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SUMMARY

Improved analytical methodology has been developed for the structural characterization
of covalently bound drug-protein adducts and has been applied to an investigation of the
conjugates formed in vivo and in vitro between [14C]acetaminophen and mouse liver
proteins. The major adduct released by acid hydrolysis of hepatic protein samples, which
accounted for approximately 70% of the bound radioactivity in vivo and in vitro, was
identified as 3-cystein-S-yl-4-hydroxyaniline, a derivative whose structure reflects the
predominance of acetaminophen thioether adducts in drug-modified proteins. It is con-
cluded that the reactive, electrophilic metabolite of acetaminophen, which most likely is
N-acetyl-p-benzoquinoneimine, binds with a high degree of selectivity to cysteinyl thiol
groups on protein, formally in a Michael-type addition reaction. Cysteine residues thus

represent primary target sites for arylation by the reactive metabolite of acetaminophen,
and proteins rich in free thiols may be especially vulnerable to damage by this toxic
intermediate.

INTRODUCTION

Acetaminophen (paracetamol, 4’ -hydroxyacetanilide,
1, Fig. 1) is a widely used nonprescription analgesic and
antipyretic agent which is known to cause serious liver
injury in both experimental animals and humans when
taken in high doses (1, 2). The mechanism of acetamino-
phen-induced hepatic necrosis is a subject of considerable
toxicological interest and is believed to be associated
with the formation of a reactive, electrophilic metabolite
of the drug NAPQI2 (2, Fig. 1) which depletes cellular
glutathione stores and binds covalently to tissue macro-
molecules (3, 4). Although the structure of the acet-
aminophen-glutathione conjugate (3, Fig. 1) has been

firmly established by mass spectrometric (5) and NMR
techniques (6), little is known about the nature of the
covalent adduct(s) formed between NAPQI and protein.
Indirect evidence suggests that arylation of proteins by
this reactive metabolite may take place selectively at
cysteinyl sulfhydryl groups (7, 8) to give thioether con-
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jugates analogous to the acetaminophen-glutathione ad-
duct. Recently, we have developed new analytical meth-
odology for the degradation of drug-protein adducts with
which we have been able to show directly that acetamino-
phen binds preferentially to the free thiol group in bovine
serum albumin, a model protein which serves as an in
vitro “trapping agent” for the electrophilic metabolite of
acetaminophen (9).

In the work described in this report, our analytical
methodology has been further developed for use in the
direct structural characterization of drug-protein conju-
gates generated in vivo and has been applied to identify
the major covalent adduct to hepatic microsomal and
cytosolic proteins produced following the administration
to mice of a hepatotoxic dose of acetaminophen. In
addition, the nature of the acetaminophen-protein ad-
duct formed in vitro during incubations of the drug with
mouse liver microsomal preparations has been investi-
gated by use of the same analytical protocol.

EXPERIMENTAL PROCEDURES

Materials. Unlabeled acetaminophen was purchased from Aldrich

Chemical Co. (Milwaukee, WI) and was recrystallized from hot water
before use. [ring-U-’4C]Acetaminophen (9.8 mCi mmor’) was obtained
from Pathfinder Laboratories Inc. (St. Louis, MO) and was purified by
HPLC as described previously (8). This radiolabeled material was

diluted with unlabeled drug to give a final specific radioactivity of 1.92
mCi mmor’ for in vivo studies and 0.80 mCi mmor’ for in vitro

experiments. A sample of the cysteine conjugate of acetaminophen (4)

was synthesized by reaction of L-cysteine (Sigma Chemical Co., St.

Louis, MO) with NAPQI (10), as described earlier (9). Ethyl chloro-

formate was purchased from Sigma, constant boiling HC1 (Sequanal
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FIG. 1. Structures ofacetaminophen (1), NAPQI(2), the glutathione

conjugate of acetaminophen (G, glutathion-S-yl residue) (3), and the

cysteine conjugate of acetaminophen (4)

grade) for protein hydrolysis was from Pierce Chemical Co. (Rockford,
IL), and MBSTFA was obtained from Aldrich. Methanol and water for

chromatography (HPLC grade) were purchased from the J. T. Baker

Chemical Co. (Phillipsburg, NJ) and Burdick and Jackson Laborato-
ries, Inc. (Muskegon, MI), respectively. Dichloromethane and glacial

acetic acid (Baker) were of analytical grade.
HPLC procedures. Separations were carried out using a Beckman

model 342 dual pump instrument, equipped with a Beckman model 160

fixed wavelength (X = 254 nm) UV detector. Two HPLC systems were

employed, as follows. System I was a Microsorb ODS semipreparative

column (25 cm X 10 mm, 5 �m; Rainin Instruments, Berkeley, CA);
isocratic elution was with methanol/glacial acetic acid/water (55:1:44
by volume) at a flow rate of 2 ml min’. System II was an Ultrasphere

ODS analytical column (15 cm x 4.6 mm, 5 sm; Rainin Instruments);
solvent A was methanol/glacial acetic acid/water (15:1:84 by volume);
solvent B was methanol/glacial acetic acid/water (50:1:49 by volume);

elution was with a linear gradient from 0-100% solvent B over 20 mm
at a flow rate of 1 ml min’, followed by isocratic elution at 100%

solvent B for 10 mm. Return to solvent A was carried out with a reverse

gradient over 10 mm, following which the column was equilibrated for

at least 30 mm before injection of the next sample.
Biological experiments. Adult male BALB/c mice (approximately 25

g) were obtained from Simonsen (Gilroy, CA) and were pretreated for

3 days with sodium phenobarbital (75 mg kg’ per day, IP) before use.
Metabolic studies were conducted 24 hr after the last phenobarbital

injection.

In vivo experiments were carried out as follows. Four animals were

dosed with [‘4C]acetaminophen (200 mg kg’, administered IP as a 6

mg ml’ solution in 0.9% NaCl) and were sacrificed by decapitation 4
hr after dosing. The livers were homogenized individually in distilled
water (6 ml), microsomal and cytosolic fractions from each homogenate
were obtained by ultracentrifugation (8), and the microsomal pellets

were resuspended in distilled water (5 ml). One-halfofeach microsomal

and cytosolic sample was taken for determination of radioactivity

covalently bound to protein (8). The remaining microsomal suspensions
were pooled, as were the cytosolic fractions. In both sets, the protein
was precipitated by addition of trichloroacetic acid (3 M, 2 ml), and the
precipitate was washed in turn with 5-ml portions of trichloroacetic

acid (0.63 M), ethanol/diethyl ether (3:1, v/v), and diethyl ether. The

final protein pellets were air-dried overnight.
For the in vitro experiments, hepatic microsomes were prepared and

incubated with [‘4C]acetaminophen (1 mM) as described previously (8).

The microsomes were then re-isolated by centrifugation at 100,000 X g

and suspended in 45 ml of 0.1 M phosphate buffer, pH 7.4, at a

concentration of 3 mg of protein ml’. The protein was precipitated by

the addition of trichloroacetic acid (3 M, 5 ml) and collected by brief

centrifugation (1,000 x g). This fmal protein pellet was washed as

described above for the in vivo experiment and was air-dried.
Degradation of acetaminophen-protein adducts. The general proce-

dure is summarized in Fig. 2 and represents an extension of an analyt-
icalprotocoldeveloped recently in our laboratories for the identification
of the covalent adduct formed in vitro between acetaminophen and
bovine serum albumin (9). This improved methodology was established

from preliminary studies with the synthetic acetaminophen cysteine

conjugate (4), which served as a model drug-amino acid adduct; the
products ofthe various reactions with 4 were isolated by HPLC (system

II) and were characterized by direct insertion mass spectrometry.

Samples of microsomal or cytosolic protein were dissolved in con-

stant-boiling HC1 and heated under vacuum in a sealed glass vial at

120#{176}for 24 hr. The resulting solutions were evaporated to dryness

(Rotavapor, 45#{176});the residues were taken up in pH 6 phosphate buffer

(3 ml) and treated with acetic anhydride (0.1 ml). After stirring at

ambient temperature for 10 mm, aliquots were taken for measurement

of radioactivity and NaOH (5 M) was added to raise the pH to 12.
These solutions were then allowed to stand for a further 10 mm before

the pH was adjusted to 9 and ethyl chloroformate (0.05 ml) was added.
After 30 mm at room temperature, the reaction products were washed

with dichioromethane (10 ml) and portions of the organic phases were

taken for measurements of radioactivity. The aqueous layers were

acidified to pH 2 with HC1 (12 M) and extracted with ethyl acetate (3

x 10 ml). The combined ethyl acetate extracts were evaporated to

dryness in vacuo and the residues were dissolved in methanol/acetic

acid/water (55:1:44 by volume, 1.0 ml) for purification by HPLC

(system I). Samples were injected in several portions, and fractions

were collected at 30-sec intervals from 4-14 mm. Aliquots of each

column fraction were removed for liquid scintillation counting and

those fractions containing appreciable amounts of radioactivity were

evaporated to dryness and treated with MBSTFA/dimethylformamide

(1:1, v/v, 50 ��l) at 120� for 30 mm. These fmal, derivatized samples
were analyzed directly by GLC and GC-MS.

GW and GC-MS procedures. GLC analyses were carried out on a

Hewlett-Packard model 5710A gas chromatograph, modified for oper-

ation with capillary columns, and equipped with a split/splitless injec-

tion system (held at 250#{176}),flame ionization detector (also maintained

at 250�), and Hewlett-Packard model 3390A reporting integrator. A

fused silica capillary column (60 m X 0.32 mm id.), coated with the

bonded stationary phase DB-5 (J and W Scientific, Ventura, CA), was

employed with helium (head pressure, 20 p.s.i.) as both carrier gas and

detector make-up gas. Samples were injected using the splitless mode

of operation and “cold-trapped” on the column at 40#{176}.After a period

of 30 see, the column oven temperature was raised rapidly to 240� and,

5 mm after injection, was programmed linearly at 3#{176}min’ to 30(Y.

Retention times were measured relative to a homologous series of n-

alkanes co-injected with each sample and are expressed as MU values.
GC-MS analyses were performed on a VG 70-70H double focusing

mass spectrometer, equipped with a Hewlett-Packard model 5710A gas

chromatograph, with on-line connection to a VG model 2035 data

system. The mass spectrometer was operated in the electron impact

mode (electron energy, 70 eV), with an ion source temperature of 200#{176},

an emission current of 200 zamp, and an accelerating potential of 4

kV. The GLC column and operating conditions were the same as those

noted above and mass spectra were recorded at a scan rate of 1 sec

decade’.

Mass spectrometry. Mass spectra of reference compounds and inter-

mediates obtained during the method development phase of the work

were recorded on the same instrument as used for GC-MS studies. In

this case, however, samples were introduced by the direct insertion

technique using a Vespel-tipped probe. The mass spectrometer was

operated in the chemical ionization mode (methane as reagent gas at a
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source pressure of 0.5 torr; source temperature, 200#{176})and spectra were

taken at a scan rate of 5 sec decade’.
be the fully derivatized N,N’,O,-trisacetyl species 7
(MH� at m/z 369). Acetylation conditions could not be

RESULTS found, however, which yielded only a single product.

Our earlier model studies on the structure of the co-
valent adduct formed in vitro between acetaminophen
and bovine serum albumin demonstrated that the single
free cysteine residue in this protein is the primary site
of arylation (9). Based on this finding, attempts were
made to extend the analytical protocol for work with
complex, heterogeneous protein samples by incorporat-
ing capillary GLC as a final separation step. The ration-

Consequently, the mixture of bis- and trisacetyl deriva-
tives was made alkaline (pH 12) for a brief period (10
mm) in order to hydrolyze selectively the O-acetyl func-
tion and convert the mixture into the bisacetyl species 6
(F’ig. 2). This latter compound (the mercapturic acid of
acetaminophen) was then further derivatized by reaction
in aqueous solution with ethyl chioroformate (9) and the
O-ethoxycarbonyl product 8 was extracted into ethyl

ale for including GLC in the analytical scheme was 2- acetate and purified by HPLC (retention time of 18.2

fold. First, it was found in pilot experiments (not re- mm in system II). The identity of 8 (as its methyl ester)
ported here) that acid hydrolysis of protein from the
livers of mice exposed to hepatotoxic doses of [“C]
acetaminophen released one major drug-amino acid ad-
duct which had the liquid chromatographic properties of
the cysteine conjugate 5. However, HPLC procedures

was verified by chemical ionization mass spectrometric
analysis, which gave the following ions: m/z 399 (MW),
357 ([MH-CH2CO]�), 328 ([357-C2H5]�), 284 ([357-

CO2C2H5]�),256([MH-CH�==C(CO2CH3)NHCOCH3]i,

alone were not adequate for the purification of this
conjugate from the complex protein hydrolysates to a
degree suitable for mass spectrometric identification. It HN��#{176}CH,

was considered that the combination of HPLC and GLC
techniques would be a more effective approach to the
characterization of this adduct. Second, inclusion of a

Q
S-�otsn

final GLC separation step would permit the use of GC-
MS techniques for positive identification of the isolated
adduct, thereby replacing the less sensitive and less
specific direct insertion approach employed in our pre-
vious studies.

Method development was therefore directed towards
the preparation of a chemically stable, volatile derivative
of 5, the anticipated major hydrolysis product of acet-
aminophen-protein covalent adducts, which would be
suitable for gas-phase analysis. This work, which utilized
the synthetic acetaminophen-cysteine conjugate (4) as a
model compound for hydrolysis and derivatization stud-
ies, indicated that compounds bearing the aromatic N-

acetyl moiety were suitable for GLC and GC-MS pur-
poses, whereas the corresponding N-ethoxycarbonyl de-
rivatives (such as that employed in our earlier protocol)
were thermally unstable and decomposed upon injection 6

into the gas chromatograph. Unfortunately, the acetyl
group in covalently bound acetaminophen is removed
quantitatively during the initial acid hydrolysis step and (i��i)

a means was sought, therefore, to replace it at an early
stage of the analytical sequence. Acetylation of the ami-
nophenol-cysteine conjugate (5) with excess acetic an-
hydride in buffered aqueous media at pH values of 6-7
gave rise to two products with retention times of 5.8 and
13.8 mm in HPLC system II; no starting material (reten-
tion time, 3.6 mm) remained after 10-mm reaction at
ambient temperature. (The aminophenol conjugate 5 is
stable only under acidic conditions and decomposes rap-
idly at pH values greater than 7.) The products Of ace-
tylation were isolated, converted to their methyl esters
by brief exposure to methanolic HC1, and analyzed by
chemical ionization mass spectrometry. The product
with the shorter retention time on HPLC proved to be
the N,N ‘ -bisacetyl derivative (6), whose mass spectrum
exhibited a prominent MH� species at m/z 327, while
the product with the longer retention time was found to

7

OSiM. 1-Bu

#{163}

(vii) � 1:�:I\ �

� OEt

d-BuM.,SIO

O1OEt

(viii)

8 9

FIG. 2. Schemefor the analysis ofprotein-bound thioether conjugates
of acetaminophen

Step i, acid hydrolysis; step ii, acetylation; step iii, hydrolysis of the
O-acetyl group in 7; step iv, reaction with ethyl chloroformate; step v,
extraction into ethyl acetate; step vi, purification by reverse phase
HPLC; step vii, reaction with MBSTFA; step viii, analysis of product
9 by GLC and GC-MS. For details, see Experimental Procedures.
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210 ([256-C2H5OH]�), 144 (complementary ion to 256),
and 102 [�CH�-CH(CO2CH3)NH2].

The final reaction in the scheme shown in Fig. 2
involved derivatization of the acid 8 for GLC and GC-
MS analysis. Investigation of a number of esterification
procedures revealed that a novel reaction takes place
with the silylating agent MBSTFA, in which the S-CH2
bond of the cysteinyl moiety is cleaved and a bis-tBDMS
derivative, to which we tentatively assign the orthoester
structure 9, is formed. This reaction, which requires the
ethoxycarbonyl substituent on the phenolic oxygen of
the acetaminophen ring system, probably proceeds by
way of a cyclic five-membered sulfonium ion formed by
attack of the sulfur atom on the neighboring carbonyl
group; the latter intermediate would be predisposed to-
wards loss of the major part of the cysteinyl moiety in a
retro-Michael reaction to yield the observed product.
This derivatization step, which gave the tBDMS ether 9
in apparently quantitative yield, proved to be a valuable
modification of the earlier protocol in that a volatile
derivative of the adduct was produced which exhibited
excellent GLC and GC-MS characteristics.

Application of this modified analytical protocol to the
study of acetaminophen-protein covalent adducts was
made first to microsomal and cytosolic protein fractions
from the liver of mice given a hepatotoxic dose (200 mg
kg�) of radiolabeled drug. Four hours after drug admin-
istration, covalent binding of acetaminophen to hepatic
microsomal and cytosolic protein was found to be 0.56 ±
0.14 (n = 4) and 0.90 ± 0.18 nmol mg� (n = 4), respec-
tively. These figures are in good agreement with pub-
lished values for the covalent binding of this dose of
acetaminophen to mouse liver proteins (11).

Following acid hydrolysis of the acetaminophen-mi-
crosomal protein adduct and formation of the N,N’-

bisacetyl, O-ethoxycarbonyl derivative 8 (steps i-iv, Fig.
2), approximately 80% of the radioactivity present in the
initial protein sample was recovered by extraction into
ethyl acetate (step v, Fig. 2), while a further 5 and 10%
were found in the dichloromethane wash and in the
aqueous phase after pH 2 extraction, respectively. Anal-
ysis of this derivatized protein hydrolysate by HPLC
(system I) revealed a complex profile of UV-absorbing
components (Fig. 3, upper trace). Recovery of radioactiv-
ity from the column was essentially quantitative with
72% of the counts eluting in fractions 12 and 13 and a
further 17% in fraction 8 (Fig. 3, lower trace). The major
peak had exactly the same retention volume as the deny-
ative produced from an authentic sample of 3-cystein-
ylacetaminophen (4) which had been subjected to the
same analytical procedure (Fig. 3, center trace). The
minor peak eluted at the retention volume of the tnis-
acetyl derivative 7, present in the sample as a residue
from incomplete hydrolysis at an earlier step in the
analytical protocol (Fig. 2, step iii). When the material
contained in column fractions 12 and 13 was pooled,
treated with MBSTFA, and analyzed by GLC, the gas
chromatogram reproduced in Fig. 4 was obtained. Despite
the complexity of this “purified” sample, a peak with the
same retention index (MU = 26.5) as the reference silyl
derivative 9 eluted at 19.5 mm. Analysis of this compo-

FIG. 3. Reverse phase HPLC analysis of the derivatized (N,N’-
bisacety4 O-ethoxycarbonyl) acid hydrolysate from the microsornoi frac-

tion of mouse liver obtained 4 hr after an IP dose of [‘4C]acetaminophen

(200 mg kg�’)

Upper frame, profile of UV-absorbing compounds eluting from the
column; center frame, chromatography of the derivatized product (8)

obtained from an acid hydrolysate of authentic 3-cystein-S-yl-acet-
aminophen; lower frame: profile of radioactivity eluting from the col-

umn. AU, absorbance units.

nent by GC-MS yielded the mass spectrum shown in Fig.
5B, which was essentially identical to that of the refer-
ence thioether derivative 9 (Fig. 5A). Salient features of
this mass spectrum include the M� ion at m/z 483 and
fragment ions at m/z 468 ([M-CH3]i, 438 (EM-
OC2H5]i, 426 ([M-tBu]i, 352 ([M-tBuMe2SiO]�),
296 ( [352-C4H6]i, and 222 ( [352-tBuMe2SiO+H]�).
Moreover, based on analysis of known amounts of the
synthetic derivative 9 as an external standard, the detec-
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FIG. 4. Gas chromatographic separation of tBDMS ether derivatives

obtained from pooled radioactive fractions 12 and 13 collected from the
HPLC analysis depicted in Fig. 3

The peak with the same retention index as the authentic tBDMS
derivative 9 is indicated by an arrow. FID, flame ionization detector.

ton response on GLC and the intensity of the mass
spectrum obtained on GC-MS analysis of the biological
material were consistent with all of the injected sample
being in the form of derivative 9. It may be concluded,
therefore, that the major covalent adduct of acetamino-
phen to microsomal protein in vivo is a 3-cysteinyl
thioether conjugate, analogous to that formed in vitro
with bovine serum albumin (9). It should be pointed out
that, although the acid hydrolysis procedure used in this
work removes the acetamide sidechain of acetamino-
phen, it is known from studies with specifically labeled
radioactive analogs of acetaminophen that the bulk of
the covalently bound material both in vitro (4) and in
vivo (11) retains the acetyl group. Thus, the principal
protein adducts must be 3-cystein-S-yl conjugates of
acetaminophen itself. Analysis of the radioactivity meas-
urements cited above indicate that approximately 72%
of the drug which is bound covalently to microsomal
protein is in the form of this one thioether conjugate.

Degradation of the corresponding acetaminophen-cy-
tosolic protein adduct gave results which were very sim-
ilar to those just described and indicated that the bulk
of the radioactivity released by acid hydrolysis of this
modified protein also co-chromatographed on HPLC
with the authentic cysteine conjugate of acetaminophen
(Fig. 6). The identity of the principal radioactive adduct
(fraction 13, Fig. 6) was then confirmed by GLC and GC-
MS analysis to be the same as that obtained from the
microsomal protein fraction (data not shown).

In the final experiment, where acetaminophen was
incubated with hepatic micromsomes from phenobarbi-
tal-pretreated mice, covalent binding to protein was
found to be 3.19 nmol mg�. Hydrolysis of this material,
followed by acetylation and ethoxycarbonyl formation,
yielded a product whose HPLC profile is shown in Fig.
7. The pattern of radioactive peaks eluting from the
column was very similar to that recorded from each of
the in vivo samples, the major component (fractions 12
and 13) again co-chromatographing with the synthetic
cysteine conjugate derivative. When this component was

570 HOFFMANN ET AL.

silylated and analyzed by GLC and GC-MS, it was shown
to be identical to the derivative 9 obtained from the
previous experiments.

DISCUSSION

The improved analytical methodology developed in
this work, which takes advantage of the differential
reactivities in aqueous media of -NH2, phenolic -OH,
and -CO2H groups and which exploits a novel silylation
reaction for GC-MS studies, made it possible to dem-
onstrate directly that when phenobarbital-pretreated

I I I I 1 � mice are administered a hepatotoxic dose of acetamino-
0 5 10 15 20 25 phen, the principal covalent adduct to liver microsomal

( . ‘ and cytosolic proteins in a thioether conjugate of the
Time �min ) drug with cysteine sulfhydryl groups. Moreover, when

the drug is incubated in vitro with mouse hepatic micro-
somes, the same adduct predominates. Judging from the

HPLC profiles of radioactivity obtained from the various
protein hydrolysates (Figs. 3, 6, and 7), it appears that
some 72% of the bound acetaminophen in each case is
in the form of this one thioether conjugate. Also, since
the analytical protocol developed in this work was de-
signed to have general applicability to drug-amino acid
conjugates of a variety of structural types, other acet-
aminophen-protein adducts, had they been present,
should have been detected by HPLC. It may be con-
cluded, therefore, that covalent binding of acetamino-
phen to liver protein exhibits a remarkably high degree
of selectivity for -SH groups, which thus represent
primary target sites for attack by the reactive metabolite
of the drug.

The structure of the isolated acetaminophen-cysteine
adduct, in which the sulfur atom is attached to the C-3’
position of the drug moiety, is directly analogous to the
conjugate formed in vitro by chemical reaction between
cysteine and synthetic NAPQI (9) and suggests that the
protein adducts may be formed by a similar reaction with
NAPQI. On the other hand, the N-acetyl-p-benzosemi-
quinoneimine radical may also be formed by enzymatic
oxidation of acetaminophen (12, 13) and might be ex-
pected to give rise to protein thioether conjugates of the
type identified in this study. However, based on the
absence of radioactivity covalently bound to the hepatic
lipids of animals given toxic doses of radiolabeled acet-
aminophen, it has been proposed that such a free radical
does not play a quantitatively significant role in the
chemical interaction of acetaminophen-reactive metab-
olites with hepatic tissue macromolecules (14).

In a recent paper, Miller and Jollow (15) examined the
effect of L-ascorbic acid on acetaminophen-induced hep-
atotoxicity and covalent binding in the hamster. Al-
though ascorbate inhibited the covalent binding in vitro
[presumably by reducing NAPQI back to acetaminophen
(4)], it failed to protect against hepatic necrosis and did
not suppress covalent binding to liver protein in vivo
when given immediately after acetaminophen, despite
the fact that reduced ascorbate levels in liver were mark-
edly elevated. Furthermore, covalent binding of acet-
aminophen in isolated hamster hepatocytes was found to
be partially inhibited by ascorbate, in contrast to both
the in vitro and in vivo results. Based on these findings,
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FIG. 5. Electron impact mass spectra

Recordings were made under GC-MS conditions of: (A) the final product (9) obtained by subjecting an authentic sample ofthe acetaminophen-
cysteine conjugate (4) to the scheme shown in Fig. 2, and (B) the product obtained by reacting the biological isolate (fractions 12 and 13, Fig. 3)

with MBSTFA and which gave rise to the indicated peak in Fig. 4.
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the authors proposed that the reactive metabolite of
acetaminophen formed in vitro differs from that pro-
duced in vivo in terms of its kinetic handling or its
chemical nature. While the results of our studies do not
completely exclude this possibility, they do demonstrate
that the HPLC profile of acetaminophen-protein cova-

OSIMs,*4u

N 04,

LL �k

�?LOEt

#{149}�SvMs,$iO

lent adducts formed in the mouse in vivo is the same as
that obtained from in vitro experiments. Considered
collectively, the results of our work and those discussed
above strongly support the contention that covalent
binding of acetaminophen to liver tissue results from
cytochrome P-450-mediated oxidation of the drug to
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FIG. 6. Reverse phase HPLC analysis of the derivatized (N,N’-
bisacety4 0-ethoxycarbonyl) acid hydrolysate from the cytosolic fraction

of mouse liver obtained 4 hr after an IP dose of [‘4C]acetaminophen

(200 mg kg�’)

Upper frame, profile of UV-absorbing compounds eluting from the
column after spiking the biological isolate with an authentic sample of

8 as a retention time marker (the peak due to added 8 is indicated by

an arrow); lower frame, profile of radioactivity eluting from the column.

NAPQI, a highly electrophilic intermediate which reacts
preferentially with -SH groups (3, 4). Whether this
binding of NAPQI to protein thiols occurs by a direct
Michael addition reaction, or by initial ipso attack by
sulfur at the C-i imine or C-4 carbonyl carbons of

FIG. 7. Reverse phase HPLC analysis of the derivatized (N,N’-
bisacety4 0-ethoxycarbonyl) acid hydrolysatefrom an in vitro incubation

of [‘4C]acetaminophen with mouse liver mierosomes

Upper frame, profile of UV-absorbing compounds eluting from the
column after spiking the biological isolate with an authentic sample of
8 as a retention time marker (the peak due to added 8 is indicated by
an arrow); lower frame, profile of radioactivity eluting from the column.

NAPQI (16) and subsequent rearrangement to the 3-
thioether conjugate, remains to be established. In any
event, it is clear that proteins which are rich in free thiol
functions will be especially vulnerable to arylation dam-
age by NAPQI generated intracellularly, a phenomenon
which may be of importance in the pathology of acet-
aminophen-induced liver injury.

ACKNOWLEDGMENTS

We are grateful to Mr. William N. Howald for assistance with the
mass spectral analyses. One of us (K.-J. H.) would like to thank AB
Hassle for support during a leave of absence at the University of
Washington.

REFERENCES

1. Boyd, E. M., and G. M. Bereczky. Liver necrosis from paracetamoL Br. J.
PharmacoL Chemother. 26:606-614 (1966).

2. Prescott, L. F., N. Wright, P. Roscoe, and S. S. Brown. Plasma paracetamol
half-life and hepatic necrosis in patients with paracetamol overdosage. Lancet

1:519-522 (1971).
3. Mitchell, J. R., D. 3. Jollow, W. Z. Potter, 3. R. Gillette, and B. B. Brodie.

Acetaminophen-induced hepatic necrosis. IV. Protective role of glutathione.
J. PharmacoL Exp. Ther. 187:211-217 (1973).

4. Dahlin, D. C., G. T. Miwa, A. Y. H. Lu, and S. D. Nelson. N-Acetyl-p-
benzoquinone imine: a cytochrome P450-mediated oxidation product of
acetaminophen. Proc. NatL Aced. Sci. U. S. A. 81:1327-1331 (1984).

 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/


ACETAMINOPHEN-PROTEIN COVALENT ADDUCTS 573

5. Nelson, S. D., Y. Vaishnav, H. Kambara, and T. A. Baillie. Comparative
electron impact, chemical ionization and field desorption mass spectra of
some thioether metabolites of acetaininophen. BiOrned. Mass Spectrom.

8:244-251 (1981).
6. Hinson, J. A., T. J. Monks, M. Hong, R. J. Highet, and L. R. Pohl. 3-

(Glutathion-S-yl)acetaminophen: a biliary metabolite of acetaminophen.
Drug Metal,. Dispos. 10:47-50 (1982).

7. Hinson, J. A. Biochemical toxicology of acetaminophen, in Reviews in Bio-
chemical Toxicology (E. Hodgson, J. R. Bend, and It M. Philpot, ads.), Vol.
2. Elsevier/North-Holland, New York, 103-129 (1980).

8. Streeter, A. J., D. C. Dahlin, S. D. Nelson, and T. A. Baillie. The covalent
binding of acetaminophen to protein: evidence for cysteine residues as major
sites of arylation in vitro. Chem.-BioL Interact. 48:349-366 (1984).

9. Hoffmann, K.-J., A. J. Streeter, D. B. Axworthy, and T. A. Baillie. Structural
characterization of the major covalent adduct formed in vitro between acet-
aminophen and bovine serum albumin. Chem-BioL Interact., in press (1985).

10. Dahlin, D. C., and S. D. Nelson. Synthesis, decomposition kinetics, and
preliminary toxicological studies of pure N-acetyl-p-benzoquinone imine, a
proposed toxic metabolite of acetaminophen. J. Med. Chem. 25:885-886
(1982).

11. Jollow, D. J., J. R. Mitchell, W. Z. Potter, D. C. Davis, J. R. Gillette, and B.

B. Brodie. Acetaminophen-induced hepatic necrosis. II. Role of covalent
binding in viva. J. PharmacoL Exp. Titer. 187:195-202 (1973).

12. Rosen, G. M., W. V. Singletary, Jr., E. J. Rauckman, and P. G. Killenberg.
Acetaminophen hepatowxicity an alternative mechanism. Biochem. Phar-
macaL 32:2053-2059 (1983).

13. West, P. R., L S. Harman, P. D. Josephy, and R P. Mason. Acetaminophen:
enzymatic formation ofa transient phenoxy free radical. Biochem. PharrnocoL
33:2933-2936 (1984).

14. Smith, C. V., H. Hughes, and J. R. Mitchell. Free radicals in vivo: covalent
binding to lipids. MoL PharmacoL 26:112-116 (1984).

15. Miller, M. G., and D. J. Jollow. Effect of L-ascorbic acid on acetaminophen-
induced hepatotoxicity and covalent binding in hamsters: evidence that in
vitro covalent binding differs from that in vivo. Drug Metab. Dispos. 12:271-
279 (1984).

16. Fernando, C. R., I. C. Calder, and K. N. Ham. Studies on the mechanism of
toxicity of acetaminophen: synthesis and reactions of N-acetyl-2,6-dimethyl-
and N-acetyl-3,5-dimethyl-p-benzoquinone imines. J. Med. Chem. 23:1153-
1158(1980).

Send reprint requests to: Dr. Thomas A. Baillie, Department of
Medicinal Chemistry, BG-20, School ofPharmacy, University of Wash-
ington, Seattle, WA 98195.

 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/



