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ABSTRACT N-acetyl-p-benzoquinone imine (NAPQI) has
been proposed as the toxic metabolite of acetaminophen for the
past 10 years, although it has never been detected as an enzy-
matic oxidation product of acetaminophen. We report (i) di-
rect detection of NAPQI formed as an oxidation product of
acetaminophen by cytochrome P-450 and cumene hydroperox-
ide and (it) indirect evidence that is compelling for NAPQI for-
mation from acetaminophen by cytochrome P-450, NADPH,
and NADPH-cytochrome P-450 reductase. Evidence is pro-
vided for the rapid reduction of NAPQI back to acetamino-
phen by NADPH and NADPH-cytochrome P-450 reductase
such that steady-state levels of NAPQI were below our detec-
tion limits of 6.7 X 10-8 M. In mouse liver microsomal incuba-
tions, radiolabeled analogs of both NAPQI and acetaminophen
bound covalently to microsomal protein with the loss of -20%
of the acetyl group as acetamide. The binding in each case was
decreased by glutathione with concomitant formation of 3-S-
glutathionylacetaminophen. The binding also was decreased
by L-ascorbic acid, NADPH, and NADH with reduction of
NAPQI to acetaminophen. Results of partitioning experiments
indicate that NAPQI is a major metabolite of acetaminophen,
a considerable fraction of which is rapidly reduced back to
acetaminophen.

The widely used analgesic-antipyretic drug acetaminophen is
known to cause serious liver necrosis at high doses in man
and experimental animals (1, 2). An electrophilic product of
cytochrome P-450 oxidation that depletes cellular glutathi-
one (GSH) and covalently binds to tissue macromolecules
has been implicated in this toxic reaction (3). Initially, the
formation of the arylating metabolite was believed to involve
N-oxidation of acetaminophen to N-hydroxyacetaminophen
followed by dehydration to N-acetyl-p-benzoquinone imine
(NAPQI) (4). However, subsequent kinetic studies and carri-
er pool trapping experiments in vitro (5, 6) and metabolism
studies of N-hydroxyacetaminophen in vivo (7) have shown
that if N-hydroxyacetaminophen is an intermediate, it must
decompose at the enzymatic site of hydroxylation.
Although it appears that N-hydroxyacetaminophen is not

significantly involved in acetaminophen toxicity, evidence
still favors NAPQI as an ultimate toxin. We recently synthe-
sized NAPQI in pure crystalline form, and studies have
shown this reactive quinoneimine to be highly toxic in mice
and to isolated hepatocytes (8). Other investigators, using
aqueous solutions of NAPQI generated either electrochemi-
cally (9) or by dehydration of N-hydroxyacetaminophen (7,
10, 11), have shown NAPQI to be an electrophile and an
oxidant. Similar properties were exhibited by stable benzene
solutions of chemically synthesized NAPQI (12).
We present in this report direct evidence for the formation

of NAPQI from acetaminophen in incubations of acetamino-

phen with cumene hydroperoxide (CHP) and hepatic cyto-
chrome P-450 purified from phenobarbital-pretreated rats.
Similar attempts to directly detect NAPQI in incubations of
acetaminophen with either purified P-450, NADPH, and
NADPH-cytochrome P-450 reductase, or with mouse liver
microsomes and an added NADPH regenerating system,
were unsuccessful. We provide evidence that the steady-
state concentrations of NAPQI are diminished below the de-
tection limits of our procedures (-7 x 10-8 M) through rapid
reduction of NAPQI back to acetaminophen by NADPH
and NADPH-cytochrome P-450 reductase. However, fur-
ther indirect evidence was provided for the formation of
NAPQI in these incubations by comparing the disposition of
radiolabeled derivatives of both synthetic NAPQI and acet-
aminophen.

MATERIALS AND METHODS
Materials. Materials and their sources were: acetamino-

phen, silver (I) oxide, Florisil, p-aminophenol, and L-ascor-
bic acid, from Aldrich; GSH, bovine serum albumin,
NADPH, NADH, NADP, glucose 6-phosphate, and glu-
cose-6-phosphate dehydrogenase, from Sigma; CHP and [1-
14C]acetic anhydride, from ICN, Plainview, NJ, and Irvine,
CA, respectively; [ring-U-14C]acetaminophen, from Path-
finder Laboratories, St. Louis, MO; Aquasol-2 scintillant,
from New England Nuclear; ultrapure dimethyl sulfoxide,
from Alfa Products, Danvers, MA; male BALB/c mice,
from Tyler Laboratories, Bellevue, WA; and butylated hy-
droxytoluene, from Nutritional Biochemicals. Chloroform
and all HPLC solvents were chromatography grade from
Burdick and Jackson. All aqueous buffers were passed
through a Chelex-100 ion-exchange column (Bio-Rad) to re-
move trace metal ion impurities. Hepatic cytochrome P-450
and NADPH-cytochrome P-450 reductase were purified
from phenobarbital-pretreated rats and assayed as described
elsewhere (13, 14). HPLC analyses were performed on a
component system consisting of a Waters Associates model
6000 A solvent delivery system and model U6K injector with
a 2-ml sample loop, with detection and column conditions as
described for the various assays. Liquid scintillation spec-
trometry was carried out on a Beckmann LS-7500 instru-
ment. NAPQI was synthesized as reported (8). The synthe-
ses of [acetyl-14C]NAPQI and [ring-1 C]NAPQI were identi-
cal except that [acetyl-1 C]acetaminophen (0.41 mCi/mmol;
1 Ci = 37 GBq) and [ring-14C]acetaminophen (0.20 mCi/
mmol) were used as reactants. Radiochemical purity of all
compounds was >98%, as determined by HPLC as de-
scribed in the legend to Fig. 1.

Incubation Conditions. Reactions of purified cytochrome
P-450 (0.5 ,uM), CHP (2.0 mM), and acetaminophen (0.5
mM) were conducted in 200 ,ul of sodium phosphate buffer
(0.05 M, pH 7.4) with shaking in a water bath at 37°C. HPLC

Abbreviations: NAPQI, N-acetyl-p-benzoquinone imine; CHP, cu-
mene hydroperoxide; EC, electrochemical; GSH, glutathione.
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analyses for steady-state levels of enzymatically generated
NAPQI were performed 6.0 min after reaction initiation. In
some experiments, CHP was replaced by varying concentra-
tions of purified rat liver NADPH-cytochrome P-450 reduc-
tase and NADPH or an NADPH regenerating system and 20
Ag of phosphatidylcholine per ml. The regenerating system
was added to attain final concentrations of 5 mM glucose 6-
phosphate, 1 mM NADP, and 3 mM MgCl2 along with 0.2
unit of glucose-6-phosphate dehydrogenase/200-1.l incuba-
tion volume. Incubations with mouse liver microsomes were
carried out as described (3) in a volume of 3 ml with 2 mg of
microsomal protein per ml. Concentrations of substrates and
other compounds were as described in the figure legends.

Assays. The electrochemical detection of NAPQI generat-
ed in purified rat liver cytochrome P-450 incubations of acet-
aminophen with CHP was carried out essentially by the
method of Miner and Kissinger (9). The reverse-phase
HPLC analysis was performed on 25-pl samples of the incu-
bations injected directly onto a ABondapak C18 column (3.9
mm x 30 cm) 6.0 min after reaction initiation. Details of the
assay are described in the legend to Fig. 1. The concentra-
tion of NAPQI generated from the P-450 oxidation of acet-
aminophen, as well as the determination of detection limits
(1.1 X 10-7 M NAPQI), were established by generating stan-
dard curves with NAPQI and calculating limits of detection
[CL(k=3)] as defined by IUPAC using the propagation of er-
rors approach (15).
CHP-supported incubations of [ring-"4C]-acetaminophen

(0.5 mM, 9.78 mCi/mmol) with purified rat liver cytochrome
P-450 were carried out as described above. Six minutes after
the incubations were started, 25-,ul samples were injected di-
rectly onto the HPLC. Details of the assay are described in
the legend to Fig. 1. The detection limit with this method was
calculated to be 6.7 x 10-8 M, as determined by the method
described above using [ring-14C]NAPQI standards.

Kinetics. All kinetic measurements were done at 25.0 +

0.20C with a Shimadzu UV 250 spectrophotometer. To a 1-
ml solution of NADPH (0.5 mM) in 0.1 M sodium phosphate
buffer (pH 7.4) in a cuvette was added a 10-,l solution of
NAPQI or p-benzoquinone in freshly distilled tetrahydrofu-
ran. The reaction of NADPH and NAPQI was followed by
monitoring the disappearance of NADPH at X = 340 nm. A
pseudo-first-order rate constant was determined at limiting
concentrations of NAPQI (0.05 mM) in the presence of ex-
cess NADPH (0.5 mM). Values were obtained from the least
squares slope of semilogarithmic plots of NADPH concen-
tration vs. time. Second-order rate constants for reactions of
NADPH with NAPQI and p-benzoquinone were determined
at 0.5 mM concentrations of both reactants.

Covalent Binding and Metabolite Determinations. [ring-
14C]-Acetaminophen (1.0 mM, 0.48 mCi/mmol), [ring-
14C]NAPQI (0.05 mM, 0.20 mCi/mmol), [acetyl-_4C]aceta-
minophen (1.0 mM, 0.41 mCi/mmol), or [acetyl-"4C]NAPQI
(0.05 mM, 0.21 mCi/mmol) was incubated with mouse liver
microsomes for 20 min in a shaking incubator at 37°C. Reac-
tions were terminated by the addition of 1.5 ml of ice-cold
acetone and centrifugation to separate the precipitated pro-
tein. Covalent binding determinations were carried out on
the isolated protein by published procedures (3). Metabolites
were assayed by injecting 75-,ul aliquots of the supernatant
fraction on a 5-,m Ultrasphere ODS column (4.6 mm x 25
cm) and elution with a solvent gradient from 5% to 30%
methanol over 12 min in 0.01 M KH2PO4 containing 1% ace-
tic acid (nonlinear program 10, Waters Associates model 660
solvent programmer). Retention times of standards by using
UV detection at 254 nm were: hydroquinone, 4.4 min; ben-
zoquinone, 9.1 min; acetaminophen, 12.4 min; and 3-S-glu-
tathionylacetaminophen, 15.5 min. Between injections the
column was flushed with 95% methanol. Fractions were col-
lected at 1-min intervals for 20 min in 10 ml of Aquasol-2

scintillant by using an LKB 2112 Redirac fraction collector.
Quantities of metabolites were then determined by the eluted
radioactivity. Acetamide was assayed as described (16).

RESULTS
NAPQI was detected by reductive electrochemical (EC)
methods as an oxidation product of acetaminophen in CHP-
supported incubations of cytochrome P-450 that was purified
from phenobarbital-treated rats. HPLC chromatograms of
incubations containing acetaminophen and CHP with cyto-
chrome P-450 showed only the presence of acetaminophen
and CHP by UV detection (Fig. 1A). Furthermore, NAPQI
was not observed by reductive EC detection in control incu-
bations in which cytochrome P-450 was omitted (Fig. 1B).
However, a peak was consistently observed by HPLC/EC
detection at the retention time of NAPQI in incubations of
acetaminophen and CHP containing cytochrome P-450 (Fig.
1C). The mean (±SD) NAPQI concentration in four com-
plete incubations was (2.6 ± 0.3) x 10-7 M. Benzoquinone,
a hydrolysis product of NAPQI, was also detected (retention
time, 6.2 min) in these incubations, but the high background
noise level surrounding this peak precluded its quantitation.

Similarly, NAPQI was not detected either by UV tech-
niques in complete incubations (Fig. 1D) or by radiochemical
techniques in incubations lacking cytochrome P-450 but con-
taining [ring-"'C]-acetaminophen (Fig. 1E). However,
NAPQI was detected as a radiolabeled product in incuba-
tions of [ring-14C]acetaminophen, CHP, and purified cyto-
chrome P-450 (Fig. 1F). The mean (±SD) concentration of
NAPQI in four complete incubations was (3.4 ± 0.8) x 10-7
M, as determined from the specific activity of the substrate.
As further evidence that the "4C-containing metabolite

was NAPQI, the radiolabeled peak and 1.0-min fractions be-
fore and after were collected directly into vials that con-
tained 5 ,ul of a solution of L-ascorbic acid (1.0 mM). Ascor-
bate reduced NAPQI to acetaminophen, which was then re-
analyzed by HPLC. Approximately 88% of the radioactivity
collected in the NAPQI peak was accounted for as acetamin-
ophen. The samples derived from collections 1.0 min before
and after the NAPQI peak eluted no radioactivity with acet-
aminophen.
The same methods were used in attempts to detect NAPQI

formation from acetaminophen in incubations of purified cy-
tochrome P-450 with NADPH and NADPH-cytochrome P-
450 reductase and in mouse liver microsomes with an added
NADPH regenerating system. NAPQI concentrations in all
cases were below detection limits.
The inability to detect NAPQI in incubations containing

NADPH and NADPH-cytochrome P-450 reductase in con-
trast to CHP-supported reactions is due to reduction of
NAPQI back to acetaminophen. NADPH itself is rapidly ox-
idized by NAPQI with a pseudo-first-order rate constant
of 0.57 min-' at 25°C. At equimolar concentrations (0.5 mM)
in 0.1 M phosphate buffer (pH 7.4), the second-order rate
constant for oxidation of NADPH by NAPQI (3.81
mM-1 min-) is >10 times greater than that for oxidation of
NADPH by p-benzoquinone (0.32 mM-1 min-1). The major
product (-90%) of the reaction between NADPH and
NAPQI is acetaminophen (Fig. 2). Competing imine hydrol-
ysis yields small amounts of p-benzoquinone (==2%) under
these conditions. NADH also efficiently reduces NAPQI to
acetaminophen at a rate virtually identical to the reduction of
NAPQI by NADPH (data not shown). Enzyme-catalyzed re-
duction of NAPQI by purified NADPH-cytochrome P-450
reductase has been previously examined (17). NAPQI is rap-
idly reduced by the reductase at a rate that is almost 3 times
the nonenzyme-mediated rate under the same conditions and
is as fast as that observed for reduction by NADPH-cyto-
chrome P-450 reductase of other rapidly metabolized qui-
nones (18).

Proc. Natl. Acad ScL USA 81 (1984)



Proc. Nat. Acad Sci USA 81 (1984) 1329

LO

.02

.01

0

20-

c 15

0-

0 10

15 ~~~~>-, 600

500o

o~~~~~~~~~~~c

10-
I0 400-

CO
~ ~ ~ ~~~a 300-

5 ~~~~~200-

100-

0. 0

0 5 10 15 0 5 10 1

Time, min Time, min

FIG. 1. HPLC chromatograms ofNAPQI generated in acetamin-
ophen incubations with purified cytochrome P450 and CHP. (A-C)

Performed on a ,uBondapak C18 column with 83% 0.1 M citrate buff-
er (pH 6.8) and 17% methanol with tandem detection by UV and EC
methods. Retention times were acetaminophen (I), 6.2 min, and
NAPQI (II), 8.8 min. The chromatogram in A resulted from detec-
tion by UV at 254 nm, whereas those in B and C were from EC
detection at -0.24 V. A and C represent complete incubations of
acetaminophen with P-450 and CHP. The chromatogram in B is from
an incubation omitting P-450; those in D-F were from incubations
with [14C]acetaminophen (9.78 mCi/mmol) as substrate and were

performed with the same column as above with a mobile phase of
8% 0.1 'M phosphate buffer (pH 7.4) and 20%o methanol. The reten-
tion times were acetaminophen (I), 7.4 min, and NAPQI (II), 11.8
min. The chromatogram in D resulted from detection by UV at 254
nm, whereas those in E and F are bar plots of '4C recovered in 15-
sec fractions of the eluants. D and F are from a complete incubation
of ['4C]acetaminophen with P-450 and CHP, whereas E is from a

representative control (P-450 omitted). In E and F the radioactivity
collections near the [14C]acetaminophen retention time are off-
scale. The peak recorded in the UV spectrum between acetamino-
phen and NAPQI is due to CHP.
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FIG. 2. Time course of reaction between NADPH and NAPQI;
initial concentration of both reactants was 0.5 mM. The dashed line
(---) shows the time course of oxidation ofNADPH as determined by
continuous UV monitoring at 340 nm. Concentrations of NADPH
remaining were calculated based on a standard curve of absorbance
vs. known concentrations of NADPH. Values were determined ev-
ery 0.2 min for the first 2 min of reaction between NADPH and
NAPQI and every 1 min thereafter. Concentrations of acetamino-
phen (A) and p-benzoquinone (m) were determined by the HPLC-
radiochemical assay for metabolite determinations.

Further evidence to support the contention that both non-
enzymatic and enzymatic reduction of a reactive metabolite
of acetaminophen occurs comes from titration experiments
(Fig. 3). Covalent binding of reactive metabolites of acet-
aminophen was decreased by increasing concentrations of
NADH (Fig. 3A). In incubations supported by NADPH
alone, binding increased up to a maximal concentration of
NADPH, reflecting the cofactor requirement for oxidation
of acetaminophen to the reactive metabolite. Binding there-
after decreased as the rate of reduction of reactive metabo-
lite exceeded its rate of formation. Finally, in incubations
supported by an NADPH regenerating system, increasing
the P-450 reductase/P-450 ratio produced a parabolic effect
on binding (Fig. 3B), presumably reflecting the involvement
of reductase in both activation of acetaminophen to its reac-
tive metabolite and deactivation of the metabolite by reduc-
tion back to acetaminophen.
Although NAPQI was not directly detectable as a metabo-

lite of acetaminophen in incubations that contained NADPH
because of its rapid reduction back to acetaminophen, evi-
dence for its formation in these systems was obtained by
comparing the metabolic fates of acetaminophen and syn-
thetic NAPQI. Because microsomes from mouse liver are
significantly more active in the generation of reactive metab-
olites of acetaminophen than microsomes from rat liver, we
used mouse liver microsomes for comparisons.

In incubations fortified with an NADPH regenerating sys-
tem, [ring- 4C]acetaminophen covalently bound to micro-
somal protein to a slightly lesser extent than [ring-14C]-
NAPQI at substrate concentrations of 1 mM and 50 AM, re-
spectively (Table 1). Omission of the NADPH regenerating
system virtually eliminated the binding of acetaminophen,
whereas the binding ofNAPQI was increased -4-fold. Addi-
tion of either L-ascorbic acid or GSH decreased the binding
of both NAPQI and acetaminophen. It has been shown pre-
viously that the aromatic ring of a reactive metabolite of ac-
etaminophen is bound to a greater extent than the acetyl
group and that the acetyl group is released as acetamide (16,
19). Both [acetyl-14C]acetaminophen and [acetyl-'14C]-
NAPQI bound to microsomal protein to a lesser extent than
their ring-labeled analogs, with approximately the same de-
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2.5- A acetaminophen, and conjugation products, 3-S-glutathionyl-
acetaminophen and protein-bound material, was determined
by HPLC for the various incubation conditions that are de-

2.0- scribed in Table 1. One of the major products under all con-
ditions was acetaminophen (Fig. 4). Reduction is significant-
ly enhanced in incubations containing ascorbic acid (Fig. 4),

1.5 with a concomitant decrease in conjugation products, where-
'IT

| / as conjugation with GSH increases dramatically in the pres-
CL | / \ence of exogenously added GSH at the expense of reduction
E 1.0-I,/ and binding to microsomal protein (Fig. 4).

0+o lb.. NADH >DISCUSSION
o 0.5-
0 OResults of our experiments with NAPQI and acetaminophen
E5- - ---o can be explained by the scheme diagramed in Fig. 5. Acet-
C 0 aminophen is oxidized by cytochrome P-450 to NAPQI, a

0 0.5 1.0 1.5 2.0 2.5 highly reactive quinone-like compound that can be rapidlya Concentration, mM reduced back to acetaminophen by a variety of reductants.

E 2.5 This yields levels of NAPQI in NADPH-supported incuba-
B tions that are below our detection limits. Such redox cycling

of acetaminophen has been previously suggested based on
E 2.0 measurements of NADPH oxidation (10, 19).l V NAPQI is also an electrophile that reacts with nucleo-

philes such as GSH to produce 3-S-glutathionylacetamino-
1.5 phen. In addition, NAPQI is hydrolyzed to p-benzoquinone

C- g _and acetamide. p-Benzoquinone further reacts by binding to
protein, as evidenced by small amounts of protein binding of

>
t X the aromatic ring of both acetaminophen and NAPQI with-

001.0-|out the acetyl group (Table 1).
The most conclusive indirect evidence to support the in-

termediacy of NAPQI in acetaminophen oxidation by cyto-
0.5-J chrome P-450 comes from comparison of the partitioning of

120 -

0) 1.0 2.0 3.0 4.0 5.0
Reductase, MM

FIG. 3. Effects of increasing concentrations of NADPH and 100
NADH (A) and increasing concentrations of NADPH-cytochrome
P-450 reductase (B) on covalent binding of acetaminophen to bovine
serum albumin. Incubations contained 0.5 nmol of cytochrome P-
450, 20 Mg of phosphatidylcholine, 5 Mmol of [ring-14C]acetamino- 80-
phen (0.98 mCi/mmol), and 10mg of bovine serum albumin in a final
volume of 1 ml of 0.05 M potassium phosphate buffer (pH 7.4). _
Points represent the average results from three separate incuba- °
tions. Individual results did not vary by >13% from the averages. 6

o60-
gree of retention of label (Table 1). In both cases [l4C]acet- 02
amide was recovered as the released product.

Partitioning of [ring-I4C]NAPQI to its reduction product,
40-

Table 1. Effects of NADPH, L-ascorbic acid, GSH, and site of
radiolabel on covalent binding of reactive metabolites of
acetaminophen and NAPQI to mouse liver microsomal
protein 20

Covalent binding, % of
Substrate nmol/incubation* control

[ring-'4C]Acetaminophen, 1 mM 12.5 ± 1.0 100.0
-NADPH regenerating system 0 0
+L-Ascorbic acid, 1 mM 1.9 ± 0.2 14.8
+GSH, 1 mM 1.5 ± 0.1 12.0

[acetyl- 4C]Acetaminophen, 1 mM 10.1 ± 1.4 80.8
[ring-14C]NAPQI, 50 ,uM 18.3 ± 1.2 100.0
-NADPH regenerating system 70.5 ± 3.2 385.0
+L-Ascorbic acid, 1 mM 2.6 ± 0.2 14.2
+GSH, 1 mM 2.7 ± 0.1 14.7

[acetyl-"4C]NAPQI, 50 MuM 14.8 ± 1.9 80.9
*Values are means ± SD of four incubations.

Complete -NADPH +L-Ascorbic acid +GSH

FIG. 4. Acetaminophen (a), protein-bound product (o), and 3-S-
glutathionylacetaminophen (En) that were formed in incubations of
[ring-14C]NAPQI and mouse liver microsomes with an NADPH re-
generating system (Complete), without an NADPH regenerating
system, with an NADPH regenerating system and 1 mM L-ascorbic
acid, and with an NADPH regenerating system and 1 mM GSH.
Assays were performed by a combined HPLC-radiometric method.
Error bars represent 1 SD from the mean as calculated from four
incubations.
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FIG. 5. Scheme depicting formation and decom'
ways for NAPQI.

NAPQI and the reactive metabolite of acetamin4
various conditions of incubation (Table 1). For e
amount of covalently bound metabolite after a(
ascorbic acid relative to covalently bound metab
bations lacking ascorbate was approximately t
both acetaminophen and NAPQI (14.8% and 14
trols, respectively). Similar relative decreases
binding were observed for both acetaminophen
with addition of GSH (12% and 14.7% of contr
tively).
Based on these results, NAPQI is subject to

tion and conjugate addition reactions. Under our
incubation conditions with microsomes from
and an NADPH regenerating system, the partiti
tween reduction and conjugation (GSH conjugate
lent binding) is 4.4 (Fig. 4). In other words, -

NAPQI that is formed by microsomal P-450-med
tion of acetaminophen is apparently reduced be
aminophen by both chemical and enzyme-mediat
es. Thus, partitioning of NAPQI between reducti
jugation may change considerably under conditi4
where cellular concentrations of reductants and n
are continually in flux and where other enzymes,
glutathione-S-transferases, may play significant
disposition of NAPQI. Further investigations art
to examine the disposition of NAPQI in the cell

In conclusion, NAPQI has been directly det(
oxidation product of cytochrome P-450 in CHF

reactions. Although the mechanism of this oxidation reac-
tion may not be identical to that of P-450 reactions supported
by NADPH and NADPH-cytochrome P-450 reductase (20,
21), other indirect evidence was obtained with synthetic ra-
diolabeled analogs of both acetaminophen and NAPQI to
clearly demonstrate the formation of NAPQI as a major me-
tabolite of acetaminophen.
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