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Hemoproteins, hemoglobin and myoglobin, once released from
cells can cause severe oxidative damage as a consequence of heme
redox cycling between ferric and ferryl states that generates radical
species that induce lipid peroxidation.We demonstrate in vitro that
acetaminophen inhibits hemoprotein-induced lipid peroxidation by
reducing ferryl heme to its ferric state and quenching globin
radicals. Severe muscle injury (rhabdomyolysis) is accompanied by
the release of myoglobin that becomes deposited in the kidney,
causing renal injury. We previously showed in a rat model of
rhabdomyolysis that redox cycling between ferric and ferryl
myoglobin yields radical species that cause severe oxidative dam-
age to the kidney. In this model, acetaminophen at therapeutic
plasma concentrations significantly decreased oxidant injury in the
kidney, improved renal function, and reduced renal damage. These
findings also provide a hypothesis for potential therapeutic appli-
cations for acetaminophen in diseases involving hemoprotein-
mediated oxidative injury.
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The normal function of myoglobin (Mb) and hemoglobin (Hb) is
to transport oxygen and carbon dioxide. In pathologic con-

ditions in which these hemoproteins are released from the reducing
environment of cells, the ferrous heme can be oxidized to the ferric
state (FeIII), conferring peroxidase activity to the hemoproteins.
Thus, hemoproteins can reduce hydroperoxides, such as hydrogen
peroxide (H2O2) and lipid hydroperoxides (1–4), in a process that
furtheroxidizes thehemoprotein to the ferryl state (FeIV=O).Both
the protein radical and ferryl heme can generate lipid-based radical
species through abstraction of a lipid hydrogen atom (5). In the
absenceofantioxidants, these reactions can initiateoxidationof free
and phospholipid-esterified unsaturated fatty acids.
An accumulating body of evidence suggests that lipid perox-

idation catalyzed by these hemoproteins is responsible for the
oxidative injuries associated with rhabdomyolysis, subarachnoid
hemorrhage, anddisorders involving hemolysis. Thesepathologies
are associated with accumulation of hemoproteins in the kidney or
in the cerebral spinal fluid (CSF) followed by intense vaso-
constriction (6–8). It is postulated that the molecules responsible
for vasoconstriction are generated by the hemoprotein-catalyzed
oxidation of lipids (9).
The coupling of a peroxidase-generated radical to lipid oxi-

dation also occurs in the prostaglandin H2 synthases (PGHS). In
the PGHS-peroxidase site, reduction of a hydroperoxide yields a
ferryloxo protoporphyrin radical cation. Through intramolecular
electron transfer, the radical generates the tyrosine radical in the
PGHS-cyclooxygenase site that catalyzes oxygenation of arach-
idonic acid (AA). Acetaminophen (ApAP) inhibits the PGHS by
reducing the protoporphyrin radical cation, thereby blocking
formation of the catalytic tyrosyl radical (10–12). As hydro-

peroxides oxidize and ApAP reduces the porphyrin, it may be
appreciated that inhibition of the PGHS-cyclooxygenase by
ApAP is an inverse function of hydroperoxide concentration.
The analogy between the peroxidase catalytic cycle of PGHS

and the pseudoperoxidase activity of Mb and Hb led us to
hypothesize that ApAP would prevent the peroxide-driven lipid
peroxidation catalyzed by these hemoproteins. In this study we
demonstrate thatApAP inhibits the oxidationof freeAAcatalyzed
by Mb incubated with H2O2 in vitro. This action of ApAP results
from reduction of the high ferryl oxidation state ofMb to the ferric
state and prevention of the formation of the protein radicals.
Rhabdomyolysis is associated with extensive muscle injury that is

accompanied by the release ofMb into the circulation and secondary
renal failure (13–15). We have previously obtained compelling evi-
dence both in animals and in humans that rhabdomyolysis-induced
renal injury is causedby redox cyclingof thehememoiety ofMb (6, 8,
9, 16). We therefore also explored the ability of ApAP to inhibit
hemoprotein-induced oxidative damage in vivo, using a rat model of
rhabdomyolysis-induced renal injury.

Results
ApAP Inhibits AA Oxidation Catalyzed by Mb and Hemoglobin. We
studiedoxidationofunsaturated fattyacidsbyMbandHb inpresence
of H2O2 in vitro as a model for the in vivo hemoprotein-catalyzed
oxidation of lipids that causes oxidant injury.Wedetermined that the
increase in the oxidation of AA by Mb and Hb was dependent on
H2O2 concentration (Fig. 1A andC).Accordingly, we performed the
oxidation experiments in the presence of 5 μM H2O2, unless stated
otherwise. ApAP inhibits oxidation of AA catalyzed by Mb with
an IC50 of 2.25± 0.2 μM (n= 8) (Fig. 1B) and by Hb with an IC50 of
17.7 ± 2.5 μM (Fig. 1D). The IC50 of ApAP in these experimental
conditions is in the therapeutic range for humans (10–30 μg/mL; 67–
200 μM). Also, we tested the commonly used soluble antioxidants
ascorbic acid (vitamin C) and Trolox, a soluble analog of vitamin E
(Fig. S1). They inhibited the Mb-catalyzed oxidation reaction less
effectivelywith IC50 4-fold and 7-fold higher thanApAP, respectively
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(vitamin C, 8.95 ± 1.23 μM, n= 8; Trolox, 15.95 ± 1.31 μM, n= 6).
The differences between each IC50 are statistically significant (Stu-
dent’s t test; P < 0.005). ApAP is 6-fold less potent as an inhibitor of
the oxidation of AA when Mb is incubated in presence of 50 μM of
H2O2 (IC50= 13.5± 1.2 μM, n=4), thus exhibiting the same inverse
relationship of inhibitor potency to peroxide concentration observed
with the PGHS (10).

ApAP Reduces Ferryl Mb to Ferric Mb.Addition ofH2O2 to ferricMb
generates ferrylMb as shown by a shift in themaximum absorption
wavelength from 408 nm (ferric) to 425 nm (ferryl) (Fig. 2A).
Addition ofApAP to the solution of ferrylMb leads to reduction of
the heme from its ferryl to its ferric oxidation state in a pseudofirst
order time-dependentmanner (Fig. 2A andB). Thefinal spectrum
is a close match to the original high spin ferric spectrum (Fig. 2A),
with a small difference in peak height typical of a subpopulation of
the hemoprotein undergoing irreversible radical-induced damage.
The spectral shift is not due toApAP binding to the ferric heme, as
adding ApAP to ferric Mb does not change the spectrum.

Reduction of Ferryl Mb by ApAP Is Enhanced at Low pH. The pseu-
doperoxidase activity of Mb is increased in an acidic milieu (16).
As the pH may be reduced in pathophysiologic states associated
with Mb released from cells, the effect of pH on the reduction of
ferryl Mb by ApAP was evaluated. The pseudofirst order rate
constant for ApAP-induced ferryl reduction is plotted in Fig. 2C
(pH 5) and D (pH 7.4) as a function of ApAP concentration. At
pH 5 the rate constant for reduction of ferryl Mb by 1 mM ApAP
(1.7 × 10−1 s−1) is 14-fold greater than at pH 7.4 (1.2 × 10−2 s−1).

ApAP Quenches the Mb Protein Radical. Previous work has demon-
strated the effective use of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) immuno-spin trapping EPR and mass spectrometry to
identify the site of protein nitrone adduct formation at tyrosine-
103 of sperm whale Mb (17, 18). Similar experiments were per-
formed to examine the possible effects of ApAP on the formation
of the tyrosyl radical on horse heart Mb following addition of
H2O2. In the deconvoluted mass spectrum of Mb (Fig. 3A), the
average molecular weight (Mr) of 16,952.0 (Mr calculated =
16,951.5) is observed in addition to multiple sodium adducts (e.g.,
Mr = 16,971.0 and 16,996.0 vs. Mr calculated = 16,973.5 and
16,995.5). The deconvoluted electrospray ionization (ESI) mass
spectrum of the reaction mixture containing Mb plus H2O2 and
DMPO (Fig. 3B) reveals another peak (Mr = 17,063.0; Mr calcu-
lated = 17,062.5) corresponding to a single stable DMPO nitrone
adduct on the protein. In the presence of ApAP (Fig. 3C), the
DMPO peak is not observed, suggesting that the ApAP quenches
the radical formation faster than the DMPO adduct can be
formed. Control experiments in whichMb was reacted with H2O2,
DMPO, or ApAP did not show any evidence of adduct formation.
These controls demonstrate that adduct formation is dependent
on the presence of both H2O2 and DMPO.

ApAP Prevents Formation of Heme-to-Protein Cross-Links. Heme-to-
protein cross-linking (Mb-X) is a more cytotoxic form of Mb (19–
21) that is generated at low pH when Mb reacts with peroxide.
This form of Mb is found in the urine of patients with rhabdo-
myolysis (6–8). We analyzed the Mb and heme species by HPLC
before and after addition of H2O2 and after addition of ApAP
followed by H2O2. ApAP prevents both oxidative modifications
and Mb-X formation in vitro at concentrations of ApAP within
the therapeutic range in humans (Fig. S2). Mb, as analyzed by
HPLC at 400 nm, shows only one major peak due to heme (Fe-
protopophyrin-IX ∼15 min elution time). The chromatogram
following the reaction of Mb with peroxide in the presence of
ApAP is virtually identical to the lower trace, showing no sig-
nificant oxidative damage to the heme moiety. However, in the
absence of ApAP there is a decrease of the undamaged heme
peak of 35%, accompanied by the appearance of a series of oxi-
datively damaged hemes (5–12min) and the conversion of 21% of
the heme to Mb-X (19–26 min) (Fig. S3).

Visual Appearance of Kidneys. The appearance of the kidneys from
rats with rhabdomyolysis was markedly altered by treatment with
ApAP (Fig. 4). Rhabdomyolysis without ApAP treatment pro-
duced a generalized deep red to black discoloration of the kid-
neys. In rats treated with ApAP, rhabdomyolysis produced only
slight mottled discoloration of the kidneys.

Pretreatment With ApAP Inhibits Rhabdomyolysis-Induced Lipid
Peroxidation. The plasma concentration of ApAP achieved in
rats was 16 ± 5 μg/mL, which is within the therapeutic range in
humans (10–30 μg/mL). F2-isoprostanes (F2-IsoPs) are a well
substantiated biomarker for lipid peroxidation (22). The urinary
excretion of F2-IsoPs was markedly increased (mean 3.5-fold) in
the rhabdomyolysis group at 37.8 pg/mL Cr.Cl (pg/mL of crea-
tinine clearance) compared to the control group at 10.6 pg/mL
Cr.Cl (P < 0.001). Treatment with ApAP suppressed the mean
urinary excretion of F2-IsoPs in the rhabdomyolysis group (41%
reduction) from 37.8 to 22.4 pg/mL Cr.Cl (P < 0.005) (rhabdo vs.
rhabdo + ApAP, Fig. 5A). The rhabdomyolysis-induced increase
in plasma levels of F2-IsoPs is also significantly attenuated by
ApAP from 163 pg/mL (rhabdomyolysis alone) to 93 pg/mL
(rhabdo + ApAP) (P = 0.015) (Fig. 5B).

Pretreatment With ApAP Reduces Rhabdomyolysis-Induced Renal
Failure. Following induction of rhabdomyolysis, there was a pro-
found reduction of creatinine clearance from1.07mL/min in control

BA Myoglobin Myoglobin

Hemoglobin HemoglobinC D

Fig. 1. Inhibition by ApAP of Mb- and Hb-induced oxidation of AA. (A)
Ferric Mb (10 μM) was incubated with 10 μM AA. The reaction was initiated
by adding H2O2 and proceeded for 3 h at 37 °C. The residual AA and the
products of oxidation were extracted and analyzed as described in Methods.
The oxidation is represented as nanomoles of AA oxidized by Mb in 3 h. Each
data point represents the average of six different values. (B) Ferric Mb (10
μM) was incubated with 10 μM AA and ApAP. The reaction was initiated by
adding 5 μM of H2O2 and proceeded for 3 h at 37 °C. The oxidation is rep-
resented as the percentage of AA oxidized by Mb in 3 h compared to the
control in which no ApAP is present. Each data point represents the average
of eight different values. (C) Ferric Hb (45 μM) was incubated with 10 μMAA.
The reaction was initiated by adding H2O2 and proceeded for 3 h at 37 °C.
The oxidation was analyzed as described above. Each data point represents
the average of six different values. (D) Ferric Hb (45 μM) was incubated with
10 μM AA and ApAP. The reaction was initiated by adding 30 μM of H2O2

and proceeded for 3 h at 37 °C. Each data point represents the average of six
different values.
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animals to 0.17 mL/min in the rhabdomyolysis group that did not
receiveApAP (P< 0.0001). Treatment withApAP significantly (P=
0.003) attenuated the decrease in creatinine clearance compared to
the untreated rhabdomyolysis group (0.71 mL/min vs. 0.17 mL/min)
(Fig. 5C). Treatment with ApAP had no effect on creatinine clear-
ance in control animals (1.26 vs. 1.07 mL/min, P value not sig-

nificant). Rhabdomyolysis produced the expected rise in plasma
creatinine (P< 0.0001). The increase in plasma creatinine produced
by rhabdomyolysis was significantly attenuated by treatment with
ApAP (P < 0.002), with creatinine rising in the ApAP-treated
rhabdomyolysis group to only 18.6% of the increase seen with
rhabdomyolysis plus vehicle (Fig. 5D).

Renal Changes Associated With Rhabdomyolysis and Effects of
Pretreatment With ApAP. Periodic acid-Schiff (PAS) staining
showed that compared with normal kidneys in control animals,
kidneys in the Rhabdo group had widespread abnormalities of
various types in proximal tubules, with necrosis, flattening of
epithelium, cloudy swelling of cells, loss of brush border, and
cellular debris and casts in the lumen, including yellowish pig-
mented casts (Fig. S4f). Kidneys in the Rhabdo + ApAP group
had similar changes but these were less marked, and there were
fewer pigmented casts (Fig. S4g). Measurement of one of the
representative changes, the proportion of tubules with an intact
brush border, showed that this proportion was 76 and 79% in two
control rats, 17 and 17% in two rats in the Rhabdo group, and 27
and 31% in two rats in the Rhabdo + ApAP group. Immuno-
histologic study showed no Mb in the kidneys of rats in the
control + ApAP group (Fig. S4a). Mb was detected in necrotic
tubular epithelium and in pigmented casts in the Rhabdo kidneys

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80

egnahc ecnabrosb A

Time (min)

[Acetaminophen) ( M)

s( yaced lyrref tnatsnoc eta
R

1-
) pH 7.4

0

0.004

0.008

0.010

0.012

0.014

0 200 400 600 800 1000 1200

0.002

0.006

pH 5.0

[Acetaminophen] ( M) µ µ

0

0.04

0.08

0.12

0.16

0.2

0 200 400 600 800 1000 1200

s( yaced lyrref tnatsnoc eta
R

1-
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

350       400       450        500       550        600       650       700

Ferric

After acetaminophen
addition to ferryl

Ferryl

ecnabrosbA

Wavelength (nm)

A B

C D

Fig. 2. Effect of ApAP on the state of
oxidation of Mb. (A) Transition from
ferric to ferryl Mb and its reduction by
ApAP were monitored by recording
visible spectra (350–650 nm). Ferryl Mb
was generated by incubating ferric Mb
(10 μM) with 17.5 μM H2O2 until there
was no more change at 425 nm (B). At
this time, ApAP (174 μM) was added
and spectra were recorded every 2 min.
The arrow indicates the time of addi-
tion of ApAP. (C and D) Effect of ApAP
on the rate constant of ferryl decay.
Ferryl Mb (10 μM) was reacted with
ApAP in sodium acetate (pH 5.0) (C) or
sodium phosphate (pH 7.4) (D). The
pseudofirst order rate constants for
reduction of ferryl to ferric Mb were
measured from the time course (425–
408 nm) and plotted as a function of
ApAP concentration. With no ApAP, the
rate constant for ferryl reduction is not
zero due to autoreduction, which is
more apparent at pH 5 than at pH 7.4.
The data are fitted to a double rec-
tangular hyperbola function (n = 3).
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Fig. 3. ApAP prevents the H2O2-dependent formation of DMPO adducts on
Mb residues. Ferric Mb (100 μM) was incubated with, without, or with dif-
ferent combinations of H2O2 (250 μM), DMPO (100 mM), and ApAP (1 mM).
After 2 h at 37 °C, the protein was analyzed by ESI mass spectrometry. The
resulting deconvoluted mass spectra are shown for Mb (A), Mb plus DMPO
and H2O2 (B), and Mb plus DMPO, H2O2, and ApAP (C). Mb + xNa+: peaks
corresponding to salt adducts resulting from addition of 1 or 2 sodium ions
per molecule of Mb.
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Normal Control 

Fig. 4. Visual examination of a representative kidney from a normal rat
(Left), a rat with rhabdomyolysis (Center), and a rat with rhabdomyolysis
treated with ApAP (Right).
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(Fig. S4b). In the Rhabdo + ApAP group, there was still Mb in
necrotic epithelium, but this was a little less widespread, and
fewer casts contained Mb (Fig. S4c).

Posttreatment With ApAP After Induction of Rhabdomyolysis
Improves Renal Function. Treatment with ApAP 2 and 22 h after
glycerol injection to induce rhabdomyolysis also was effective in
improving renal function (Fig. S5), with tubular changes com-

parable to those in theRhabdo+ApAPgrouponbothPASstaining
and immunoperoxidase study forMb and a comparable proportion
of tubules with brush border, 20 and 39% (Fig. S4 d and h).

Evidence That the Mechanism by Which ApAP Reduces Rhabdomyolysis-
Induced Renal Failure in Vivo Is by Inhibiting Mb Redox Cycling. Ferryl
Mb is required for the formationofMb-X.Therefore, the amountof
Mb-X formed reflects the extent of redox cycling between ferric and
ferryl Mb. Accordingly, inhibition of Mb redox cycling is accom-
panied by reduction in the formation ofMb-X.We have shown that
ApAP inhibits the formation of Mb-X in vitro (Fig. S3). To firmly
establish that the mechanism by which ApAP’s ability to reduce
rhabdomyolysis-induced renal failure in vivo is by inhibiting Mb
redox cycling we measured the urinary levels of Mb-X in untreated
rats with rhabdomyolysis and rats with rhabdomyolysis treated with
ApAP. In rats treated with ApAP the urinary levels of Mb-X were
reduced by ∼75% compared to untreated rats (P < 0.004) (Fig. 6).
The possibility that muscle injury is decreased by acet-

aminophen was not directly examined by measurement of crea-
tine kinase levels, but the observation that levels of myoglobin
deposited in the kidney showed little difference between the
treatment groups (Fig. S4) suggests that muscle injury was not
significantly affected by acetaminophen. Moreover, the fact that
acetaminophen was protective, despite being given 2 h after the
initiation of muscle injury (Fig. S5), strongly supports our
hypothesis that acetaminophen works mainly by decreasing renal
injury through inhibition of redox cycling of the heme group
of myoglobin.

Discussion
We report that ApAP inhibits lipid peroxidation catalyzed by ferryl
Mband ferrylHb in vitro. The lowmicromolar IC50 for this inhibition
is within the range of concentrations resulting from clinical doses of
ApAP in humans. Efficacy in this range of drug concentration is
important as higher plasma concentrations of ApAP following over-
dose may lead to hepatic necrosis and renal damage in both humans
and laboratory animals (for review see refs. 23–26).WhenMbandHb
are released from their cellular environments, they undergo redox
cycling that engenders lipid peroxidation and its pathophysiological
consequences. This evidence that hemoprotein-induced lipid perox-
idation is inhibited by ApAP therefore provides a mechanistic basis
for therapeutic hypotheses.
Catalysis of lipid peroxidation by Hb and Mb is initiated by their

pseudoperoxidase activity in which a hydroperoxide is reduced. This
activity results in two-electron oxidation of the hemoproteins, gen-
erating a ferryl heme and, by intramolecular electron transfer, a pro-
tein radical. The ferryl heme and protein radical catalyze lipid
peroxidation(5).Lipidhydroperoxidesalso feed the ferric/ferryl redox
cycle of the hemoprotein, thus generating more ferryl heme (27, 28).
The two-electron oxidation of Mb by peroxide yields ferryl heme

and, if reacting with the ferric form of the protein, a protein-based
radical. We demonstrate that ApAP reduces ferryl Mb to its ferric
state, a one-electron reducing step. The kinetic profile of ApAP
reduction of Mb (Fig. 2 C and D) is consistent with the kinetic
profiles of other reductants of ferryl Mb such as ascorbate (29). The
concentration dependence of ferryl formation follows a double
rectangular hyperbola function indicative of a two-site mechanism
of reduction, readily seen at pH 7.4 but still observable at pH 5.One
pathway is through direct electron transfer between the reductant
andhemebyaccess to thehemepocket and the secondpathway is via
an electron transfer pathway involving a tyrosine redox intermediate
(29, 30). This protein electron transfer pathway, present in human
Mb and the α-subunit of human Hb, allows rapid reduction of the
ferryl heme at low concentrations of reductant (30). In addition to
reduction of ferryl Hb, we show that in the presence of ApAP the
peroxidase catalytic activity does not generate the globin radical that
can be trapped by DMPO. In horse heart Mb, Tyr103 and Trp14
have been identified as the sites of the phenoxyl radical trapped by

D

Fig. 5. Effect of treatment with ApAP on oxidative injury (A and B) and on
kidney function (C and D) in normal rats (controls), in normal rats treated
with ApAP (control + ApAP), in rats with rhabdomyolysis (Rhabdo), and in
rats with rhabdomyolysis treated with ApAP (Rhabdo + ApAP). (A) Urinary
excretion of F2-IsoPs. **, P < 0.0001 for Rhabdo vs. controls; *, P < 0.005 for
Rhabdo + ApAP vs. controls. The bracket indicates that ApAP significantly
reduced urinary F2-IsoPs compared with Rhabdo alone (P = 0.015) (n ≥ 6 in
each group). (B) Plasma levels of F2-IsoPs. **, P = 0.0002 for Rhabdo vs.
controls. The bracket denotes a significant difference (P = 0.01) between
Rhabdo + ApAP and Rhabdo, and NS denotes no significant difference from
controls (n ≥ 6 in each group). (C) Creatinine clearance. **, P < 0.0001 for
Rhabdo vs. controls; *, P = 0.012 for Rhabdo + ApAP vs. controls; NS denotes
no significant difference from controls (n ≥ 6 in each group). (D) Plasma
levels of creatinine. **, P < 0.0001 for Rhabdo vs. controls; *, P = 0.0002 for
Rhabdo + ApAP vs. controls (n ≥ 6 in each group).

Rhabdo Rhabdo + ApAP
0.0

0.5

1.0

1.5

2.0

*

Fig. 6. ApAP inhibits the formation of the hemoprotein cross-links in urine
from rats with rhabdomyolysis. The amount of cross-linked hemoprotein in
urine from rats with rhabdomyolysis (Rhabdo) and with rhabdomyolysis
treated with ApAP (Rhabdo + ApAP) was determined by HPLC analysis as
described in Methods. Chromatograms were measured at 400 nm as shown
in Fig. S3. The peak corresponding to the cross-linked Mb at 19 min was
integrated and the concentration was determined. The values represent the
means ± SEM (n ≥ 5 in each group). An unpaired double-tailed Student’s t
test was performed after having verified the normal distribution using the
D’Agostino and Pearson omnibus normality test.
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DMPO (17), whereas in humanHbCys93 of the β-chain and Tyr24,
Tyr42, and His of the α-chain have been identified as radical sites
where DMPO forms adducts (31). Prevention of the formation of a
protein–DMPO adduct is likely to arise from rapid sequestration of
the protein-based radicals by ApAP, preventing propagation to
othermolecules such asDMPOor lipids. Therefore, thenet effect of
reducing both the ferryl heme and the globin radical provides a basis
for theobserved inhibition byApAPofMb-catalyzedoxygenationof
AA. The consequence of reduction of the ferryl heme iron and the
protein radical is theone-electronoxidationof twoApApmolecules.
It has recently been reported that oxidation of ApAP by meth-
emoglobin forms a semiquinone imine radical species that rapidly
dimerizes (32). Therefore, the oxidation of ApAP provides a safe
pathway for removal of Mb protein radicals and ferryl heme iron,
initially through the formation of another radical species, but one
that rapidly dissipates through a self-termination reaction.
We also demonstrate that ApAP inhibits formation of the oxida-

tively modified form of Mb in which the heme is covalently cross-
linked to the apoprotein (Mb-X) (33). This finding is congruent with
the evidence that ApAP sequesters the protein radical and removes
the ferryl species through reduction as both ferryl heme and radical
are requirements for Mb-X formation (34). Mb-X is a more potent
catalyst of lipidperoxidation than is the ferrylMb itself (19) andMb-X
alsocatalyzes reactions that cangenerate toxicoxygen species (18, 19).
Thus lipid peroxidation that results from reaction of a hydroperoxide
withMb is likely the sum of that induced by the higher oxidative state
of Mb itself plus that catalyzed by the smaller amounts of the more
potent Mb-X. The identification of heme-to-protein cross-linked Hb
in the cerebrospinal fluid of patients with subarachnoid hemorrhage
and Mb-X in the urine of patients with rhabdomyolysis places the
formation of this cross-linked form of respiratory hemoproteins in a
pathophysiologic context (8).
Lipid peroxidation by hydroperoxide-catalyzed oxidation ofMb

is accelerated by reducing the pH, likely due to the protonation of
the oxoferryl heme. The protonated formof the ferryl heme (FeIV-
OH−) is equivalent to the ferric species plus a radical released
either as a hydroxyl radical (OH•) or as a porphyrin/protein radical
(16, 35). As such, it is the instability of this species that gives
enhanced peroxidatic activity (36). The formation of Mb-X also
proceeds at an accelerated rate at a lower pH values (34).We have
demonstrated that ApAP is even more potent in reducing the
ferryl heme at lowered pH. This pH effect is important in con-
siderations of the potential of ApAP to inhibit lipid peroxidation
clinically, as some pathophysiologic states, such as myocardial
ischemia, are associated with reduced pH.
Hemoprotein-induced lipid peroxidation has been implicated in a

numberofpathophysiologicprocesses.Degradationofhemoproteins
by induction of heme oxygenase is known to prevent kidney failure in
the rat model of rhabdomyolysis (37), and the high levels of Mb
accumulating in the kidney are known to produce lipid peroxidation
in that target organwith formation of the potent vasoconstrictors, F2-
IsoPs (9).That the renal failure associatedwith rhabdomyolysis is due
in part to the lipid peroxidation is further suggested by the attenu-
ation of renal failure by alkalinization (9), by inhibitors of lipid per-
oxidation (38), and by a thromboxane A2 receptor antagonist that
blocks F2-IsoPs vasoconstriction (39). Further support for this
hypothesis is the present evidence that ApAP inhibits lipid perox-
idation and improves renal failure in a rat model of rhabdomyolysis,
with a reduction in the amount of structural renal damage, such as in
the extent of loss of proximal tubular brush border. This effect was
seen when ApAP was given before induction of rhabdomyolysis and
when given only after rhabdomyolysis. These findings provide proof
of the concept that the inhibition of lipid peroxidation by ApAP can
alter a hemoprotein-induced pathophysiologic process in vivo.
Potentially, many compounds that are peroxidase substrates

(40, 41) may exert similar effects to those of ApAP. However,
ApAP is the only one available for human use, to our knowledge,
which has this potencywithin its range of safety. Clearly,ApAP can

be considered a lead compound for the development of other
compounds with a higher therapeutic index that reduce the ferryl
heme to its ferric state.
Mb-induced lipid peroxidation has been proposed as a contrib-

utor to themyocardial injury that results from ischemia (with its low
pH) followed by reperfusion (1, 42). Indeed, lipid peroxidation has
been demonstrated following coronary reperfusion in human
myocardial ischemia (43). In this context, our findings provide a
basis for a hypothesis that ApAP could produce therapeutic benefit
in clinical myocardial ischemia/reperfusion, a hypothesis also sup-
ported by evidence that lipid peroxidation andmyocardial injury are
attenuated by ApAP in experimental animal models (44, 45).
Lipid peroxidation catalyzed by Hb also has been associated with

several other disease entities, including subarachnoid hemorrhage,
Plasmodium falciparum malaria, and the pulmonary crisis of sickle
cell disease. In subarachnoid hemorrhage, F2-IsoPs are increased in
the cerebrospinal fluid with the peak levels concurrent with the time
of maximum vasospasm (46). Many of the F2-IsoPs are potent cer-
ebral vasoconstrictors (39), providing a basis for a hypothesis that
formation of these vasoconstrictors by Hb-catalyzed lipid perox-
idation contributes to the vasospasm that leads to delayed ischemic
neurological injury in this condition. InhibitionofF2-IsoPs formation
by ApAP could provide an approach to testing this hypothesis.

Methods
Detailed protocols are provided in SI Methods.

Inhibition by ApAP of Mb-Induced Oxidation of AA. Ferric Mb was incubated at
37 °C with [14C]AA. The reaction was initiated with the addition of H2O2 and
proceeded for 3 h. Radioactive products of the reaction were quantified as
described in SI Methods. Control experiments for each drug concentration
consisted of doing the same experiment with the exception that Mb was
omitted from the tube. The radioactivity associated with products of oxi-
dation of [14C]AA incubated without Mb (background oxidation) was sub-
tracted from each value obtained in presence of Mb in the same conditions.

Effect of ApAP on the Visible Spectra of Ferryl Mb. H2O2 (17.4 μM) was reacted
with ferric Mb (10 μM) in 25 mM sodium phosphate buffer (pH 7.4) for 20
min. Catalase was then added (10 nM) to remove excess peroxide and ApAP
(174 μM final) was added and the absorbance spectrum recorded every 2 min
until the reaction was complete.

Determination of the Rate Constant of Ferryl Mb Decay. Ferryl Mb was gen-
erated by adding a stoichiometric amount of H2O2 to ferric Mb. Following the
formation of ferryl Mb, catalase was added to the reactionmixture to remove
unreactedperoxide.ApAPwasadded ineither 0.1Msodiumphosphatebuffer
(pH 7.4) or 0.1 M sodium acetate buffer (pH 5.0) in a 1:1 volume ratio. The
decay of ferryl Mb was followed optically (425–408 nm). The rate constant of
ferryl decay was calculated by fitting the time courses to a single exponential
function, using the least-squares method (SI Methods).

Measurement of Heme-to-Protein Cross-Linking by Reverse Phase HPLC Analysis.
Concentrations of Mb-X were determined by analyzing samples by reverse
phase HPLC (SI Methods). Mb-X amounts were determined from the integral
of the peak area at 400 nm between 19 and 25min as described in SI Methods.

Analysis of Formation of DMPO Adducts on Mb Residues. The following sam-
ples were prepared: Mb, Mb with DMPO, Mb with H2O2, Mb with ApAP, Mb
with DMPO and H2O2, and Mb with DMPO, H2O2, and ApAP. After incuba-
tion for 2 h at 37 °C, the samples were analyzed by ESI-mass spectrometry
(MS) as described in SI Methods.

Inhibition by ApAP of Hb-Induced Oxidation of AA. Human ferric Hb was
incubated at 37 °C with AA (SI Methods). The reaction was carried out and
analyzed as described for Mb except that the H2O2 concentration was 30 μM.
When indicated,ApAPwas addedat the same timeasAA,beforeaddingH2O2.

Animal Experiments. For detailed protocol see SI Methods. Animal experiments
were conducted according to United Kingdom Home Office guidelines. Male
Sprague–Dawley rats were maintained on a standard diet, with a light and dark
cycle of 12 h, at a temperature of 19–23 °C. Rats were placed individually in
polycarbonate metabolic cages with free access to food and water.
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Fourgroupsofanimalswerestudied:control rats treatedwithsaline (controls,
n = 10), control rats treated with ApAP (control + ApAP, n = 6), rhabomyolysis-
induced rats treated with saline (Rhabdo, n = 10), and rhabdomyolysis-induced
rats treated with ApAP (Rhabdo + APAP, n = 6). ApAP or saline was injected at
100mg/kg i.p. at 20 and 2 h before and at 4 and 22h following injection of 50%
glycerol or at the equivalent times for controls. Rhabdomyolysis was induced by
intramuscular injection of glycerol as previously described (9).

A 24-h urine sample was collected before induction of rhabdomyolysis and
at 24 h after injection. One animal in the control group was excluded from
analysis of creatinine clearance because of incomplete collection of urine.
Animals were killed 24 h postinduction of rhabdomyolysis. Blood samples
were collected. Plasma and serum were stored at −80 °C until analysis.

Extraction and Measurement of F2-IsoPs. F2-IsoPs in urine and plasma were
extracted and quantified by stable isotope dilution mass spectrometric assay
as previously described (27). Urinary excretion of F2-IsoPs was normalized to
creatinine clearance (SI Methods).

Pathology. Kidneys were stained by PAS to show structural abnormalities and
by an immunoperoxidase method to detect Mb. Morphometric assessment of
the amount of damage was made by a point counting method to determine
the proportion of proximal tubules with an intact brush border (SI Methods).

Statistics. Intergroup comparisons were done using the two-tailed Mann–
Whitney test and were considered significant when P < 0.05. Where mean
values are reported, the SEM is also indicated.
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