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Mivazakl, K., Aral, S., Iwamoro, T., Takasaki, M. and Tomoba, A. Metabolism
of Pyrogallol to Purpurogallin by Human Erythrocytic Hemoglobin. Tohoku J. Exp.
Med., 2004, 203 (4), 319-330 —— The aim of this study was to investigate the oxido-
reductive reactions of human hemoglobin with pyrogallol and the metabolism of py-
rogallol by the protein, which contains a protoporphyrin IX like cytochrome P-450.
Pyrogallol, having three hydroxy groups at the adjacent positions in the benzene ring,
oxidized human oxyhemoglobin to methemoglobin and reduced human methemo-
globin to oxyhemoglobin. Since superoxide dismutase and catalase inhibited these
reactions extensively, active oxygens such as superoxide and hydrogen peroxide
were considered to be involved in the oxido-reductive reaction of human hemoglobin
by pyrogallol. It was also found that the metabolism of pyrogallol to purpurogallin
occurred quickly in human erythrocytes, i.e., when pyrogallol was added to human
erythrocyte suspension, it oxidized intracellular hemoglobin and produced purpuro-
gallin. The metabolism of pyrogallol to purpurogallin was explained by the pyrogal-
lol oxidation with superoxide and hydrogen peroxide produced during the oxido-
reductive reactions of human hemoglobin with pyrogallol. The present results show
that human erythrocytes can metabolize pyrogallol, suggesting that the cells may be

involved in the metabolism of some drugs in the human body. erythrocytes;

hemoglobin; pyrogallol; purpurogallin
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Though drug metabolism has been shown likely to attract much attention. Tomoda et al.

to be carried out by cytochrome P-450 in the (1977a) showed that aniline was metabolized to
liver (Omura and Sato 1964; Lu et al. 1972), p-aminophenol by human erythrocytes, in the
the contribution of erythrocytic hemoglobin, a presence of catalytic amounts of methylene blue.
protoporphyrin IX containing hemoprotein like Mieyal and Blumer (1976) demonstrated that
cytochrome P-450, to drug metabolism is un- oxyhemoglobin can hydroxylate aniline to p-ami-

Received March 11, 2004; revision accepted for publication June 2, 2004.

Address for reprints: Akio Tomoda, M.D., Ph.D., Department of Biochemistry and Intractable Immune System
Disease Research Center, Tokyo Medical University, Tokyo 160-0022, Japan.

e-mail: tomoda@tokyo-med.ac.jp

319



320 K. Miyazaki et al.

nophenol in the presence of NADPH and P-450
reductase. Monooxygenase activity of human
methemoglobin in aniline hydroxylation was also
demonstrated by Ferraiolo et al. (1984). Shiga
and Imaizumi (1973, 1975) indicated the produc-
tion of the intermediate phenoxy radical during
the one-electron oxidation of organic phenol com-
pounds caused by methemoglobin-H,O, complex.
The role of hemoglobin as a frustrated oxidase to
metabolize some drugs was suggested by Carrell
and Winterbourn (1977). Later, Tomoda et al.
(1984, 1986a and 1992) found that 3-hydroxy-
anthranilic acid, o-aminophenol, and 2-amino-5-
methylphenol were metabolized to phenoxazine
compounds in the presence of human hemoglobin
or human erythrocytes, coupled with the oxido-
reductive reactions of hemoglobin. The phenoxa-
zine produced by the reaction of human or bovine
hemoglobin with 2-amino-5-methylphenol has
been shown to exert anti-cancer effects (Mori et
al. 2000; Koshibu-Koizumi et al. 2002), immuno-
suppressive effects (Gao et al. 2002), and antiviral
effects (Iwata et al. 2003).

On the other hand, pyrogallol has been used
for staining leather in the leather industry and for
treatment of psoriasis, however detailed studies
on the biological effect of pyrogallol, especially
the oxidative effect of this compound on human
hemoglobin has not been clarified. Furthermore,
purpurogallin was shown to be synthesized by
chemical oxidation of pyrogallol (Gao et al.
1998), and to exert biological effects such as hy-
droxyl radical-scavenging property (Prasad and
Laxdal 1994), protection of cardiovascular cells
(Wu et al. 1996) and protection of erythrocyte
against lysis by peroxyl radicals (Sugiyama et al.
1993). However, the biological synthesis of this
compound has not been demonstrated. During the
study of oxido-reductive reaction of hemoglobin,
we found that pyrogallol oxidizes oxyhemoglobin
and reduces methemoglobin. Tomoda et al. (1984,
1986a and 1992) found that o-aminophenol and
its derivatives can oxidize oxyhemoglobin and
reduce methemoglobin, and these compounds are
metabolized to phenoxazines during the oxido-

reductive reactions of hemoglobin, which was en-
abled by the fact that the amino group and the hy-
droxy group are adjacently present in the benzene
ring. Since pyrogallol has three hydroxy groups
at the adjacent positions in the benzene ring, it
is conceivable that pyrogallol is metabolized to
some tricyclic chromophore such as dibenzodi-
oxine by the oxido-reductive reactions of hemo-
globin. These facts prompted us to study whether
pyrogallol is metabolized by human hemoglobin
and erythrocytes. Consequently, we show that py-
rogallol is rapidly metabolized to purpurogallin,
without formation of the tricyclic chromophore.
The present manuscript appears to be the first
report on biological metabolism of pyrogallol to
purpurogallin by human erythrocytic hemoglobin,
and the mechanism for the oxido-reductive reac-
tions of human hemoglobin by pyrogallol.

MATERIALS AND METHODS

Materials

Human erythrocytes were obtained after
removal of plasma and buffy coats from freshly
drawn heparinized blood. Then, the cells were
washed twice with 0.9% NacCl solution, by cen-
trifuging at 10 000 gx1 minutes. Erythrocytes
thus obtained were divided into two parts: one for
the experiment of reaction of crude hemoglobin
or purified hemoglobin with pyrogallol, and the
remaining part for the experiment of reaction of
human erythrocytes with pyrogallol.

Pyrogallol and purpurogallin were pur-
chased from Wako Pure Chemicals (Tokyo) and
Sigma (St. Louis, MO, USA), respectively. Bis-
Tris was purchased from Sigma. Catalase was
obtained from Roche Applied Sciences (Basel,
Switzerland), and superoxide dismutase and myo-
inositol hexaphosphate (Ps-inositol) were obtained
from Sigma. Sephadex G-25 (fine), Sephadex
LH-20 and CM Sephadex C-50 were purchased
from Amersham Biociences (Piscataway, NJ,
USA). Silica gel plates for thin layer chromatog-
raphy (HPTLC plate, 10x10 cm) were purchased
from Merck (Darmstadt, Germany).
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Preparation of crude and purified hemoglobin

Washed erythrocytes were lyzed by add-
ing 10-fold distilled water to the cells. After 15
minutes, the lysates were centrifuged at 10 000 g
x20 minutes, to remove erythrocyte ghosts. The
supernatant was designated as crude hemoglobin.
The crude hemoglobin was further purified, by
column chromatography using Sephadex G-25
(fine) and CM Sephadex C-50 (Tomoda et al.
1986b). This hemoglobin was designated oxyhe-
moglobin. Purified oxyhemoglobin was passed
through a column of Sephadex G-25 (fine) previ-
ously equilibrated with 0.05 M bis-Tris buffer (pH
7.0) with 0.1 M NaCl. Purified methemoglobin
was prepared by the oxidation of purified oxyhe-
moglobin with ferricyanide, and by passing the
reaction mixture through a column of Sephadex
G-25 (fine) previously equilibrated with 0.05 M
bis-Tris buffer (pH 7.0) with 0.1 M NaCl.

Oxido-reductive reaction of purified human he-
moglobin with pyrogallol or with purpurogalin

Twenty ul of 100 mM pyrogallol (12.6
mg/ml H,O) solution, which was prepared just
before use, was added to 2 ml solution of puri-
fied human oxyhemoglobin (50 M in heme), or
methemoglobin (50 uM in heme), to which super-
oxide dismutase (29 units), catalase (1300 units),
superoxide dismutase (29 units) plus catalase
(1300 units) or Pg-inositol (500 uM) was previ-
ously added. The oxidation of oxyhemoglobin by
pyrogallol was examined by a Hitachi 2000 spec-
trophotometer (Hitachi Co., Ltd., Tokyo), pursu-
ing the decrease in absorbance at 578 nm. The
reduction of methemoglobin by the pyrogallol
was pursued by the increase in absorbance at 578
nm. The oxido-reductive reactions of hemoglobin
by purpurogallin were spectrophotometrically
pursued at 578 nm, after the addition of 20 ul of
100 mM purpurogallin (2.2 mg in 0.1 ml dimethyl
sulfoxide) to 2 ml solution of oxyhemoglobin or
methemoglobin, in the place of pyrogallol. Every
oxidation rate and reduction rate was calculated
by dividing the optical density change at 578 nm/
minute with 15.3, the millimolar extinction of

oxyhemoglobin at 578 nm (Van Assendelft and
Zijlstra 1975). The experiments under anaerobic
conditions were performed in a Thunberg type
quartz-cell, as described previously (Tomoda et
al. 1986b). The oxidation of deoxyhemoglobin
was spectrophoto-metrically pursued at 630 nm at
25°C.

Oxidation of intracellular hemoglobin by pyro-
gallol and metabolism of pyrogallol by human
erythrocytes

Washed erythrocytes were suspended in 0.9
% NaCl solution to make the hematocrit value
15%, and were preincubated at 37°C for 5 min-
utes. Then, 50 mM pyrogallol solution prepared
just before use, was added drop by drop to 40 ml
erythrocyte suspension to make a final concentra-
tion of 5 mM. The cell suspension was incubated
at 37°C for 2 hours. For the analysis of oxidation
of erythrocytic hemoglobin by pyrogallol, 50 ul
samples were taken out at constant intervals and
then added in 3 ml ice-cold distilled water. Each
hemolysate was applied to a Sephadex G-25 (fine)
column (0.5 cmx8 cm) previously equilibrated
with 20 mM potassium phosphate buffer (pH 7.0),
and the red colored portion including hemoglobin
was collected. This eluate was diluted with 20
mM potassium phosphate buffer to reach a final
volume of 2 ml and was subjected to measure-
ment of absorption spectra between 500 nm and
650 nm.

For the analysis of the metabolite of pyrogal-
lol during the reaction with human erythrocytes,
2-ml sample each was taken out from the erythro-
cyte suspension at constant intervals (10 minutes,
30 minutes, 60 minutes and 120 minutes after
the addition of pyrogallol to erythrocyte suspen-
sion), and was immediately centrifuged at 10 000
gx1 minute. The supernatant (0.5 ml) was di-
luted with 1.5 ml methanol and was centrifuged at
10 000 gx15 minutes to remove the denatured
proteins. Then, the supernatant was subjected to
the measurement of absorption spectra between
200 nm and 600 nm. The sample obtained at 10
minutes was also applied to a thin layer chromat-
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ography.

In order to isolate the metabolites of pyro-
gallol in human erythrocytes, 10 ml sample at
10 minutes after the addition of pyrogallol was
separately collected from the erythrocyte suspen-
sion and was immediately centrifuged at 10 000
gx1 minute. Five ml supernatant was collected
and applied to a Sephadex LH-20 column (2 cmx
20 cm) previously equilibrated with 50% ethanol,
and then were eluted with 50% ethanol. About 10
ml solution of the main band with an orange color
was collected and evaporated to the powder. Ten
mg powder was used for analysis of the chemical
structure of the compound as described below.

Examination of physical properties of the me-
tabolite of pyrogallol

We examined the physical properties of the
orange-colored metabolite of pyrogallol, which
was produced during the reaction with human
erythrocytes. UV and IR spectra were recorded
on a Hitachi 2000 double beam spectrophotometer
and JASCO IR-700 spectrometer, respectively. 'H
and "C-NMR spectra were acquired at 300 MHz
and 76 MHz on JEOL JNM-ECP 300 FTNMR
spectrometer, respectively. The chemical shifts
(8) are listed in ppm against tetramethylsilane as
an internal standard, with the following abbrevia-
tions of multiplicity used; s=singlet, d=doublet.
APCI-mass spectrum was obtained with a Hitachi
M-1001 spectrometer. High-resolution mass
spectrum (FAB, negative, m-nitrobenzylalcohol
as a matrix) was recorded using a JEOL MS 700
mass spectrometer.

Metabolism of pyrogallol by crude oxyhemo-
globin

One hundred ul of 100 mM pyrogallol solu-
tion, which was prepared just before use, was
added to 2 ml solution of crude oxyhemoglobin
(2.4 mM in heme), which was previously incubat-
ed at 37°C for 10 minutes. The reaction mixture
was incubated at 37°C for 30 minutes, and then
was poured into 6 ml methanol in a glass tube.
After mixing well, the sample was centrifuged at

10 000xg for 15 minutes to remove the denatured
hemoglobin. The supernatant was applied to a
thin layer chromatography.

Thin layer chromatography of the pyrogallol
metabolites

Thin layer chromatography of the sample
was performed in ascending systems (chloroform/
acetone/methanol, 1 : 2 : 1, by vol.) using a silica
gel plate.

RESULTS

Figs. 1 show the changes in absorbance at
578 nm during the oxidation of human oxyhemo-
globin or the reduction of human methemoglobin
by pyrogallol, in the presence or absence of
catalase, superoxide dismutase and Ps-inositol.
Human oxyhemoglobin was oxidized by pyrogal-
lol, and the oxidation rate was much accelerated
by Pg¢-inositol, but was extensively inhibited by
superoxide dismutase, catalase or superoxide
dismutase plus catalase (Fig. 1 A). The upper col-
umn of Table | shows the oxidation rate of oyx-
hemoglobin by pyrogallol. Consequently, the
inhibition of hemoglobin oxidation rate was 72%,
72%, and 89% of the control, in the presence of
superoxide dismutase, catalase and superoxide
dismutase plus catalase, respectively, indicating
that the contribution of superoxide and hydrogen
peroxide, which are produced during the reaction
of oxyhemoglobin with pyrogallol, to the oxida-
tion of oxyhemoglobin with pyrogallol is predom-
inant. We also found that deoxyhemoglobin was
not oxidized by pyrogallol (data not shown), sug-
gesting that oxygen is necessary for the oxidation
of hemoglobin by pyrogallol, and being consistent
with major contribution of active oxygens such as
superoxide and hydrogen peroxide to the reaction.

The reduction of human methemoglobin was
caused by pyrogallol (Fig. 1B). The rate of reduc-
tion of methemoglobin was comparable to that of
oxidation of oxyhemoglobin, and was much ac-
celerated in the presence of P¢-inositol. However,
it was extensively suppressed in the presence of
superoxide dismutase, catalase or superoxide dis-
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Fig. 1. Oxido-reductive reactions of purified human hemoglobin with pyrogallol.
(A). Oxidation of oxyhemoglobin by pyrogallol in the presence or absence of superoxide dismutase
(SOD), catalase, or Ps-inositol. (B). Reduction of methemoglobin by pyrogallol in the presence or
absence of catalase, superoxide dismutase, or Ps-inositol. O, control [, + catalase, ; A, + SOD; @,

SOD plus catalase; O, + Ps-inositol.

mutase plus catalase (the lower column of Table
). The inhibition of methemoglobin reduction
rate was 65%, 72% and 86% of the control, in the
presence of superoxide dismutase, catalase and
superoxide dismutase plus catalase, respectively,
indicating that the active oxygens such as super-
oxide and hydrogen peroxide play a role in the
reduction of methemoglobin by pyrogallol, and
that the reduction rate of methemoglobin in the
presence of superoxide plus catalase (14% of the

control) may be considered as the genuine reduc-
tion of methemoglobin by pyrogallol.

Fig. 2 shows the changes in absorption spec-
tra of the erythrocytic hemoglobin between 500
nm and 650 nm, after the addition of pyrogallol
to human erythrocyte suspension. The absorption
spectra changed with time, accompanying the
increase in absorbance at 630 nm and decrease
in absorbance at 578 nm with isobestic points at
522 nm and 586 nm, suggesting that intracellular
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TaBLE 1. The rate of oxido-reductive reactions of human hemoglobin with pyrogallol

Oxidation rate of oxyhemoglobin by pyrogallol («M heme/min)

Control
+ catalase
+ superoxide dismutase

+ catalase, superoxide dismutase

+ P-inositol

0.85
0.25
0.25
0.1

7.86

Reduction rate of methemoglobin by pyrogallol («M heme/min)

Control
+ catalase
+ superoxide dismutase

+ catalase, superoxide dismutase

+ P-inositol

0.92
0.33
0.26
0.13
6.5

2.0f

Absorbance
—
o

5

0 ]
500 550

600 650
Wavelength (nm)

Fig. 2. Oxidation of intracellular hemoglobin in human erythrocytes by pyrogallol. The changes in ab-
sorption spectra of human erythrocytic hemoglobin caused by the addition of pyrogallol to human
erythrocytes were measured between 500 nm and 650 nm.

hemoglobin was oxidized to methemoglobin by
pyrogallol. By further incubation of erythrocytes
with pyrogallol, the absorption spectra moved up-
ward, shifting out of the isobestic points (data not
shown), suggesting that denaturation of hemoglo-
bin began in the cells.

We studied the metabolism of pyrogallol by
human erythrocytes. Fig. 3 shows the changes
in absorption spectra of the supernatant of the
erythrocyte suspension collected at 10 minutes,
30 minutes, 60 minutes and 120 minutes after the
addition of pyrogallol. The absorption spectra of
the supernatant obtained at 10 minutes were quite
different from those of authentic pyrogallol (0
minute) and almost agreed with those of authentic
purpurogallin with a maximal absorbance at 320

nm in 10 mM potassium phosphate solution (pH
7.0). Since the millimolar extinction coefficient
of purpurogallin was estimated to be 32.2 at 320
nm in 10 mM potassium phosphate solution (pH
7.0), purpurogallin in the erythrocyte suspension
obtained at 10 minutes could be estimated 164 uM.

The absorption spectra of the sample at 30
minutes showed the decrease in absorbance at
320 nm without the change in absorbance at 400
nm. The sample at 60 minutes was characteristic
for its absorptional peak at 400 nm, which disap-
peared in the sample at 120 nm.

In order to identify the metabolic substances,
we purified the substance in the sample obtained
at 10 minutes by using a column of Sephadex
LH-20. There were two main bands including the
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Fig. 3. Metabolism of pyrogallol in human erythrocytes. The changes in absorption spectra of the
supernatant obtained after the addition of pyrogallol to human erythrocyte suspensions, were mea-
sured between 250 nm and 600 nm. The absorption spectra of 0 min sample show those of 1 mM
pyrogallol in 10 mM potassium phosphate solution (pH 7.0).

faster brown band and the slower orange band on
column chromatography. We collected the eluate
containing the orange band, and evaporated it to
powder. The powder was subjected to measure-
ment of NMR spectra. The results are summa-
rized in Table 2. Consequently, the APCI mass
spectrum of the orange-colored substance exhib-
ited a molecular ion peak at m/z 221 (MH"). 'H
NMR spectrum showed a singlet at $=6.90 ppm
and one three-spin system. "C DEPT measure-
ments indicated the presence of eleven carbons:
four different C-H carbons and seven different
quaternary carbons. This result was consistent
with a high-resolution FAB mass spectrometric
measurement of the [M—H], which confirmed the
exact elemental composition of the product to be
C1H;0s. IR spectrum showed the presence of
carbonyl and hydroxyl groups. From all these
results, the structure was unambiguously assigned

to be purpurogallin.

In order to confirm that the orange-colored
metabolite of pyrogallol produced by human
erythrocytes was purpurogallin and that purpuro-
gallin might be produced by the reaction of human
hemoglobin with pyrogallol, we studied the pat-
terns of thin layer chromatography of the samples
obtained by the reaction of pyrogallol with human
erythrocytes or with crude oxyhemoglobin. Fig.
4 shows the thin layer chromatographic patterns
of these samples, with authentic pyrogallol and
purpurogallin. It was found that the product of
pyrogallol with human erythrocytes or with hu-
man crude oxyhemoglobin was purpurogallin,
since its chromatographic mobility was in good
accordance with that of authentic purpurogallin.

Since we showed that purpurogallin was
produced during the oxidation of oxyhemoglobin
and reduction of methemoglobin by pyrogallol,

TaBLE 2. Data of APCI-MS, NMR and IR spectra of the sample

APCI-MS: m/z 221 (MH")

HRMS calculated for C; H,O, 219.0287, found 219.0305 (M — H)

'HNRM (300 MHz, DMSO-d,); 8 7.35 (d, 11.2 Hz, 1H), 7.08 (d, 9.3 Hz, 1H), 6.90 (s, 1H),

6.74 (dd, 11.2 and 9.3 Hz, 1H)

BCNMR (76 MHz, DMSO-d,): 6 182.3, 154.7, 151.8, 151.6, 134.8, 134.4, 133.1, 123.7,

116.6, 114.9, 110.3

IR(KBr): 3416, 3322, 1626, 1590, 1423, 1378, 1235, 1066, 1036, 1007, 845, 802 and 649 cm’
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Fig. 4. Thin layer chromatography of the samples obtained after incubation of human erythrocytes or

human crude oxyhemoglobin with pyrogallol.

TABLE 3. The rate of oxido-reductive reactions of human hemoglobin with
purpurogallin in comparison with that with pyrogallol

Oxidation rate of oxyhemoglobin by pyrogallol and purpurogallin (¢M heme/min)

Control

+ catalase, superoxide dismutase

pyrogallol purpurogallin
0.85 0
0.1 0

Reduction rate of methemoglobin by pyrogallol and purpurogallin (¢M heme/min)

Control
+ catalase, superoxide dismutase

pyrogallol purpurogallin
0.92 4.04
0.13 4.04

we examined whether purpurogallin may oxidize
oxyhemoglobin and reduce methemoglobin. As
shown in Table 3, purpurogallin did not oxidize
oxyhemoglobin in the presence or absence of
superoxide dismutase and catalase, however, it
reduced methemoglobin greatly. The reduction
rate of methemoglobin by purpurogallin (4.04
uM heme/minute) was about 31 times faster than
that by pyrogallol in the presence of superoxide
dismutase and catalase (0.13 uM heme/minute).

DiscussION

There are few descriptions on the detailed
oxido-reductive reactions of hemoglobin with
pyrogallol, though this compound has been used
for staining leather, treatment of psoriasis and

measurement of superoxide dismutase activity
(Gao et al. 1998). We found that purified human
oxyhemoglobin was oxidized and methemoglobin
was reduced by pyrogallol (Figs. 1 A and B, Table
1). Since these reactions were much suppressed
in the presence of superoxide dismutase and cata-
lase, it is conceivable that active oxygens such as
superoxide and hydrogen peroxide were involved
in these reactions. A plausible mechanism for the
oxidation of oxyhemoglobin by pyrogallol may
be proposed as the process shown in Scheme 1.
Namely, oxyhemoglobin will be oxidized by pyro-
gallol to ferric form producing hydrogen peroxide
(H,0,) as has been suggested for the mechanism
of oxyhemoglobin oxidation by some reductants
such as phenol and hydroquinone by Wallace and
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Scheme 1. Possible process of oxidation of human hemoglobin by pyrogallol

Caughey (1975). In this case, semiquinone form
of pyrogallol, which is shown easily to react with
oxygen to produce quinone form of pyrogallol
and superoxide (O, ), will be produced. H,O, and
O, , thus produced, oxidize ferrous hemoglobin
to ferric hemoglobin (Eyer et al. 1975; Sutton et
al. 1976). Therefore, the oxidation rate of oxyhe-
moglobin will be suppressed by scavenging these
active oxygens in the presence of superoxide dis-
mutase and catalase.

On the other hand, the reduction of methe-
moglobin by pyrogallol is complicated because
the reaction rate was extensively suppressed by
superoxide dismutase and catalase. However, we
found that purpurogallin, which is produced dur-
ing methemoglobin reduction by pyrogallol (Fig.
4), has strong activity of reducing methemoglo-
bin, i.e., purpurogallin reduced methemoglobin
much more rapidly in the absence of catalase and
superoxide dismtuase than pyrogallol in the pres-
ence of catalase and superoxide dismutase (Table
3). Taking account of the fact that pyrogallol re-
acts with O,  and H,0,, producing purpurogallin
(Gao et al. 1998), we propose the process shown
in Scheme 2 for the mechanism of methemoglo-
bin reduction by pyrogallol. Firstly, pyrogallol,
as an one electron reductant, will reduce methe-

OH

moglobin directly producing semiquinone form
of pyrogallol, which is further oxidized to the
quinone form of pyrogallol accompanying the
production of O,. Superoxide (O, ) is easily
converted to H,O, by dismutation, especially in
human erythrocytes, where superoxide dismutase
is abundantly present. These active oxygens will
induce the conversion of pyrogallol to purpuro-
gallin as described in (Gao et al. 1998). Thus, the
reduction rate of methemoglobin by pyrogallol
will be suppressed in the presence of superoxide
dismutase and catalase, due to extensive sup-
pression of the production of purpurogallin with
strong reducing capacity.

The effect of P¢-inositol on the oxidation and
reduction rates of hemoglobin with pyrogallol
may be explained by the conformational changes
in oxyhemoglobin and methemoglobin by this
organic phosphate, as suggested by Perutz et al.
(1974). Such acceleration of the reaction rates
caused by Ps-inositol has been indicated in the
oxido-reductive reactions of hemoglobin with
various oxidants and reductants (Tomoda et al.
1977b; Tomoda and Yoneyama 1979).

We found that pyrogallol was quickly
metabolized to orange-colored compound in hu-
man erythrocytes coupled with the oxidation of

HO. OH Hb(Fe***) Hb(Fe*™)
15 =

pyrogalto!

OH Q

6 OH Hb(Fe'H‘)
\
HO

semiquinone

Hb(Fe“’“)

Ho\©/OH
\

semiguinone Oy

OH Q H2O2 )

otj/o»-l

qulnone

pyrogaillo!

purpurogallin

Scheme 2. Possible process of reduction of human methemoglobin by pyrogallol
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pyrogallol quinone

o
OH

oH Q OH OH O
HO _oH HO
— sl
T’ Ho
COOH 0z
purpurogallin

tetrahydroxydipheno-o-quinone

Scheme 3. Possible process of pyrogallol metabolism to purpurogallin by human hemoglobin

intracellular hemoglobin. This compound was
identified as purpurogallin (Table 2 and Fig. 4).
We also found that purpurogallin was produced
by the reactions of pyrogallol with human oxy- or
methemoglobin (Fig. 4). The reaction mecha-
nism for pyrogallol metabolism due to human
hemoglobin will be explained by the promotion of
oxidation of pyrogallol by active oxygens such as
O, and H,0, which are produced in large quanti-
ties during the oxidation of oxyhemoglobin or
the reduction of methemoglobin with pyrogallol
(Figs. 1 A and B), because pyrogallol is demon-
strated to be oxidized to purpurogallin by O,
(Gao et al. 1998) or by H,0, at weak alkaline pH
(Critchlow et al. 1967). Thus, it is possible that
O, and H,O, produced by the reaction of oxy-
hemoglobin or methemoglobin with pyrogallol
may oxidize pyrogallol to quinone form, which
is postulated to be dimerized to purpurogallin via
tetrahydroxydipheno-o-quinone accompanying
the release of carbon dioxide, as Critchlow et al.
(1967) suggested. From these results, the reaction
of pyrogallol with human hemoglobin would be
proposed as Scheme 3.

Though it is well known that hemoglobin
acts as an oxygen carrier in human erythrocytes,
the contribution of this hemoprotein to drug me-
tabolism was not sufficiently recognized except
for several reports (Mieyal and Blumer, 1976;
Tomoda et al. 1977a; Ferraiolo et al. 1984).
Since drugs absorbed in the human body may be
primarily exposed to erythrocytes circulating in
the blood, before reaching the liver, where many

drugs are detoxified by cytochrome P-450, our re-
sults suggest that hemoglobin in erythrocytes may
play an important role in detoxifying some drugs,
such as pyrogallol. We previously showed that
o-aminophenol and its derivatives were metabo-
lized to phenoxazines in human erythrocytes or
by hemoglobin, and that these phenoxazines show
less adverse effects in vivo using mice (Mori et
al. 2000), which agrees with the results of Eckert
and Eyer (1983) that o-aminophenol does not ex-
hibit nephrotoxicity due to rapid formation of the
phenoxazines in dogs. Metabolism of drugs by
hemoglobin have been reported by some authors.
Namely, Kuihn et al. (1981) showed that hemoglo-
bin catalyzes the peroxidation reaction of linoleic
acid. Dealkylation of N-dimethylamine-N-oxide
and decarboxylation of DOPA by hemoglobin
were shown by Kiese et al. (1971) and Yamabe
and Lovenberg (1972), respectively. Erythrocytic
hemoglobin was reported to metabolize leu-
kotriene A, to leukotriene B, (Fitzpatrick et al.
1984). The present results also characterize the
role of human hemoglobin in drug metabolism.
Especially, since purpurogallin has recently found
as beneficial activities to protect cardiovascular
cells (Wu et al. 1996) by scavenging hydroxyl
radicals, the reseach of purpurogallin produced by
the reactions with human hemoglobin or human
erythrocytes may contribute to the elucidation of
the mechanism of action of purpurogallin, and
that of production of purpurogallin in the human
body.



Production of Purpurogallin by Human Erythrocytic Hemoglobin 329

Acknoedgments

We would like to thank Prof. J. Patrick Barron
of the International Medical Communication Center
of Tokyo Medical University for his kind correction
of the English manuscript. The present research was
supported by Ito Foundation.

References

Carrell, R. & Winterbourn, C.C. (1977) Hemoglobin-
a frustrated oxidase ? Implications for red cell
metabolism. Hemoglobin, 1, 815-827.

Critchlow, A., Haslam, E., Haworth, R.D., Tinker,
P.B. & Waldron, N.M. (1967) The oxidation of
some pyrogallol and purpurogallin derivatives.
Tetrahedron, 23, 2829-2847.

Eckert, K.G. & Eyer, P. (1983) Diffrences in the reac-
tions of isomeric ortho- and para-aminophenols
with hemoglobin. Biochem. Pharmacol., 32,
1019-1027.

Eyer, P., Hertle, H., Kiese, M. & Klein, G. (1975)
Kinetics of ferrihemoglobin formation by some
reagents, and the role of hydrogen peroxide.
Mol. Pharmacol., 11, 326-334.

Ferraiolo, B.L., Onady, G.M. & Mieyal, J.J. (1984)
Monooxygenase activity of human hemoglobin:
Role of quaternary structure in the preponderant
activity of the  subunits within the tetramer.
Biochem., 23, 5528-5534.

Fitzpatrick, F., Ligget, W., Mcgee, J., Bunting, S.,
Morton, D. & Samuelsson, B. (1984) Metabo-
lism of leukotriene A, by human erythrocytes.
A novel cellular source of leukotriene B,. J.
Biol. Chem., 259, 11403-11407.

Gao, R., Yuan, Z., Zhao, Z. & Gao, X. (1998) Mecha-
nism of pyrogallol autoxidation and determina-
tion of superoxide dismutase enzyme activity.
Bioelectrochem. Bioenerg., 45, 41-45.

Gao, S., Takano, T., Sada, K., He, J. & Noda, C.,
Hori-Tamura, N., Tomoda, A. & Yamamura, H.
(2002) A novel phenoxazine derivative sup-
presses surface IgM expression in DT40 B cell
line. Brit. J. Pharm., 137, 749-755.

Iwata, A., Yamaguchi, T., Sato, K., Izumi, R. &
Tomoda, A. (2003) Antiviral activity of
2-amino-4,4¢-dihydro-4a,7-dimethyl-3H-
phenoxazine-3-one on poliovirus. Tohoku J.
Exp. Med., 200, 161-165.

Kiese, M., Renner, G. & Schlaeger, R. (1971) Mecha-
nism of the autocatalytic formation of fer-
rihemoglobin by N,N-dimethlaniline-N-oxide.
Naunyn-Schmiedebergs, Archv. Exp. Pathol.

Pharmakol., 268, 247-263.

Koshibu-Koizumi, J., Akazawa, M., Twamoto, T.,
Takasaki, M., Mizuno, F., Kobayashi, R., Abe,
A., Tomoda, A., Hamatake, M. & Ishida, R.
(2002) Antitumor activity of a phenoxazine
compound, 2-amino-4,4¢-dihydro-4a,7-
dimethyl-3H-henoxazine-3-one against human
B cell and T cell lymphoblastoid cell lines: in-
duction of mixed types of cell death, apoptosis,
and necrosis. J. Cancer Res. Clin. Oncol., 128,
363-368.

Kiuhn, H., Gotze, R., Schewe, T. & Rapoport, S.M.
(1981) Quasi-lipoxygenase activity of haemo-
globin. Eur. J. Biochem., 120, 161-168.

Lu, A.Y.H., Kuntzman, R., West, S., Jacobson, M. &
Conney, A.H. (1972) Reconstituted liver micro-
somal enzyme system that hydroxylates drus,
other foreign compounds, and endogeneous
substrates, II. Role of the cytochrome P-450
and P-448 fractions in drug and steroid hydrox-
ylation. J. Biol. Chem., 247, 1727-1734.

Mieyal, J.J. & Blumer, J.L. (1976) Acceleration of
the autoxidation of human oxyhemoglobin by
aniline and its relation to hemoglobin-catalyzed
aniline hydroxylation. J. Biol. Chem., 251,
3342-3346.

Mori, H., Honda, K., Ishida, R., Nohira, T. & Tomoda,
A. (2000) Antitumor activity of 2-amino-4,4¢-
dihydro-4a,7-dimethyl-3H-phenoxazine-3-one
against Meth A tumor transplanted into BALB/c
mice. Anti-Cancer Drugs, 11, 653-657.

Omura, T. & Sato, R. (1964) The carbon monoxide-
binding pigment of liver microsomes. I.
Evidence for its hemoprotein nature. J. Biol.
Chem., 239, 2370-2376.

Perutz, ML.E,, Ladner, J.E., Simon, S.R. & Ho, C. (1974)
Influence of globin structure on the state of the
heme. I. Human deoxyhemoglobin. Biochemis-
try , 13, 163-2173.

Prasad, K. & Laxdal, V.A. (1994) Evaluation of
hydroxyl radical-scavenging property of purpu-
rogallin using high pressure liquid chromatog-
raphy. Mol. Cell. Biochem., 135, 153-158.

Shiga, T. & Imaizumi, K. (1973) Generation of phe-
noxy radicals by methemoglobin-hydrogen
peroxide studied by electron paramagnetic reso-
nance. Arch. Biochem. Biophys. 154, 540-547.

Shiga, T. & Imaizumi, K. (1975) Electron spin reso-
nance study on peroxidase- and oidase-reactions
of horse radish peroxidase and methemoglobin.
Arch. Biochem. Biophys., 167, 469-479.

Sugiyama, H., Fung, K.P. & Wu, T.W. (1993) Purpu-



330 K. Miyazaki et al.

rogallin as an antioxidant protector of human
erythrocytes against lysis of peroxyl radicals.
Life Sci., 53, 39-43.

Sutton, H.C., Roberts, P.B. & Winterbourn, C.C. (1976)
The rate of reaction of superoxide radical ion
with oxyhaemoglobin and methaemoglobin.
Biochem. J., 155, 503-510.

Tomoda, A., Yubisui, T., Ida, M., Kawachi, N. &
Yoneyama, Y. (1977a) Aniline hydroxylation
in the human red cells. Experientia, 33,
1276-1277.

Tomoda, A., Matsukawa, S., Takeshita, M. &
Yoneyama, Y. (1977b) Effect of inositol hexa-
phosphate on hemoglobin oxidation. Biochem.
Biophys. Res. Commun., 74, 1469-1474.

Tomoda, A. & Yoneyama, Y. (1979) On the relation-
ship of hemoglobin oxidation with the confor-
mation of hemoglobin. Experientia, 35, 2-3.

Tomoda, A., Shirasawa, E., Nagao, S., Minami, M. &
Yoneyama, Y. (1984) Involvement of oxidore-
ductive reactions of intracellular haemoglobin
in the metabolism of 3-hydroxyanthralinic
acid in human erythrocytes. Biochem. J., 222,
755-760.

Tomoda, A., Yamaguchi, J., Kojima, H., Amemiya, H.
& Yoneyama, Y. (1986a) Mechanism of o-ami-
nophenol metabolism in human erythrocytes.
FEBS Lett., 196, 44-48.

Tomoda, A., Shirasawa, E. & Yoneyama, Y. (1986b)
Reaction of oxy- and methemoglobinwith tryp-
tophan metabolites, 3-hydroxyanthranilic acid
and 3-hydroxy-kynurenine. Hemoglobin, 10,
333-348.

Tomoda, A., Hamashima, H., Arisawa, M., Kikuchi, T.,
Tezuka, Y. & Koshimura, S. (1992) Phenoxa-
zinone synthesis by human hemoglobin. Bio-
chim. Biophys. Acta, 1117, 306-314.

Van Assendelft, O.W. & Zijlstra, W.G. (1975) Extinc-
tion coefficients for use in equations for the
spectrophotometric analysis of haemoglobin
mixtures. Analytical Biochem, 69, 433-48.

Wallace, W.J. & Caughey, W.S. (1975) Mechanism
for the autoxidation of hemoglobin by phenols,
nitrite and “oxidant” drugs, peroxide formation
by one electron onation to bound dioxygen.
Biochem. Biophys. Res. Commun., 62, 561-567.

Wu, T.-W., Zeng, L.-H., Wu, J., Fung, K.-P., Weisel,
R.D., Hempel, A. & Camerman, N. (1996)
Molecular structure and antioxidant specific-
ity of purpurogallin in three types of human
cardiovascular cells. Biochem. Pharmacol., 52,
1073-1080.

Yamabe, H. & Lovenberg, W. (1972) Decarboxylation
of 3,4-dihydrophenylalanine by oxyhemoglo-
bin. Biochem. Biophys. Res. Commun., 47,
733-739.




