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SUMMARY

CORCORAN, G. B., J. R. MITCHELL, Y. N. VAISHNAV AND E. C. HORNING. Evidence

that acetaminophen and N-hydroxyacetaminophen form a common arylating inter-
mediate, N-acetyl-p-benzoquinoneimine. Mol. Pharmacol. 18: 536-542 (1980).

Adding ascorbic acid to microsomal incubations containing acetaminophen inhibited

covalent binding of the reactive metabolite. Adding ascorbic acid to incubations contain-
ing acetaminophen and cysteine markedly decreased acetaminophen-cysteine adduct
formation. Ascorbic acid addition to aqueous incubations containing N-hydroxyacetami-

nophen and cysteine similarly inhibited the nonenzymatic formation of an acetamino-
phen-cysteine adduct. Therefore, the chemical reactions responsible for the nonenzymatic
decomposition of N-hydroxyacetaminophen to yield acetaminophen-cysteine adducts
were examined. In aqueous solutions above pH 7, N-hydroxyacetaminophen rapidly
dehydrated to N-acetyl-p-benzoquinoneimine. In the absence of reducing compounds N-

acetyl-p-benzoquinoneimine reacted with another molecule of N-hydroxyacetaminophen
to give equal amounts of nitrosophenol and acetaminophen. The addition of cysteine or
ascorbic acid slowed the decomposition of N-hydroxyacetaminophen and inhibited the
formation of nitrosophenol. Cysteine effected these changes through decreasing the
concentration of N-acetyl-p-benzoquinoneimine, primarily by reducing it to acetamino-

phen at low pH (5.5-7.0) or by conjugating with it to yield an acetaminophen-cysteine
adduct at high pH (7.5-11.0). Ascorbic acid produced its effects only through reduction of
the N-acetyl-p-benzoquinoneimine intermediate; thus acetaminophen was the only prod-
uct. These observations provide strong evidence that the reactive intermediate formed in
microsomes from acetarninophen and in solution from N-hydroxyacetaminophen is N-

acetyl-p-benzoquinoneimine.

INTRODUCTION

The metabolic activation of acetaminophen to an ar-

ylating metabolite was originally postulated to occur via
N oxidation to the hydroxamic acid (1, 2). Evidence in
support of this hypothesis was provided by subsequent
studies of species differences and of the effects of mixed-
function oxygenase inducers and inhibitors on the N
oxidation of 2-acetylaminofluorene (3, 4), 4-chloroacetan-
iide (3, 5), and phenacetin (6) to hydroxamic acids.
Because of the formation of meta-substituted suithydryl
adducts of acetaminophen, we proposed that N-hydrox-
yacetaminophen rapidly dehydrated to the reactive N-

acet.yl-p-benzoquinoneimine and this was the ultimate
toxic species (7, 8).
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To investigate directly the possible role of N-hydrox-

yacetaminophen in acetaminophen-induced hepatic and

renal necrosis, we prepared N-hydroxyacetaminophen by
hydrogenolysis of the benzyl protecting group from 4-
benzoxy-N-hydroxyacetaniide, as originally suggested
by R. S. Andrews (Sterling Winthrop Laboratories,
U.K.). We (9-11) further examined (i) the rate of decom-
position of synthetic N-hydroxyacetaminophen, which
was markedly decreased by acid conditions and the pres-

ence of sul.fhydryl agents; (ii) the reaction of the com-
pound with glutathione, N-acetylcysteine, and cysteine,
which yielded adducts identical to those formed following
metabolic activation of acetaminophen itself; and (iii) the
toxicity of the compound, which produced centrilobular
hepatic necrosis in mice at doses below the hepatotoxic

dose of acetaminophen. N-Hydroxyacetaminophen and
its reaction products with sulfhydryl compounds were
assayed by gas chromatography, high-pressure liquid

chromatography, and gas chromatography-mass spec-
trometry. In the presence of cysteine, N-hydroxyaceta-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


A.
HO-N-C-CM3

OH

0-N-C-CM3

OH /
Sutfhydr�l

Nu�i$ss

H-N-C-CM3

OH

B.

0 �
II I I

HO-N-C-CH3 -C-CH�

�II3� -OHa, �5 Riducang a,�Agunts

-0 0

0
II

H-N-C -CH3

�ji
OH

0 0
II II

HO-N-C-CH� 0-N-C-CH3

Q� �
OH OH

�w1�:

0
II

H -N-C-CM3

II II

HO C-CM3 -C--cM3�j -OH ti:i5 �
�

-0 0

c�iinon. + Aces�.mid.

NO

OH

+

1. Rsducing Agsnts

2. Sulfhydryl NUcISO#{216}II$Is

3. NADPH +7

0
II

N-C-CH�

- H�0 ri:::�i Mcmmolscu$s� Binding_________ Nuc1��iIic Covaisnt

0

1/ Sulfttydryl II
H-N-C-CM3

I S-N
OH

ARYLATING SPECIES FROM ACETAMINOPHEN AND N-HYDROXYACETAMINOPHEN 537

FIG. 1. Postulated reactions ofsulfhydtyl compounds and reducing agents with the reactive intermediates formed from N-hydroxyacetam-

inophen and acetasninophen.

minophen decomposed to yield acetaminophen and the
acetaminophen-cysteine adduct, which accounted totally
for the disappearance of N-hydroxyacetaminophen. Con-
versely, in the absence of a suithydryl compound, the
rate of decomposition of N-hydroxyacetaminophen was

much faster and only 50% of the disappearance could be
accounted for as acetaminophen (9, 10).

Two other groups concomitantly reported the success-
ful synthesis of N-hydroxyacetaminophen by other ap-
proaches (12-14). They too found that the decomposition
of N-hydroxyacetaminophen was pH and temperature
dependent but did not examine the effect of suithydryl

compounds on the rate of decomposition or on reaction
products. Calder et al. (12, 13), however, did observe
marked depletion of hepatic and renal glutathione and
extensive hepatic and renal necrosis after N-hydroxy-
acetaminophen was administered to mice and rats.

Our preceding studies (9-11) of the reaction of N-

hydroxyacetaminophen with suithydryl compounds have

C. o 0
II � I

H-N-C--CM3 HO-N-C-CM3

� P-450. �2

NADPH

OH OH

been consistent with the hypothesis that the hydroxamic
acid undergoes a base-catalyzed dehydration to N-acetyl-
p-benzoquinoneimine, which is the arylating species (Fig.
1A). The investigations of Calder et al. (12, 13) and
Gemborys et al. (14) demonstrating a pH optimum of 9-
10 for decomposition of N-hydroxyacetaminophen are

also consistent with this hypothesis. We now report
studies testing whether the decomposition products

formed from N-hydroxyacetaminophen in the absence of
sulthydryl compounds also could arise from the N-acetyl-
p-benzoquinoneimine intermediate (Fig. 1B). The inves-
tigations are extended to an analysis of the reactive
intermediate formed from acetaminophen by microsomal
mixed-function oxygenases to test whether the interme-
diate has reaction properties similar to those of N-acetyl-
p-benzoquinoneimine (Fig. 1C).

MATERIALS AND METHODS

All reagents and materials were the highest grade
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commercially available. 4C-(Carbonyl)- and 3H-(gen-
eral)-4-hydroxyacetaniides were purchased from New
England Nuclear Corp., Boston, Mass., and purified as
previously described (7).

N-Hydroxyacetaminophen (4.5 mi�i) was incubated in
0.1 M phosphate buffer at varying pH and at 37#{176}Cwith

shaking. Incubations (2 ml) were started by adding N-

hydroxyacetaminophen at zero time as a distilled water

solution, prepared immediately before use, and main-
tamed at 0#{176}C.All incubations contained 0.1 mg/nil p-
chloroacetanilide and 0.4 mg/mi p-fiuorophenol as inter-
nal standards. For sample analysis, see Table 1.

The acetaminophen-cysteine conjugate was measured
as follows. Aliquots (0.1 ml) were withdrawn from incu-

bations, added to 0.1 ml ice-cold methanol, and analyzed
on the same day. Determinations were performed with a
Waters Associates (Milford, Mass.) high-pressure liquid

chromatographic (HPLC) system: Model U6K injector,
Model 6000A solvent delivery system, Model 440 absorb-

ance detector (254-nm filters), 0.4 x 30-cm zBondapak
C18 column, and water:methanol:acetic acid (86.5:12.5:
1.0) mobile phase at a flow rate of 2.0 ml/min. We
observed the following retention times: acetaminophen,
4.9 mm; acetaminophen-cysteine conjugate, 4.1 mm; and

TABLE 1

Identification and quantitation of N-hydroxyacetaminophen and its

decomposition products by mass spectrometty and gas

chromatography

Acidified aliquots (0.2 ml) of incubation solutions were extracted

with ethyl acetate. After extracts were evaporated, residues were

treated with N,O-bis(trimethylsilyl)trifiuoroacetamide in CH3CN and

heated at 120#{176}Cfor 10 min. Two-microliter samples were injected on

a 6-ft, 1% OV-17 gas chromatographic column and the temperature was

programmed from 100 to 200#{176}Cat 9#{176}/min (flame ionization detection;

carrier gas 70 cc N2/min). Peak area ratios of p-nitrosophenol, p-

nitrophenol, acetaminophen, and N-hydroxyacetaminophen to p-chlo-

roacetanilide (retention time, 5.4 min) were proportional to their con-

centrations (r = 0.96, 0.99, 0.98, and 0.98, respectively) over the range

of concentrations encountered experimentally (0.01 to 20 mM).

Silyl derivatives of Retention Mass spectral ions

mm m/z

Quinone’ b

p�Nitrosophenolh
p-Nitrophenol”
Acetaminophenh

0.8
4.0
6.6
7.7

108 (M�), 82, 80, 54, 53, 52
195 (Mt), 180, 166, 150, 91, 73
211 (M�), 196, 182, 150, 91, 73

295 (M4), 280, 254, 237, 206, 181, 180,
165, 116, 114, 73

N�Hydroxyacetaminophenh 10.7 311 (M�), 296, 269, 268, 223, 206, 192,
179, 147, 73, 45, 43

N-Hydroxyacetaminophen� - 352, 340, 312 (MHI, 296, 222
Acetaminophen-cysteine, 576 (Mi, 413, 398, 354, 342, 329, 312,

pentafluoropropionyl
methyl ester derivativ&’

300, 287, 247, 234, 215, 183, 100,
45 43

, Quinone does not form a silylated derivative.

h GC-electron impact mass spectrum obtained with an LKB Type 9000 gas

chromatograph-mass spectrometer (conditions: ionizing voltage, 70 eV; ionizing
current, 60 �A; accelerating voltage, 3.5 kV; source temperature, 270#{176}C;separator
temperature, 270#{176}C).

( GC-chemical ionization mass spectrum obtained with a Varian Model 1700
gas chromatograph interfaced with a Finnigan Model 1015 mass spectrometer,
on-line with a Systems Industries Model 150 data system (conditions: ionizing
voltage, 140 eV; source temperature, ambient; methane served as the carrier and
reagent gas; source pressure, 1 Ton).

d Electron impact mass spectrum obtained by direct probe insertion of the
pentafluoropropionyl methyl ester, rather than the silyl derivative, into a Varian
MAT CH7 mass spectrometer (conditions: ionizing voltage, 20 eV; ionizing
current, 100 �A; accelerating voltage, 3kV; source temperature, 220#{176}C;probe
temperature, 100#{176}C).

p-fluorophenol, 10.8 min. Acetaminophen-cysteine con-

jugate concentrations were routinely determined by
HPLC separation and by detection of absorbance at 254

nm. We established the relationship between concentra-

tion and the peak area ratio of the conjugate to internal
standard (p-fluorophenol) by incubating ‘4C-(carbonyl)-
acetaminophen (sp act, 1720 dpm/nmol) with hepatic
microsomes (3.22 mg protein/mi), NADPH, and 1 mM
cysteine. Incubations (37#{176}Cfor 30 mm) were terminated
by the addition of an equal volume of ice-cold methanol.

After centrifugation, supernatant samples were filtered
(0.5-�tm ifiter) and injected directly onto the HPLC col-

umn. Column effluent was collected at 10-s intervals and
counted in a Packard Model 3003 liquid scintillation
spectrometer. After corrections for quench (channels ra-

tio) and counting efficiency, dpm were converted to na-
nomoles of acetaminophen-cysteine conjugate. Conju-

gate absorptivity was 83.1% that of acetaminophen at

254 rim.

RESULTS

N-Hydroxyacetaminophen and its decomposition
products were identified by analysis of full scan GC-
electron impact mass spectra and by comparison with

synthetic reference standards (Table 1). The identity of
N-hydroxyacetaminophen was further verified by gas
chromatography-chemical ionization mass spectrometry
of the bis(trimethylsilyl)ether (Table 1). Thereafter, the

rate of decomposition and the decomposition products of
N-hydroxyacetaminophen were determined by gas chro-
matography (Tables 1 and 2).

Without the addition of other agents, N-hydroxyacet-
aminophen decomposed to give approximately equal
amounts of acetaminophen and nitrosophenol and small
amounts of benzoquinone and nitrophenol (Table 2B).
The small concentration of benzoquinone (less than 1%)
was not routinely quantitated, but the disappearance of
N-hydroxyacetaminophen could always be accounted for

by the formation of acetaminophen, nitrosophenol, and
nitrophenol. Loss of N-hydroxyacetaminophen was max-
imal at pH 9-10 and minimal at pH 5 and 13 (Table 2),

as previously reported (9-14).

The addition of sulthydryl compounds such as cysteine
markedly slowed the decomposition of N-hydroxyacet-

aminophen (9, 10) and altered product formation (Table
2). Again the rate of decomposition was fastest at pH 9.5.

The distribution of products formed in the presence of
cysteine was also influenced by pH. The amount of
acetaminophen exceeded the amount of acetaminophen-
cysteine adduct at pH 7.4 after 60 mm, whereas the

reverse relationship occurred at higher pH values.
Inclusion of other reducing agents such as ascorbic

acid markedly slowed decomposition of N-hydroxyacet-
aminophen and altered product formation as well (Table
3). As seen with cysteine, 10 mM ascorbic acid completely
inhibited formation of nitrosophenol and mtrophenol.
However, ascorbate did not form a conjugate with the

reactive intermediate of N-hydroxyacetaminophen that
could be detected by HPLC analysis. The disappearance
of N-hydroxyacetaminophen was accounted for by stoi-
chiometnc formation of acetaminophen (Table 3F).
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ARYLATING SPECIES FROM ACETAMINOPHEN AND N-HYDROXYACETAMINOPHEN 539

TABLE 2

Effect of cysteine on decomposition of N-hydroxyacetaminophen and appearance of products

N-hydroxyacetaminophen was incubated for 15, 60, or 120 mm at 37#{176}Cin 0. 1 M phosphate buffers of differing pH, with equimolar cysteine

(+), 10 mM cysteine (++), or no cysteine (0). Analyses are described in Table 1 and Methods. N-Hydroxyacetaminophen (NOH-PI�IAA);

acetaminophen (PHAA); acetaminophen-cysteine (PHAA-CYS); p-nitrosophenol (p-NOP); p-nitrophenol (p-NO2P); cysteine (Cys).

Conditions NOH-PHAA PHAA#{176} PHAA- p-NOP p-NO2P Total
CYS

Cys pH min

mM % % % % %

(A) + 5.4 0 11.53 99.5 0.0 0.4 100.0

15 11.27 97.3 0.0 0.5 NDh ND 97.8

60 10.20 88.1 0.0 0.6 88.7

+ 7.4 0 11.87 95.6 0.0 4.4 100.0

15 10.67 86.0 3.5 6.5 ND ND 96.0

60 5.34 43.0 23.3 12.2 78.5

++ 7.7 0 7.18 99.3 0.0 0.7 0.0 0.0 100.0

60 4.92 68.0 9.0 18.9 0.0 0.0 95.9

+ 8.2 0 10.19 97.4 0.0 2.6 100.0

15 8.63 82.5 8.3 13.1 ND ND 103.9

60 4.08 39.0 26.0 43.8 108.8

++ 9.5 0 8.15 99.1 0.0 0.9 0.0 0.0 100.0

60 0.24 2.9 27.7 67.0 0.0 0.0 97.7

+ 10.4 0 8.10 98.9 0.0 1.1 100.0

15 4.70 53.4 5.0 30.2 ND ND 92.6

60 2.34 28.6 13.8 58.1 100.5

++ 11.4 0 5.86 99.5 0.0 0.5 0.0 0.0 100.0

60 5.25 89.1 2.5 9.7 0.0 0.0 101.3

+ 13.0 0 8.14 98.1 0.0 1.9 100.0

15 7.83 94.3 0.0 1.1 ND ND 95.4

120 7.87 94.8 0.0 4.3 99.1

(B) 0 7.7 0 4.51 100.0 0.0 0.0 0.0 0.0 100.0

60 0.69 15.3 43.7 0.0 40.6 3.7 103.3

0 9.0 0 4.85 100.0 0.0 0.0 0.0 0.0 100.0

60 0.01 0.2 46.0 0.0 51.1 4.9 102.2

0 11.7 0 5.35 100.0 0.0 0.0 0.0 0.0 100.0

4.14 77.4 12.6 0.0 10.5 1.5 102.0

a Values are corrected to account for a small amount of acetaminophen (5-10%) present as an impurity in N-hydroxyacetaminophen.

b Not determined.

We compared the enzymatic formation of the reactive
metabolite of acetaminophen by microsomal monooxy-
genases with the base-catalyzed (pH 7.4) formation of
the reactive metabolite of N-hydroxyacetaminophen by
investigating the effects of cysteine and ascorbate on
these processes. The addition of cysteine alone trapped
the reactive intermediate derived from the NADPH-de-
pendent metabolism of acetaminophen (Table 4A) and
from the chemical decomposition of N-hydroxyacetami-
nophen (Table 4B) as acetaminophen-cysteine adducts.
Cysteine simultaneously inhibited the arylation of micro-
somal protein by acetaminophen (Table 4C) and the
acetaminophen-stimulated oxidation of NADPH during
microsomal metabolism (Table 4D).

When increasing amounts of ascorbic acid were intro-

duced into microsomal incubations containing acet-
aminophen and cysteine or into aqueous solutions con-
taming N-hydroxyacetaminophen and cysteine, the

amount of acetaminophen-cysteine formed from acet-
aminophen or from N-hydroxyacetaminophen decreased
in a concentration-dependent manner (Table 4A and B).
The addition ofascorbic acid had a similar concentration-

dependent effect on the arylation of microsomal protein

by the reactive acetaminophen metabolite (Table 4C)
but did not decrease acetaminophen stimulation of
NADPH oxidation more than that caused by the addition
of cysteine alone (Table 4D).

DISCUSSION

In aqueous solutions, N-hydroxyacetaminophen de-
composes to acetaminophen and nitrosophenol and small
amounts of mtrophenol and benzoquinone. Presumably,

the nitrophenol arises from further oxidation of nitroso-

phenol, and benzoquinone arises from hydrolysis of N-

acetyl-p-benzoquinoneimine (Fig. 1B). Decomposition of

N-hydroxyacetaminophen in buffered solutions is maxi-
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in 0.1 M phosphate buffer.

a See Table 2, footnote a.

b Not determined.
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TABLE 3

Effects of ascorbic acid on decomposition of N-hydroxyacetaminophen and formation of products

Ascorbic acid and equimolar amounts of cysteine (+) were added to incubations of N-hydroxyacetaminophen

Analyses are described in Table 1 and Methods. Abbreviations are given in Table 2 except for ascorbic acid (ASC).

Conditions NOH-PHAA PHAK’ p}�
CYS

p-NOP p-NO2P Total

Cys ASC pH mm

(A) 0 0 7.4 0

10

30

mM

5.58

2.73

1.48

%

100.0

48.9

26.5

%

0.0

15.6

22.6

%

0.0

0.0

0.0

%

NDb

%

ND

%

100.0

64.5

49.3

(B) 0 1 7.4 0

10

30

5.58

5.24

4.38

100.0

93.9

78.5

0.0

1.4

10.8

0.0

0.0

0.0

ND ND

100.0

95.3

89.3

(C) + 0 7.4 0

10

30

5.71

5.66

5.10

99.7

98.8

89.0

0.0

1.9

5.4

0.3

3.3

7.3

ND ND

100.0

104.0

101.7

(D) + 1 7.4 0

10

30

6.20

6.12

5.30

99.7

98.4

85.2

0.0

0.5

4.2

0.3

2.2

6.1

ND ND

100.0

101.1

95.5

(E) 0 0 9.4 0

10

30

4.24

0.05

0.00

100.0

1.2

0.0

0.0

49.3

50.0

0.0

0.0

0.0

0.0

37.7

44.3

0.0

5.2

3.1

100.0

93.4

97.4

(F) 0 10 9.4 0

10

30

4.43

1.36

0.41

100.0

30.7

9.2

0.0

65.5

97.3

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

100.0

96.2

106.5

mal around pH 9.5, which is consistent with N-acetyl-p-
benzoquinoneimine formation being the rate-determin-
ing step (Fig. 1B). Nitrosophenol and acetaminophen are
formed from N-hydroxyacetaminophen at an approxi-
mately 1:1 ratio. The appearance of equal amounts of
both an oxidized and a reduced product suggests a two-
electron redox couple in which the reactive N-acetyl-p-
benzoquinoneimine formed by dehydration of N-hydrox-
yacetaminophen is reduced to acetaminophen by a sec-
ond N-hydroxyacetaminophen molecule which becomes
oxidized to nitrosophenol (Fig. 1B).

In reactions containing cysteine, the loss of N-hydrox-
yacetaminophen is markedly diminished and the forma-

tion of nitrosophenol but not of acetaminophen is abol-
ished, because the reactive N-acetyl-p-benzoquinoneim-
ine is either reduced or conjugated before it can react

with N-hydroxyacetaminophen (Fig. 1A). This prevents
paired mtrosophenol and acetaminophen formation by

the bimolecular reaction pathway shown in Fig. lB. In
this system the formation of acetaminophen versus the
acetaminophen-cysteine conjugate is pH dependent. Un-

der acid conditions the reduction of N-acetyl-p-benzo-
quinoneimine to acetaminophen is predominant, whereas
under basic conditions adduct formation is greater (Fig.
1A). Presumably, this occurs because cysteine is most
nucleophilic as an anion and anion formation is sup-
pressed by acidic conditions.

As with cysteine, the addition of ascorbic acid de-

creases the rate of decomposition of N-hydroxyacetami-

nophen and inhibits the formation of mtrosophenol. As-
corbic acid, which lacks the nucleophilic but not the
reducing action of cysteine, converts N-hydroxyacetam-
inophen to acetaminophen stoichiometrically by reduc-

ing the N-acetyl-p-benzoquinoneimine intermediate (Fig.
1A). Agents such as cysteine and ascorbic acid do not

reduce N-hydroxyacetaminophen directly to acetamino-
phen because they decrease the overall rate of decom-
position of N-hydroxyacetaminophen. Moreover, they do
not promote the formation of acetaminophen at acid and

basic pHs which are not favorable for dehydration to the
N-acetyl-p-benzoquinoneimine intermediate.

Both cysteine and ascorbic acid inhibit the arylation
of microsomal protein by the toxic metabolite of acet-
aminophen formed oxidatively by cytochrome P-45O
monooxygenases (Table 4C). The scheme in Fig. 1C
predicts this behavior when the toxic metabolite of ac-

etaminophen arises by initial N-hydroxylation as postu-
lated. An important observation is the ability of increas-
ing concentrations of ascorbic acid to decrease formation
of the acetaminophen-cysteine adduct derived from the
microsomal oxidation of acetaminophen and from the
base-catalyzed decomposition of N-hydroxyacetamino-
phen (Table 4A and B). This effect of ascorbic acid on
the acetaminophen adduct derived from oxidation of

acetaminophen is explained by the reduction of the N-

acetyl-p-benzoquinoneimine intermediate to acetamino-
phen before cysteine conjugation can occur (Fig. 1C). It

apparently does not result from inhibition of microsomal
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TABLE 4

Effect of ascorbic acid on acetaminophen-cysteine conjugate

formation, covalent bindrng, and NADPH oxidation from
microsomal metabolism of acetaminophen

Metabolic studies (A, C, and D) were conducted in 0.1 M phosphate

at pH 7.4 and 37#{176}Cfor 5 miii with hepatic micr�mee from male Swiss

mmce (1 mg protein/mi), 1 nmi acetaminophen, 0.4 mi.i NADPH, and 1

mM cysteine. Values reported are means and standard deviations of 3

determinations. In B, N-hydroxyacetaminophen (4 mM) was reacted

with cysteine (4 mM) at pH 7.4 and 37#{176}Cfor 120 mm. Products are
expressed as % of initial N-hydroxyacetaminophen concentration. Co-

valent binding (3H-acetaminophen; sp act, 1060 dpm/nmol) and

NADPH oxidation were determined as described previously (17, 22).

Other analyses are described in Table 1 and Methods.

(A) (B)
Formation of acet- Formation of acetamino-

(1 � ��dOfl 10118
aminophen-cysteine

from micro�mal me-
tabolism of 3H-acet-

phen-cysteine (%) and
acetaminophen (%) from

N-hydroxyacetaminophen

Cys-
teine

+

Ascor-
bic acid

mM

0

aminophen

nmol/mg/5 mm

2.39 ± 0.28 (100)

(% remaining)

NOH- PHAA PHAA-
PHAA CYS

4.2 65.0 33.0

+ 1 1.45 ± 0.21 (60) 7.1 71.4 28.0

+ 5 0.84 ± 0.06 (35) 8.5 82.7 18.9

+ 10 0.16 ± 0.03 (7) 9.6 89.0 5.8

+

0

30

0

0.02 ± 0.01 (1) 9.2 96.0 2.2

(C)
Covalent binding

from micro�mal me-
tabolism of 3H-acet-

aminophen

nmol/mg/5 mm

0.223 ± 0.025 (100)

(D)

NADPH oxidation from

micro�mal metabolism
of 3H-acetaminophen

nmol/mg/5 mitt

16.4 ± 0.66 (100)

+ 0 0.009 ± 0.002 (4) 8.4 ± 0.90 (51)

0 1 0.048 ± 0.006 (21) 11.4 ± 0.46 (70)

0 5 0.014 ± 0.002 (6) 9.5 ± 1.50 (58)

0 10 0.019 ± 0.002 (9) 9.0 ± 1.50 (55)

0 30 0.003 ± 0.001 (1) 7.1 ± 1.20 (43)

oxidation of acetaminophen because acetaminophen-
stimulated NADPH oxidation in the presence of cysteine
is not decreased further by the addition of ascorbic acid
(Table 4D).

These results also explain why the amount of reactive
metabolite formed from acetaminophen always appears
to be greater when the metabolite is quantitated by

measuring the amount of suithydryl adduct formed

rather than by measuring the amount of covalent binding
as an index of metabolite formation (Table 4A and C). In
the absence of a high concentration of nucleophile, the

strong reducing environment of the microsomal system

probably favors the reduction of most of the N-acetyl-p-
benzoquinoneimme back to acetaminophen before it has

time to react with the nucleophiic sites present at low
concentrations in protein macromolecules. Conversely,
when present at high concentrations in microsomal in-
cubations, sullhydryl nucleophiles add efficiently to N-

acetyl-p-benzoquinoneimine before reduction can occur,

resulting in greater estimates of the rate at which the
arylating intermediate is formed.

New studies applying electrochemical techniques have

also provided evidence that N-acetyl-p-benzoquinoneim-

ine is the arylating metabolite formed from acetamino-
phen. Kissinger recently reported (15) that N-acetyl-p-

benzoquinoneimine can be generated electrochemically
from acetaminophen and that the intermediate reacts

with nucleophiles to produce sulthydryl adducts that are

indistinguishable from those formed during the micro-
somal metabolism of acetaminophen.

Thus, the collective data would appear to establish

that the reactive intermediate resulting from P-45O-me-
diated oxidation of acetaminophen is N-acetyl-p-benzo-

quinoneimine (7, 8). Furthermore, variations in the he-
patotoxicity of acetaminophen with animal species and
strains (16), enzyme induction and inhibition (1, 2, 17),
and genetic responsiveness (18) correlate directly with
differences in the ability to N hydroxylate other drugs
(3-6).

One can speculate about alternative pathways. Isola-
tion of 3-methoxyacetaminophen from urine (19) raised

the possibility that the toxicity of acetaminophen could

be due to a 3,4-epoxide metabolite or a 3,4-catechol

derived from the epoxide. However, this pathway is not

likely to be involved in toxicity. When the toxic arylating
metabolite of acetaminophen is generated enzymatically

under an 180 atmosphere and trapped with glutathione,
no 180 is found in the adduct, indicating that it did not
arise from 3,4 epoxidation (20). Moreover, the 3,4-cate-
chol metabolite ofacetaminophen contains 180 and there-
fore arises from a pathway other than the toxic one (21).

In addition, the trace amount of 3,4-catechol formed in
microsomal incubations is not decreased by the addition

of ascorbic acid or sulihydryls (21), although ascorbic

acid and suithydryls abolish covalent binding of acet-

aminophen (Table 4C).
Acetaminophen might also be oxidized to N-acetyl-p-

benzoquinoneimine directly or through two one-electron
steps. However, there is no precedent for reactions of

this kind mediated by the cytochrome P-450 monooxy-
genases at the present time.

REFERENCES

1. Mitchell, J. R., W. Z. Potter, D. Jollow, D. Davis, J. R. Gillette and B. B.
Brodie. Acetaminophen-induced hepatic necrosis. I. Potentiation by inducers

and protection by inhibitors of drug-metabolizing enzymes. Fed. Proc. 31:
539 (1972) (abstr.).

2. Mitchell, J. R., D. Jollow, J. R. Gillette and B. B. Brodie. Drug metabolism
as a cause of drug toxicity. Drug Metab. Dispos. 1: 418-423 (1973).

3. Thorgeirsson, S. S., D. Jollow, W. Potter, H. Sasame, J. R. Mitchell, J. R.
Gillette and B. B. Brodie. Acetaminophen-induced hepatic necrosis. III. Role
of cytochrome P-450 in the toxicity of N-acetylarylamines. Fifth mt. Congr.
Pharmacol., 223 (1972) (abstr.).

4. Thorgeirsson, S. S., D. J. Jollow, H. A. Sesame, I. Green and J. R. Mitchell.
The role of cytochrome P.450 in N.hydroxylation of 2.acetylaminotluorene.

Mo!. Pharmacol 9: 398-404 (1973).
5. Hinson, J. A., J. R. Mitchell and D. J. Jollow. Microsomal N-hydroxylation

of p-chloroacetaniide. Mo!. Pharrnaco!. 11: 462-469 (1975).
6. Hinson, J. A. and J. R. Mitchell. N-Hydroxylation of phenacetin by hamster

liver microsomes. Drug. Metab. Dispos. 4: 430-435 (1976).
7. Mitchell, J. R., S. S. Thorgeirsson, W. Z. Potter, D. J. Jollow and H. Keiser.

Acetaminophen-induced hepatic injury. Protective role of glutathione in man
and rationale for possible therapy. C!in. Pharmaco!. Ther. 16: 676-684
(1974).

8. Jollow, D. J., S. S. Thorgeirsson, W. Z. Potter, M. Hashimoto and J. R.
Mitchell. Acetaminophen-induced hepatic necrosis. VI. Metabolic disposition
of toxic and nontoxic doses of acetaminophen. Pharmacology 12: 251-271
(1974).

9. Corcoran, G. B., Y. N. Vaishnav and J. R. Mitchell. Reactivity of the N-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


542 CORCORAN ET AL.

hydroxy metabolize of acetaminophen including sulfhydryl adduct formation.
Proc. Seventh mt. Congr. Pharmacol., 651 (1978) (abstr.).

10. Corcoran, G. B., J. R. Mitchell, Y. N. Vaishnav, E. C. Horning and S. D.
Nelson. Formation of chemically reactive metabolites from drugs, in Ad.
vances in Pharmacology and Therapeutics, Vol. 9 (Y. Cohen, ed). Pergamon
Press, Oxford, 103-111 (1978).

11. Corcoran, G. B., J. R. Mitchell, Y. N. Vaishnav and E. C. Horning. Sulfhydryl
adduct and acetaminophen formation from N-hydroxy-acetaminophen:
Mechanistic implications. Pharmacologist 21: 220 (1979) (abstr.).

12. Calder, I. C., K. Healey, A. C. Yong, C. A. Crowe, K. N. Ham and J. D. Tange.
N-Hydroxyparacetamol-its role in the metabolism of paracetamol, in Bio.
logical Oxidation of Nitrogen (J. W. Gonad, ed). Elsevier/North Holland.
Biomedical Press, Oxford, 309-318 (1978).

13. Healey, K., I. C. Calder, A. C. Yong, C. A. Crowe, C. C. Funder, K. N. Ham
and J. D. Tange. Liver and kidney damage induced by N-hydroxyparaceta-
mol. Xenobiotica 8: 403-411 (1978).

14. Gemborys, M. W., G. W. Gribble and G. H. Mudge. Synthesis of N-hydroxy-
acetaminophen, a postulated toxic metabolite of acetaminophen, and its
phenolic sulfate conjugate. J. Med. Chem. 21: 649-652 (1978).

15. Kissinger, P. T. Application of electrometric techniques to pharmacological
problems. Pharmacologist 20: 139 (1978).

16. Davis, D. C., W. Z. Potter, D. J. Jollow and J. R. Mitchell. Species differences
in hepatic glutathione depletion, covalent binding and hepatic necrosis after

acetaminophen. Life Sci. 14: 2099-2109 (1974).
17. Potter, W. Z., D. C. Davis, J. R. Mitchell, D. J. Jollow, J. R. Gillette and

B. B. Brodie. Acetaminophen-induced hepatic necrosis. III. Cytrochrome P-
450-mediated covalent binding in vitro. ,J. Pharmacol. Exp. Ther. 187: 203-
210 (1973).

18. Thorgeirsson, S. S., J. S. Felton and D. W. Nebert. Genetic differences in the
aromatic hydrocarbon-inducible N-hydroxylation of 2-acetylaminofluorene-
and acetaminophen-produced hepatotoxicity in mice. Mo!. Pharmacol. 11:
159-165 (1975).

19. Knox, J. H. and J. Jurand. Determination of paracetamol and its metabolites
in urine by high-performance liquid chromatography using reversed-phase

bonded supports. J. Chromatogr. 142: 651-670 (1977).
20. Hinson, J. A., S. D. Nelson and J. R. Mitchell. Studies on the microsomal

formation of arylating metabolites of acetaminophen and phenacetin. Mo!.
Pharmacol. 13: 625-633 (1977).

21. Hinson, J. A., L R Pohl, T. J. Monks and J. R Gillette. 3-Hydroxyacetami-
nophen: A microsomal metabolite of acetaminophen. Pharmacologist 21:
219 (1979) (abstr.).

22. Sasame, H. A., J. R. Mitchell, S. S. Thorgeirsson and J. R. Gillette. Relation-
ships between NADH and NADPH-oxidation during drug metabolism. Drug
Metab. Dispos. 1: 150-155 (1973).

Send reprint requests to: Jerry Mitchell, Section on Hypertension
and Clinical Pharmacology, Room 826-E, Department of Medicine,

Baylor College of Medicine, Houston, Tex. 77030.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



