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SUMMARY
The reaction of oxyhemoglobmn wi� phenylhydrazine has re-

ceived considerable attention for many decades. The basis for
this interest stems from the ability of phenylhydrazine and hydra-
zine-based drugs to induce hemolytic anemia. Considerable evi-
dence obtained from in vitro ESR experiments implicates free
radicals in the events leading to red blood cell hemolysis. How-

ever, until this report, no corroborating ESR evidence for in vivo
free radical formation has been presented. We have successfully

employed ESR to detect the formation of a radical adduct in the
blood of rats which received an intragastric dose of phenylhydra-

zine followed by an intraperitoneal injection of the spin trap 5,5-
dimethyl-1 -pyrroline N-oxide (DMPO). An immobilized radical ad-
duct was detected by ESR when phenylhydrazine was adminis-
tered in a dosage comparable to that prescribed for currently
employed hydrazine-based drugs. We were also able to detect
this immobilized DMPO adduct when hydrazine was employed
In place of phenylhydrazine in the rat studies. The results of a

series of experiments led us to ascribe this DMPO radical adduct
to the trapping of a hemoglobin-derived thiyl free radical.

For more than 100 years the reaction of phenylhydrazine

with RBCs has been receiving attention (1-28). This reaction

has been shown to induce the oxidative denaturation of hemo-

globin. When such denaturation takes place in the RBC, the

intracellular aggregates of denatured hemoglobin are called

Heinz bodies (1, 15, 24). Their formation initiates a series of

processes leading to premature destruction of the cell and

resulting in hemolytic anemia. The tendency of a wide variety

of hydrazine derivatives used in medicine, agriculture, and

industry to induce hemolytic anemia has intensified research

efforts in the last 15 years to unravel the mechanistic aspects

of this toxicity (4-28).

The deleterious effects ofphenylhydrazine on RBCs had long

been hypothesized as being due to intracellular free radical

formation. However, no direct evidence of radical formation

was obtained until 1979 when Goldberg et al. (9) detected the

superoxide anion radical in frozen samples of phenylhydrazine

and hemoglobin. Subsequent to this work, the phenyl radical

was detected via ESR spin-trapping techniques in mixtures of

phenylhydrazine with oxyhemoglobin (10, 14, 20) or RBCs (10,

16, 20). Unequivocal identification ofthis phenyl radical adduct

of DMPO was achieved by mass spectral analysis of the purified

adduct (10). The phenyl radical derived from this reaction has

also been shown to attack the heme moiety at the iron (14).

More recently, Smith and Maples (23) used direct, fast-flow

ESR to detect the phenylhydrazyl radical produced when phen-

ylhydrazine reacts with oxyhemoglobin.

Although free radical formation due to the reaction of phen-

ylhydrazine with RBCs has been established in vitro, analogous

ESR spectroscopic evidence for in vivo radical formation has

not yet been reported. Based on the recent success in this

laboratory (29) and others (30-35) of applying the spin-trap-

ping technique to detect free radical metabolite formation in

vivo, and encouraged by the apparent stability of the phenyl

radical adduct of DMPO (10), we decided to apply this ESR

technique to study the in vivo reaction of phenylhydrazine with

blood. We were able to demonstrate that, indeed, free radicals

are formed in rats treated with phenylhydrazine. Direct exam-

ination of blood samples from DMPO/phenylhydrazine-treated

rats with ESR revealed an immobilized nitroxide spectrum. We

were also able to detect this adduct in the blood of rats which

were dosed with hydrazine rather than phenylhydrazine. Our

studies show that this adduct is immobilized in the hemoglobin

protein and is most likely a DMPO/hemoglobin-derived thiyl

free radical adduct. When we extracted the blood with either

chloroform or a 2:1 chloroform/methanol solution, we could

also detect a weak signal from the DMPO/phenyl radical ad-

duct.

Materials and Methods

Phenylhydrazine hydrochloride, hydrazine hydrate, sodium dithio-

nite, chloroform, copper(II) sulfate, urea, EDTA, DTPA, guanidine

hydrochloride, iodoacetamide, maleimide, N-ethylmaleimide, rat he-
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moglobin, G-25 Sephadex gel, and G-75 Sephadex gel were purchased

from Sigma. DMPO was purchased from Sigma and vacuum distilled

prior to use.
The ESR spectra were obtained at room temperature using either a

Varian E-104 or a Varian Century series E-109 spectrometer operating

at 9.5 GHz with a 100-kHz modulation frequency. All samples were
transferred to a quartz flat cell, which was then centered in a TM110

microwave cavity for analysis. ESR spectral simulations were per-
formed using an HP 9000-236 computer.

Rat blood was obtained from sacrificed animals via heart puncture.

The blood was centrifuged at 3000 x g for 5 mm at 0-5’ to pack the

RBCs. The supernatant blood plasma and buffy coat were removed;

then, the cells were washed three times with isotonic saline and

centrifuged at 3000 x g for 5 mm at 0-5� to repack the RBCs before

removal of each wash solution. The RBCs were then stored at 0-5’

until use.

Purified rat oxyhemoglobin was prepared using standard procedures

(14, 20, 36), as follows. Sigma rat hemoglobin was dissolved in isotonic

(pH 7.4) phosphate buffer. To this solution, 1 mg/mi of sodium dithi-

onite was added and the solution stirred for -5 mm. The resultant

deoxy- and oxyhemoglobin were then isolated from 1 ml of this solution

via gel exclusion chromatography at 0-5’ using a 2.5 X 50.0 cm column
of Sephadex G-25 gel preequilibrated with isotonic (pH 7.4) phosphate

buffer. The hemoglobin so obtained was then bubbled with oxygen to

convert deoxyhemoglobin to oxyhemoglobin. The concentration of

oxyhemoglobin was measured spectroscopically using a Hewlett-Pack-

ard 8451A Diode Array Spectrophotometer, based on an extinction

coefficient of 1.53 x iO� M’ cm� at 540 nm (6, 37). When necessary,

this solution was concentrated using Spectrum Spectra/Con Concen-

trator water absorption fingers.
Adduct elution profiles were performed using a 2.5 x 50.0 cm column

of Sephadex G-75 gel equilibrated with isotonic (pH 7.4) phosphate

buffer at 0-5’. Before being applied to the column, the RBCs in the
adduct solution were lysed by equal admixture of deionized water. An

aliquot of this solution, -1 ml, was then applied to the column, and

the eluting fractions were analyzed by ESR for relative adduct concen-
tration and by visible spectroscopy for oxyhemoglobin concentrations.

In Vivo Studies
Anesthetized male Sprague-Dawley rats (195-643 g) were given 500

�tl/kg intraperitoneal injections of DMPO followed by intragastric
administration of either phenylhydrazine hydrochloride or hydrazine

hydrate in deionized water. The phenylhydrazine dosage ranged from

1 mg/kg up to its LDse value, 188 mg/kg (38); the hydrazine dosage
was 129 mg/kg. Blood samples were collected from the tip of the tail

of the rat at 15-mm intervals for the first hour following phenylhydra-
zine administration. At the end of 2 hr the rats were sacrificed using a

lethal dose ofpentobarbital, and blood was collected via heart puncture.

EDTA was added to all blood samples as an anticoagulant.

In Vitro Studies

RBC dilution effect. Packed RBCs were diluted with varying

amounts of isotonic (pH 7.4) phosphate buffer to yield a total volume

of 2 ml. To each solution, 40 z1 of 0.05 M DTPA (1 mM final concen-

tration) and 22 �sl DMPO (100 mM final concentration) were added

and mixed. The reaction was initiated by addition of 4 �zl of 0.5 M

phenylhydrazine (1 mM final concentration) and aliquots were exam-

med by ESR within 2 mm of mixing.
Protein denaturation effect. Phenylhydrazine (1 mM), DMPO

(100 mM), and DTPA (1 mM) in undiluted RBCs were added to either

solid urea (6 M) or guanidine hydrochloride (6 M, pH 7.4) and then

stirred. The ESR spectra of these solutions were obtained within 2 mm

of mixing. To serve as a blank for the guanidine hydrochloride experi-
ment, RBCs were also mixed with isotonic (pH 7.4) phosphate buffer

to an equivalent dilution and examined by ESR.
Purified rat oxyhemoglobin/phenylhydrazine studies. Pun-

fled rat oxyhemoglobin was mixed with DTPA (1 mM) and DMPO (100

mM). To this solution, phenylhydrazine was then added to yield an
oxyhemoglobin/phenylhydrazine concentration ratio of 20:1. This con-

centration ratio was essentially equal to that obtained using undiluted,
packed RBCs with 1 mM phenylhydrazine. Samples were analyzed by

ESR within 2 mm of mixing.

Thiol-blocking agents effect. Either iodoacetamide (10 mM),

maleimide (10 mM), or N-ethylmaleimide (10-100 mM) was mixed with

either purified rat oxyhemoglobin or RBCs for -10 mm at room

temperature. Following this incubation, DTPA, DMPO, and phenylhy-

drazine were added to the hemoglobin solution in the same manner as
in the Purified Rat Oxyhemoglobin/Phenylhydrazine experiments. For

some experiments involving RBCs, the excess thiol-blocking agent was

removed prior to addition of reagents by centnifugation (3000 X g for 5

min)-isotonic phosphate buffer wash cycles.

Adduct studies. The DMPO/phenyl adduct was prepared as fol-
lows. To a solution of copper(II) sulfate (10 �zM) and DMPO (100 mM)

in pH 7.4 phosphate buffer, phenylhydrazine (1 mM) was added with

stirring. Chloroform was then added and, following mixing, the aqueous

layer was discarded. The chloroform solution was washed with concen-

trated HC1 to convert any excess phenylhydrazine into its acid salt,
which was discarded with the acid wash solution. The resulting chlo-

rofonm solution was washed twice more with pH 7.4 phosphate buffer

to remove residual HC1 and then transferred into a clean, dry test tube.

Aliquots of this solution were evaporated dry using nitrogen gas to
yield the DMPO/phenyl radical adduct. This adduct was then dissolved
in either RBC solutions or phosphate buffer and examined by ESR.

Results

When we used ESR to examine blood collected 2 hr after the

administration of both phenylhydrazine and DMPO to the rat,

we obtained a six-line spectrum, due to an immobilized DMPO/

free radical adduct (Fig. 1A). This adduct could be detected

within 15 mm of dosing and the relative adduct concentration

continually increased over the 2-hr time frame. As evidenced

Me.J’\�H

Me� N ��S-Hb

0#{149}

Fig. 1. A. The ESR spectrum obtained from the blood of a rat 2 hr after
being given 188 mg/kg phenylhydrazmne per os and 500 gl/kg DMPO
intraperitoneally. Instrumental conditions: 30 mW microwave power, 2.1
G modulation amplitude, 1 6 sec time constant, 5 x 10� receiver gain,
and 2 G/min scan rate. B. Same as in A, but the phenylhydrazine dosage
was 1 mg/kg and the receiver gain was 8 x 1 0�. C. Same as in A, but
the rat was given only DMPO and the receiver gain was 8 x 10�. In both
B and C the arrow marks the location of the small doublet due to the
presence of the ascorbate radical.
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in Fig. 1B, a phenylhydrazine dosage of only 1 mg/kg was

sufficient to yield this spectrum from blood samples. As shown

in Fig. 1C, administration of DMPO alone did not yield a

detectable adduct signal. The coupling constants for this ad-

duct, a� and a�, are 31.8 G and 9.5 G, as indicated in Fig. 1A.

In order to determine the site of the immobilized signal, we

first separated the RBCs from the blood plasma by centrifu-

gation and examined both fractions. Only the RBC fraction

evidenced this signal. We next lysed the RBCs with deionized

water and, following centrifugation, examined the stroma-free

solution fraction. If the immobilized radicals were within the

cell membrane itself, we would expect the signal intensity of

the stroma-free solution to be diminished compared to equally

diluted RBCs. However, no such diminution of signal intensity

was found. This implied that the primary site of immobilization

was within the cell. As the major protein component of RBCs

is hemoglobin, and since hemoglobin is involved in the reaction

with phenylhydrazine (1-28), this protein appeared to be a

likely candidate for the site of intracellular immobilization.

Therefore, in order to test this hypothesis, we first employed a

G-75 Sephadex molecular sieve to separate the various protein

components of RBCs and examined the eluting fractions for

oxyhemoglobin and immobilized adduct content. As illustrated

in Fig. 2, oxyhemoglobin eluted concurrently with the immo-

bilized adduct. Second, we reacted purified oxyhemoglobin with

phenylhydrazine, DMPO, and DTPA. We were able to detect

the immobilized adduct in Fig. 3, the spectrum of which is

equivalent to that obtained in vivo. To further test this hypoth-

esis, we examined the consequences of the addition of a protein

denaturation agent on the immobilized signal. As shown in Fig.

4B, addition of urea produced a spectrum of much lower signal

intensity which shows the presence of an almost freely rotating

DMPO adduct, as well as the immobilized adduct signal. How-

ever, when guanidine was employed to denature the protein,

Elufton Volume, mis

Fig. 2. Elution profile of Iysed RBCs from rats given 188 mg/kg phenylhydrazine per os and 500 �d/kg DMPO intraperitoneally. Eluting fractions
were analyzed by ESR for relative DMPO/hemoglobin thiyl free radical adduct concentration and by visible spectroscopy at 540 nm for oxyhemoglobin
concentration (A = DMPO/hemoglobin thiyl free radical adduct, #{149}= oxyhemoglobin). Instrumental conditions: 20 mW microwave power, 1 .67 G
modulation amplitude, 4 sec time constant, and 12.5 G/min scan rate.

Fig. 3. The ESR spectrum obtained from
a mixture of phenylhydrazine (20 SM),
DMPO (1 00 mM), DTPA (1 mM), and pu-
rifled rat oxyhemoglobin (1 mM). Instru-
mental conditions: 20 mW microwave
power, 0.33 G modulation amplitude, 2
sec time constant, and 12.5 G/min scan
rate.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


A

B

10

G.auu�1

C

Hb Thiyl Free Radical Formation due to Phenylhydrazine 347

the ESR signal shown in Fig. 4C showed evidence of only a

weak, freely rotating DMPO adduct. The diminution of the

amplitude of the fourth and sixth high field lines (M1 = -1 for

nitrogen) with respect to the other lines suggests that there

still exists a slight degree of immobilization. The ability of

these protein denaturation agents to affect the degree of im-

mobilization ofthe adduct supports the concept that this adduct

is indeed immobilized by an intracellular protein. Based on our

experiments, this protein is hemoglobin.

When Hill and Thornalley (10, 16, 20) and others (14)

examined the phenylhydrazine/oxyhemoglobin reaction, only

freely rotating DMPO/phenyl radical adducts were detected.

In their studies, Hill and Thornalley (10, 16, 20) employed 1%

suspensions of human RBCs in buffer, rather than essentially

undiluted RBC mixtures. When we repeated their experiment

Fig. 4. A. The ESA spectrum resulting from the addition of DTPA (1 mM),
DMPO (1 00 mM), and phenylhydrazine (1 mM) to undiluted rat RBCs.
Instrumental conditions: 20 mW microwave power, 1 .3 G modulation
amplitude, 2 sec time constant, 1 .6 x 10� receiver gain, and 12.5 G/min
scan rate. B. The spectrum resulting from the addition of urea (6 M) to

the mixture in A. Instrumental conditions: Same as in A, except the
receiver gain was 1 .25 x 1 0�. C. The spectrum resulting from the addition
of guanidine (6 M) to the mixture in A. Instrumental conditions: same as
in A, except the receiver gain was 3.2 x 1 0� and the modulation amplitude

was 0.67 G.

employing a 1% rat RBC solution, we obtained the freely

rotating phenyl radical adduct of DMPO (Table 1). However,

when we used undiluted rat RBCs, an immobilized spectrum

identical to the in vivo results was obtained. As shown in Fig.

5, we found that the concentration of the immobilized DMPO

adduct was dependent on the extent of dilution of the rat RBCs

prior to addition of phenylhydrazine and DMPO. Dilution of

the immobilized adduct samples with buffer did not affect the

degree of immobilization. Therefore, the ratio of DMPO to rat

RBCs must determine the concentration of the immobilized

radical adduct.

When we extracted solutions of immobilized or freely rotat-

ing radical adducts with either chloroform or a 2:1 chloroform/

methanol solution, we were able to detect DMPO/phenyl rad-

ical adduct signals in the chloroform fraction from all samples

(Table 1). The adduct signal intensity of the chloroform frac-

tions of both samples was only marginally improved by bub-

bling the solution with oxygen for 5 mm followed by purging

with nitrogen. The identical spectrum was also obtained by

chloroform extraction from aqueous solutions of the DMPO/

phenyl radical adduct prepared by oxidizing phenylhydrazine

with Cu2� (Table 1).

In order to test the hypothesis that the immobilized radical

was probably a DMPO/phenyl radical adduct trapped within

the hemoglobin protein, we added rat RBCs to a dry test tube

containing the DMPO/phenyl radical adduct (prepared from

Cu2�/phenylhydrazine/DMPO reaction mixtures). The result-

ing solution yielded the ESR spectrum in Fig. GB, which is

similar to that obtained following guanidine denaturation of

the immobilized adduct solutions (Fig. 4C), demonstrating that

the DMPO/phenyl radical adduct would not incorporate itself

within hemoglobin following formation. Thus, if the immobi-

lized signal were due to the immobilization of a DMPO/phenyl

radical adduct in hemoglobin, this immobilization would need

to occur before the adduct leaves the heme pocket.

To test whether the DMPO/phenyl radical adduct was indeed

the immobilized radical we detected in rat blood, we employed

hydrazine in place of phenylhydrazine in vivo. As shown in Fig.

7, hydrazine was able to induce the formation of the immobi-

lized adduct, albeit at a much lower concentration. Thus, this

TABLE 1

Hyperfine splitting constants of radical adducts

Hyperfine
spkttings

Source Structure

a05 aN

Source

Phenylhydrazine/DMPO/rat DMPO/. C6H5 24.5 16.0 Fig. 5F
RBCs

Phenylhydrazine/DMPO/ DMPO/. C6H5 24.4 1 5.8 Ref. 10
human ABCs

Chloroform extraction of blood DMPO/. C6H5 20.8 14.6 This work
from phenylhydrazine/
DMPO rats

Chloroform extraction from DMPO/. C6H5 20.7 14.6 This work
phenylhydrazine/DMPO/rat
ABCs

Chloroform extraction from DMPO/.C6H5 20.7 14.6 This work
phenylhydrazine/DMPO/
Cu2�

Benzene extraction from DMPO/. C6H5 19.2 13.8 Ref. 10
phenylhydrazine/DMPO/
Cu2�
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FIg. 6. A. The ESR spectrum resulting from the addition of phosphate
buffer to a test tube containing the purified DMPO/phenyl radical adduct.
Instrumental conditions: 20 mW microwave power, 0.67 G modulation
amplitude, 2 sec time constant, 3.2 x iO� receiver gain, and 1 2.5 G/min
scan rate. B. The ESA spectrum obtained from the addition of rat ABCs
to a test tube containing the purified DMPO/phenyl radical adduct.
Instrumental conditions: same as in A, except the receiver gain was 4.0
x io�.

Fig. 5. The effect of diluting rat ABCs
with isotonic (pH 7.4) phosphate buffer
prior to addition of DTPA (1 mM), DMPO
(1 00 mM), and phenylhydrazine (1 mM). A.

Undiluted ABCs. B. ABCs (50%) in buffer.
C. ABCs (25%) in buffer. D. ABCs (10%)
in buffer. E. ABCs (5%) in buffer F. ABCs
(1 %) in buffer. G. Only buffer, no ABCs.

H. Undiluted ABCs, DMPO, and DTPA,
no phenylhydrazine. Instrumental condi-
tions for A and B: 20 mW microwave
power, 0.67 G modulation amplitude, 2
sec time constant, 1 .0 x 10� receiver
gain, and 12.5 G/min scan rate. Instru-
mental conditions for C-E, G, and H:
Same as for A and B, except the receiver
gain was 1 .25 x 10�. Instrumental conds-
tions for F: 20 mW microwave power,
0.33 G modulation amplitude, 0.5 sec
time constant, 6.3 x iO� receiver gain,
and 12.5 G/min scan rate.

radical species is not an immobilized DMPO/phenyl radical

adduct.

Ofthe choices left for the identity ofthe radical which reacted

with DMPO to yield the immobilized signal, a hemoglobin-

derived free radical seemed the next likely candidate. Of the

amino acids which compose hemoglobin, cysteine is the most

easily oxidized. It is known that with the use of thiol-blocking

agents, e.g., iodoacetamide, maleimide, or N-ethylmaleimide,

the number of free sulfhydryl groups in a protein can be

markedly diminished (39, 40). Therefore, treatment of rat he-

moglobin with such agents should reduce the number of free

cysteine sulfhydryl groups. If cysteine is involved in the im-

mobilized adduct formation, such pretreatment of rat oxyhe-

moglobin prior to the addition of DMPO and phenylhydrazine

should reduce the relative immobilized adduct concentration.

As shown in Fig. 8, this was indeed the case. Pretreatment of

rat RBCs with either iodoacetamide (Fig. 8B), maleimide (Fig.

8C), or N-ethylmaleimide (Fig. 8D) markediy lowered the nor-

mal adduct concentration (Fig. 8A). Analogous results were

obtained when we used purified rat oxyhemoglobin in place of

RBCs in these experiments and when we removed the excess

thiol-blocking agent from the RBCs before the addition of the

other reagents.

Discussion

Although the formation of free radicals from the reaction of

phenylhydrazine with oxyhemoglobin has been demonstrated

in in vitro systems, this current study is the first to report

radical adduct formation in vivo. When we started this work,

we were concerned that any radical adduct (nitroxides) formed

in blood in vivo would be rapidly reduced by native reductants

such as ascorbate or glutathione and, thus, adduct levels might

never reach detectable levels. Apparently, the trapping of a
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Fig. 7. The ESA spectrum obtained
from the blood of a rat 2 hr after being
given 129 mg/kg hydrazine per os and
500 al/kg DMPO intrapentoneally. In-
strumental conditions: 20 mW micro-
wave power, 1 .67 G modulation ampli-
tude, 4 sec time constant, and 6.25 G/
mm scan rate.20

Gauss

A

B

C

20

G#{149}uss

(1)

(2)

Hb Thiyl Free Radical Formation due to Phenylhydrazine 349

D

� \�_� �

Fig. 8. The effect of pretreatment of rat ABCs with a thiol-blocking agent
prior to addition of DTPA, DMPO, and phenylhydrazine. A. No agent
added. B. lodoacetamide (1 0 mM) added. C. Maleimide (1 0 mM) added.
D. N-Ethylmaleimide (1 00 mM) added. Instrumental conditions: 20 mW
microwave power, 0.67 G modulation amplitude, 1 sec time constant,
and 12.5 G/min scan rate.

thiyl free radical by DMPO bound to rat hemoglobin protein

protected the adduct from reduction and allowed the achieve-

ment of very high radical adduct concentrations. Consequently,

even at phenylhydrazine dosages which approximate those

prescribed for hydrazine-derived pharmaceuticals (41, 42), we

were still able to detect this adduct in blood samples. This is

the first report of target macromolecule free radical formation

as a consequence of xenobiotic metabolism.

Our ability to detect the DMPO/phenyl radical adduct in the

chloroform fraction from in vivo blood extractions implies that

the rate of adduct formation must have been higher than the

rate of adduct decay. However, the weak signal intensity of

these extracts suggests that the reaction of the phenyl radical

with oxyhemoglobin is limiting the steady state concentration

of this adduct.

The reactions which lead to the formation of the detected

adducts are likely to involve

C6H.5NI�INH2 + HbFe(II)-O2 -* CGHO�NH2

+ HbFe(III)-02H

2C6H5NNH2 - C6H5N=NH + C6HONHNH2

C6H5N=NH + 02 -� C6H5N=N. + (H� + 02:) (3)

C6H5N=N . -� . C6H5 + N2 (4)

.C6H5 + DMPO -* DMPO/.C6H5 (5)

HbSH + R. -� HbS. + RH (6)

HbS. + DMPO -p DMPO/HbS. (7)

where R . could be any of the free radicals produced in the

reaction. The marked diminution of the DMPO/HbS . signal

in the blood of hydrazine-treated rats suggests that the phenyl

radical may make an important contribution to the thiol free

radical formation depicted in Eq. 6 following phenylhydrazine

administration. Apparently, at in vivo oxyhemoglobin concen-

trations, DMPO cannot successfully compete with oxyhemo-

globin for the phenyl radical, as indicated by Fig. 5. Thus, when

we employed 100% RBCs in vitro we detected the DMPO/thiyl

free radical adduct, not the DMPO/phenyl radical adduct ob-

tamed using 1% RBCs.

Although this study is the first to report the in vivo trapping

of a protein thiyl free radical, such reactions have already been

demonstrated in vitro. Graceffa (40) demonstrated, using

phenyl-N-t-butylnitrone, the trapping of thiyl radicals gener-

ated by the oxidation of bovine serum albumin and myosin by

Ce4� (40). As in our case, his adduct signals were immobilized,

and N-ethylmaleimide pretreatment of bovine serum albumin

prior to Ce4� oxidation decreased the resulting spectral inten-

sity.

Our tentative assignment of the immobilized radical adduct

to a DMPO/hemoglobin thiyl radical adduct is based on two

points. First, we have demonstrated that if the RBCs are

pretreated with sulfhydryl blocking reagents, the immobilized
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radical adduct concentration decreases. Thus, sulfhydryl groups

appear to be involved in the processes leading to this radical

adduct. Second, the site of immobilization was shown to be the

hemoglobin protein. Finally, we have eliminated the only rad-

ical adduct previously detected in vitro, the DMPO/phenyl

radical adduct, from being the species responsible for our im-

mobilized adduct signal. Admittedly, this assignment is indirect

and does not definitely establish the structure of this radical

adduct. However, based on our results, a DMPO/hemoglobin

thiyl radical adduct appears to be the most logical candidate

for the radical we have detected.

The application of the ESR spin-trapping technique to in

vivo metabolism has been limited to the study of halogenated

hydrocarbons (29-35). However, based on our results, the in

vivo spin-trapping technique appears to be very applicable to

the study of the metabolism of at least some other xenobiotics.

Clearly, the in vivo detection of proposed free radical metabo-

lites in intact animals is of crucial importance to the confir-

mation of the relevance of reaction mechanisms which are

based on in vitro studies.
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