho-phenanthroline method of Avron and Shavit [21],
with correction in each assay for the absorbance generated
in the presence of cells by the same concentration of MB™
without ferricyanide in a paired sample. This value was less
than 20% of that observed in the presence of ferricyanide.

2.5. Data analysis

Results are shown as mean =+ SE. Differences between
treatments were analyzed with the computer program
SigmaStat 2.0. Comparison of two treatments was made
using the non-paired Student’s t-test. Comparisons of
more than two treatments were made using either one-
or two-way ANOVA with post hoc testing by Dunnett’s
test, as appropriate. A value of P < 0.05 was considered
significant.

3. Results

The ability MB" to enhance glucose utilization was
studied, with the results shown in Fig. 1. Incubation of
EA.hy926 cells with increasing amounts of MB™ for
30 min in KRH buffer containing various concentrations
of p-[1-'*C]glucose resulted in progressive increases in
14CO; release (Fig. 1A). This increase was evident across
the range of glucose concentrations employed, indicating
that the effect of MB™ to enhance oxidation does not
depend on the energy state of the cell. However, MB™
did not affect the appearance of *H,O from any concen-
tration of [2-*H]glucose in the same incubations (Fig. 1B).
The latter assay measures glucose utilization beyond
glucose 6-phosphate. Release of '“CO, did not increase
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Fig. 1. MB™ effects on glucose metabolism by EA.hy926 cells. Conversion
of p-[1-"*C]glucose to '“CO, (A) and of [2-*H]glucose to *H,O (B) was
measured as described in Section 2 at the following concentrations of
p-glucose: circles, 0.16 mM; squares, 0.63 mM; triangles, 1.25 mM; and
inverted triangles, 2.5 mM. Units for both activities are nmol/mg protein/
30 min. Results are shown as mean + SE from four experiments.

linearly with increasing amounts of MB™ at any glucose
concentration (Fig. 1A). This suggests that there are limits
to activation of pentose phosphate pathway activity by
MB™ in these cells, even at low glucose concentrations.
The major stimulus for activation of the pentose phos-
phate pathway by MB™ is conversion of NADPH to
NADP*. NADP" is a co-factor for and enhances the
activity of glucose 6-phosphate dehydrogenase, the rate-
limiting enzyme of the pathway. As shown in Fig. 2,
concentrations of both NADPH and NADH decreased
by about 50% at even the lowest concentration of MB™
used. As indicated by the size of the error bars in Fig. 2,
there was variability in day-to-day measurements in basal
levels of NAD(P)H, but the effect of MB™ was consistent in
each experiment performed. Direct oxidation of NAD(P)H
by MB" in KRH in the absence of cells was observed as a
decrease in spectrophotometric absorbance at 340 nm
(results not shown). Thus, any intracellular MB" might
have contributed to decreases in NAD(P)H directly.
Another estimate of the ability of these cells to reduce or
recycle MB™ was obtained by following the reduction of
extracellular ferricyanide by MBH [2]. Because of its size
and charge, ferricyanide does not enter cells during the
incubation times used in these studies [22]. Thus, ferri-
cyanide reduction can be used as an estimate for the
integrated ability of the cells to reduce MB™. Cells were
treated with increasing concentrations of MB™ in the
presence of 1 mM ferricyanide for 30 min, with the results
that extracellular reduced ferricyanide increased linearly
with MB™ (Fig. 3, circles). When cells were first incubated
for 15 min with MB™, increases in ferricyanide reduction
were not evident at MB™" concentrations below 50 1M, and
ferricyanide reduction was significantly decreased over the
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Fig. 2. Decreases in cellular pyridine nucleotide concentrations due to MB ™.
EA hy926 cells in 6-well plates were incubated at 37° in culture medium that
contained the indicated concentration of MB™. After 15 min, the medium
was removed and the cells were rinsed twice with KRH and taken for assay
of NADPH (circles) and NADH (squares). Results are shown as mean + SE
from four experiments with each nucleotide. For each nucleotide, all points
were significantly different from control without added MB™.
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Fig. 3. Stimulation of ferricyanide reduction by MB*. EA.hy926 cells in
12-well plates were incubated at 37° in KRH that contained 5 mM b-
glucose. In experiments shown by the circles (N = 9), 1 mM ferricyanide
was added first, followed by the indicated concentration of MB™. All
increases due to MB" were significant compared to cells not incubated
with MB™ by one-way ANOVA. In experiments shown by the squares
(N =5), MB" was added first for 15 min, followed by ferricyanide.
Significant increases were present only above 50 uM MB™ by one-way
ANOVA. For both protocols, after 30 min of incubation with ferricyanide,
duplicate aliquots of the medium were removed for assay of ferrocyanide.
The averaged slopes of the lines for the two types of experiment were
different by non-paired #-testing.

range of MB™" concentrations utilized (Fig. 3, squares).
This effect was likely due in part to decreased MBH
outside the cells following preincubation with MB™, since
a 15-min preincubation at 37° of EA.hy926 cells with
10uM MB™" before addition of 1 mM ferricyanide
decreased extracellular MB™ (measured as the optical
density at 610 nm) by 13 £ 0.6% compared to cells treated
for 15 min with both ferricyanide and MB" (N =5,
P =0.01).

To determine whether MB™ reduction is associated
with generation of intracellular ROS, generation of the
latter within cells was measured as the oxidation of
dihydrofluorescein to fluorescin. In this experiment, cells
were first incubated with dihydrofluorescein diacetate,
which diffuses into the cells and is trapped following
removal of the two acetate groups by cellular esterases.
After rinsing the cells to remove extracellular dye, MB™
was added and the increase in fluorescence was followed
over 34 min in a fluorescence microtiter plate reader. As
shown in Fig. 4A, after a lag-phase, MB™" increased
fluorescence in a time-dependent manner. When the slope
of the linear portion of the time course was calculated for
several experiments, the results shown in Fig. 4B were
obtained. In cells incubated in the absence of p-glucose
(squares), an increase in fluorescence was apparent at
5uM MB*, with a plateau above 50 uM MB™. The
presence of 5 mM Dp-glucose inhibited the oxidation of
dihydrofluorescein. MB™" alone did not directly oxidize
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Fig. 4. Stimulation of dihydrofluorescein oxidation by MB* in EA.hy926
cells. (A) EAhy926 cells in 96-well plates were loaded with dihydro-
fluorescein as described under Section 2 in the absence of 5 mM b-
glucose. After rinsing with KRH to remove extracellular dye, the cells
were treated in KRH in the absence of glucose with one of the following
concentrations of MB™: no MB™, circles; 5 UM, squares; 10 pM, triangles;
20 pM, inverted triangles; 50 uM, diamonds; 100 uM, hexagons. Changes
in fluorescence were measured in 4 wells and the average is shown for
each time point. (B) Assay conditions were as in panel A, except that
cells were incubated with (circles) or without (squares) 5 mM p-glucose
during the entire experiment. The linear slope of the fluorescence increase
(from 7505s) is shown for four experiments. The two curves were
significantly different from each other (P < 0.05).

dihydrofluorescein (results not shown). Thus, MB™-
induced generation of ROS within the cells was apparent
at concentrations as low was 5 M, and was blunted in the
presence of glucose.

To further assess the extent to which EA.hy926 cells were
under oxidant stress from MB™, intracellular concentrations
of GSH were measured. In the presence of 5 mM p-glucose,
increasing amounts of MB™ did not affect intracellular GSH
concentrations (Fig. 5). However, when D-glucose was
omitted from the medium during the incubation, GSH
concentrations in the cells decreased in a linear manner
to reach about 50% of control at 100 uM MB™. Thus,
D-glucose was required to prevent oxidation of GSH due
to MB™, an effect that became significant over the same
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Fig. 5. Preservation of GSH in MB *-treated EA.hy926 cells by glucose.
Cells in 6-well plates were incubated in KRH at 37° with the indicated
concentration of MB™ in the presence (circles) or absence (squares) of
5 mM p-glucose. After 15 min, the cells were rinsed and taken for assay of
intracellular GSH. Results are shown as mean + SE from at least four
experiments for each glucose condition, with an asterisk indicating
P < 0.05 compared to the sample not treated with MB™.

range of MB™ concentrations over which p-glucose also
decreased dihydrofluorescein oxidation (Fig. 4). Since GSH
does not directly reduce MB™ (results not shown), these
results suggest that GSH was oxidized by ROS generated
from MB™ metabolism, or that GSH recycling was impaired
by decreased availability of NADPH at glutathione reduc-
tase, or both.

Additional support for generation of ROS by high con-
centrations of MB™ was found by measuring changes in
ascorbate in cells acutely loaded with ascorbate by incuba-
tion with dehydroascorbic acid. The latter was accomplished
by incubating cells with increasing amounts of MB™ in the
presence of 0.5 mM dehydroascorbic acid and 5 mM
D-glucose. Although the cells had negligible intracellular
ascorbate in the absence of loading (results not shown), a
15-min incubation with dehydroascorbic acid increased
intracellular ascorbate to over 2.5 mM (Fig. 6A). Intracel-
lular ascorbate concentrations progressively decreased fol-
lowing incubation with increasing concentrations of MB™,
reaching about 30% of control at 100 pM MB™ (Fig. 6A).
GSH concentrations did not change significantly under these
conditions (Fig. 6B). Similar results were observed when
cells were preincubated for 15 min with dehydroascorbic
acid before addition of MB™ (results not shown), so MB™
was not simply preventing reduction of dehydroascorbic
acid to ascorbate. The possibility was considered that the
effect of MB™ to decrease intracellular ascorbate was due
to direct reaction. Incubation of 50 uM concentrations of
MB™ and ascorbate for 15 min at 37° in KRH resulted in the
loss of 14 + 5% of ascorbate compared to 5 &+ 1% of an
untreated ascorbate sample (N = 3). This small decrease
suggests that direct reaction may account for some, but not
all of the decrease in intracellular ascorbate observed.
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Fig. 6. Decreases in intracellular ascorbate caused by MB™. EA.hy926
cells in 6-well plates were incubated at 37° in KRH that contained 5 mM
D-glucose, 0.5 mM dehydroascorbic acid, and the indicated concentration
of MB™. After 15 min, the medium was removed and the cells were rinsed
twice in KRH and taken for assay of intracellular ascorbate (A) and GSH
(B). Results are shown as mean £ SE from three experiments, with an
asterisk indicating P < 0.05 compared to the sample not exposed to MB™.

In cells containing ascorbate, oxidation of dihydrofluor-
escein was decreased compared to cells not containing
ascorbate, although the effect was relatively modest
(Fig. 7). These results suggest that ascorbate is more
sensitive to ROS generated by MB™' than is GSH,
and support the notion that high concentrations of MB™
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Fig. 7. Effects of ascorbate loading on MB*-induced oxidation of
dihydrofluorescein. EA.hy926 cells in 96-well plates were loaded with
dihydrofluorescein at 37° in KRH that contained 5 mM p-glucose in the
absence (circles) or presence (squares) of 0.5 mM dehydroascorbic acid.
After 30 min, the cells were rinsed with KRH and incubated in KRH
containing 5 mM b-glucose and the indicated concentration of MB™
during measurement of fluorescence in a microtiter plate reader. Results
from five experiments are shown as mean =+ SE of the linear slope of the
time course of fluorescence increase. The two curves are significantly
different from each other (P < 0.05).
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generated an oxidant stress that was partially blunted by
the presence of intracellular reducing equivalents, this time
in the form of ascorbate.

4. Discussion
4.1. Cellular mechanisms of MB™ reduction

As expected from previous studies in erythrocytes [5,23],
low concentrations of MB™ activated the pentose phosphate
pathway in EA.hy926 endothelial cells (Fig. 1). Itis perhaps
surprising that glucose utilization beyond generation of
glucose 6-phosphate was not increased by MB™. This
reflects the relatively small component of overall glucose
utilization contributed by even an activated pentose phos-
phate pathway. In the present studies this was typically less
than 10%. In other words, MB™ is relatively specific in its
activation of the pentose phosphate pathway as opposed to
other pathways of glucose utilization in these cells.

The stimulus for pentose phosphate pathway activation
was likely due to the increase in NADP" caused by
reduction of MB™, which is reflected in the decrease in
NADPH measured in these studies (Fig. 2). NADP™" acti-
vates glucose 6-phosphate dehydrogenase, the rate-deter-
mining enzyme in the pentose phosphate pathway [23].
Since MB™ is initially reduced at the cell surface by a
trans-membrane thiazine dye reductase [1,2], the oxidation
of NADPH could mean that it is a substrate for this activity.
Similarly, the finding that NADH was also decreased may
reflect a role for NADH as an electron donor for the
reductase. Failure of NAD(P)H to decrease below 50%
suggests that trans-membrane transfer of reducing equiva-
lents to extracellular MB™ was saturated. Also, since MB™
is also found in endothelial cells after exposure to extra-
cellular MB™ [2], it could also mean that some NAD(P)H
(e.g. bound to enzymes) was inaccessible to intracellular
MB™. A similar shift in the cellular pyridine nucleotide
redox state was first suggested by the results of Merker et
al. [24], who reported that intracellular ratios of NAD(P)H/
NAD(P) " correlated inversely with extracellular reduction
of a polymer of the redox dye toluidine blue. Alternatively,
since MBH generated at the cell surface diffuses into cells
where it is re-oxidized to MB™" [2], redox cycling within
the cells could depend on the reducing capacity of heme-
containing enzymes dependent on either NADPH or
NADH, such as the cytochrome ¢ reductases [10].

4.2. Site of MB™ reduction

The experiments with ferricyanide support the conclu-
sions of Merker and co-workers [1,2] that MBH is gener-
ated from MB' by a trans-membrane thiazine dye
reductase at the exofacial cell surface. However, since
ferricyanide is not reduced by the trans-membrane thiazine
dye reductase [1,2], extracellular ferricyanide reduction

will not detect intracellular redox cycling of MB™. Thus, it
provides only a minimal estimate of total MBH generation.
Rates of ferricyanide reduction were lower when cells were
preincubated with MB™ than when ferricyanide was added
just before MB™ (Fig. 3). This would be the expected result
if MBH generated at the cell surface diffuses into cells
during a preincubation, so that less of the reduced form is
accessible to ferricyanide added later. In contrast, ferri-
cyanide added just before MB' will be continuously
reduced by any MBH generated at the cell surface. Further,
the failure of cells preincubated with MB™ concentrations
below 50 uM to enhance ferricyanide reduction in MBH-
loaded cells suggests that little MBH escapes the cells until
intracellular re-oxidation mechanisms are overwhelmed.
These results support the concept that MB™ is reduced on
the outside surface of cells.

4.3. Generation of oxidant stress by MB*

At concentrations of 5 uM and greater, MB™ increases
cellular oxidation of dihydrofluorescein, an effect that is
partially prevented by including glucose in the incubation
medium (Fig. 4). That glucose prevents generation of
intracellular ROS is further suggested by the finding that
it prevented oxidation of cellular GSH due to MB™ (Fig. 5).
Whereas one might think that glucose would enhance
redox cycling of MB™ with a resulting increase in intra-
cellular ROS, the net effect of reducing equivalents pro-
vided by glucose is to decrease ROS capable of oxidizing
dihydrofluorescein. Similar results were obtained when
cells were pre-loaded with ascorbate by incubation with
dehydroascorbic acid, in that ascorbate concentrations
were decreased by MB™ (Fig. 6), and ascorbate decreased
dihydrofluorescein oxidation (Fig. 7). Although ascorbate
can be directly oxidized by MB™, the present results
suggest that most of the effect of ascorbate was to scavenge
intracellular ROS generated by MB™, even when these
were decreased by the presence of glucose.

Several possible causes of ROS generation by MB™ in
EA.hy926 cells can be considered. It is possible that they
derive from the shift in redox balance of the cells generated
from the initial extracellular reduction of MB™ by the trans-
membrane thiazine dye reductase. This redox shift might
impair scavenging of ROS generated during normal mito-
chondrial metabolism [25]. Since neither pyridine nucleo-
tides (Fig. 2) nor GSH (Fig. 5) are severely depleted by
MB™ (Fig. 2), this does not seem very likely. It is more
likely that high intracellular MBH concentrations over-
whelm the capacity of heme-containing enzymes and pro-
teins to oxidize MBH, leaving MBH or its partially oxidized
radical to react with molecular oxygen to form superoxide
[4]. This mechanism was first suggested by the observations
of Metz et al. [5], who showed that MB™ concentrations
above 5 UM increased oxygen consumption in erythrocytes.
The present results more directly implicate superoxide,
which is detected by dihydrofluorescein oxidation due to
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several of its breakdown products in the cells [26]. Redox
cycling of MB" might also contribute to ROS generation
by maintaining intracellular MBH at high levels. However,
redox cycling probably contributes little to ROS generation
from MBH for two reasons. First, Merker et al. [2] showed
that although pulmonary endothelial cells remove MB™
from the medium as MBH, they accumulate MB™ in
precipitates in as yet unidentified organelles. That is, the
cells preferentially oxidize MBH and the resulting MB™ is
sequestered, not reduced. Second, the present results show
that glucose inhibited ROS generation due to MB™
(Fig. 4B). Glucose was recently found to enhance ROS
generation by menadione [27], an accepted redox cycling
agent. The opposite behavior of MB™, despite its ability to
enhance pentose phosphate pathway activity, suggests that
MB™ does not undergo redox cycling in endothelial cells.
Rather, it is when excess MBH is partially oxidized by
molecular oxygen rather than fully oxidized by heme
proteins that it generates ROS.

4.4. Physiologic relevance of ROS generation by MB™

Intravenous MB™ has long been used to treat methe-
moglobinemia [28]. More recent uses have been to treat
ifosfamide encephalopathy [29,30], and to inhibit nitric
oxide release and maintain blood pressure in septic shock
[12] and orthotopic liver transplantation [13]. The accepted
mechanism is that cells reduce MB™ to MBH, which then
reduces Fe’" to Fe’" in the appropriate protein. This
protein would be methemoglobin for methemoglobinemia
[28], monoamine oxidase for ifosamide encephalopathy
[29], and endothelial nitric oxide synthase [9] and/or
guanylate cyclase [8] (for inhibition of nitric oxide synth-
esis/action, respectively). Administration of a bolus injec-
tion of 100 mg MB™ to humans results in a mean plasma
concentration of 5 uM [29]. Since typical doses are 1.5—
2 mg/kg [12,13], this or even higher plasma concentrations
are likely to be present at least transiently. Toxicity has
been reported with MB™ administration [31,32], although
there appears to be a relatively wide margin of safety [31].
The present results suggest that ROS may contribute to
MB™ toxicity in endothelial cells, especially when glucose
metabolism is impaired, such as in deficiency of glucose 6-
phosphate dehydrogenase [29].
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