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Acetaminophen overdose causes severe hepatotoxici-
ty in humans and laboratory animals; presumably
by metabolism to N-acetyl-p-benzoquinone imine:
and binding to cysteine groups as 3-(cystein-
S-yl)acetaminophen-protein adduct. Antiserum spe-
cificfor the adduct was used immunohistochemical-
ly to demonstrate the formation, distribution, and
concentration of this specific adduct in livers of
treated mice and was correlated with cell injury as a
function of dose and time. Within the liver lobule,
immunohistochemically demonstrable adduct oc-
curred in a temporally progressive, central-
to-peripheral pattern There was concordance be-
tween immunohistochemical staining and quantifi-
cation of the adduct in hepatic 1O,OOOg supernate,
using a quantitative particle concentration fluores-
cence immunoassay. Findings include: 1) immuno-
chemically detectable adduct before the appearance
ofcentrilobular necrosis, 2) distinctive lobularzones
of adduct localization with subsequent depletion
during the progression of toxicity, 3) drug-protein
binding in hepatocytes at subbepatotoxic doses and
before depletion of total hepatic glutathione, 4) im-
munohistochemical evidence ofdrug binding in the
nucleus, and 5) adduct in metabolically active and
dividing hepatocytes and in nacrophagelike cells in
the regenerating liver. (AmJ Pathol 1991, 138:359-
371)

Acetaminophen (n-acetyl-p-aminophenol, APAP, parac-
etamol) accounts for approximately one third of the mar-
ket in the United States for over-the-counter analgesic/
antipyretic remedies. At therapeutic doses it is a very safe
drug. At high doses it produces fulminating hepatic ne-
crosis and has been reported to be nephrotoxic in some
overdose victims.1" Although APAP-induced hepatotox-
icity has been studied extensively in animals, and there is
much information available concerning the metabolic
events that lead to the toxicity, the mechanisms that
cause cell death have not been determined. A fraction of
APAP is metabolized to the reactive metabolite N-
acetyl-p-benzoquinone imine (NAPQI), which is the two-
electron oxidation product of APAP, by the microsomal
cytochrome P-450 mixed-function oxidase system.4' Af-
ter a therapeutic dose the reactive metabolite is detoxi-
fied by reaction with the cysteine-containing tripeptide
glutathione (GSH) to form 3-(glutathion-S-yl)APAP. In
contrast, an overdose of APAP depletes the GSH re-
serves and toxicity presumably occurs by the covalent
binding of reactive metabolite to critical cellular
proteins.1'13 Other mechanisms of APAP-induced cyto-
toxicity may be important, however. For example, it is
known that NAPQI is an oxidizing agent5'7 and may in-
duce oxidative stress. Thus, peroxidative mechanisms14
may play a role in APAP toxicity. Although the relative
importance of oxidative stress, peroxidative damage,
and covalent binding remain to be determined, covalent
binding of APAP to protein has emerged as the most
reliable biomarker of APAP toxicity. In animals, most
APAP binds by the reaction of NAPQI with cysteinyl sulf-
hydryl groups producing the corresponding 3-
(cystein-S-yl)APAP (3-Cys-A)-protein adduct.15'16
We recently developed an antiserum specific for this

major APAP-protein adduct.17'18 The antiserum is a new
tool to study the relation between formation of the 3-Cys-A
protein adduct and APAP-induced hepatotoxicity. With a
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competitive enzyme-linked immunosorbent assay
(ELISA), we demonstrated that 3-Cys-A adduct accumu-
lates in the liver (1 0,000g supernate), reaches a maxi-
mum at approximately 2 hours, and declines by approx-
imately 80% in the next 6 hours. Correlated with this de-
cline, 3-Cys-A adduct appears in serum concomitant with
the appearance of alanine aminotransferase (ALT) in se-
rum. We thus hypothesized that the adduct was of he-
patic origin, derived from injured hepatocytes during the
development of hepatotoxicity. We postulated the adduct
in serum was a specific biomarker of the hepatotoxicity
and proposed that it could be used to study APAP hep-
atotoxicity in humans.19 Subsequently, we analyzed var-
ious hepatic cell fractions and specific proteins within
each fraction for the presence of this adduct. The most
highly drug-modified proteins occurred in the plasma
membrane fraction.20

Here we report the use of this extensively character-
ized antiserum to detect the 3-Cys-A protein adduct in
liver of APAP-treated mice. The hepatic localization and
persistence of the 3-Cys-A protein adduct has been
measured as a function of dose and time, and correlated
with an immunochemical quantitative technique and
other indices of hepatotoxicity.

Methods

Reagents

Acetaminophen, GSH, and metallothionein were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Dithio-
threitol and sodium azide were procured from Eastman
Kodak Co. (Rochester, NY). Dialysis tubing with a molec-
ular weight cutoff of 2000 daltons was obtained from
Spectrum Medical Industries, Inc. (Los Angeles, CA). Fe-
tal calf serum was a product of Gibco (Grand Island, NY).
Fluorescein-conjugated mouse anti-rabbit IgG was pur-
chased from Jackson Immunoresearch Laboratories
(West Grove, PA). 3-(2-Pyridyidithio)propionic acid N-
hydroxy succinimide ester was obtained from Pierce
Chemical Co. (Rockford, IL). Amino-substituted polysty-
rene particles and 96-well assay plates were purchased
from Pandex Division of Baxter Laboratories, Inc. (Mun-
delein, IL).

Animals and Dosing

Male B6C3F1 mice were obtained at 4 weeks of age from
the NCTR specific-pathogen-free breeding colony. Ani-
mals were maintained under conventional conditions in a
room on a 12-hour light-dark cycle provided with high-
efficiency particulate-filtered air at a rate of 15 changes

per hour at 230 ± 40C and 50% ± 10% relative humidity.
Animals were housed (4 to a cage) in clear plastic cages
with hardwood bedding, and provided type 5010 M lab-
oratory chow (Ralston-Purina, St. Louis, MO). Mice were
12 weeks old and had an average weight of 27 g when
they were dosed. Food was removed from the feeders (at
5:00 P.M.) 15 hours before dosing. Acetaminophen was
dissolved in 400C pyrogen-free saline (Travenol Labora-
tories Inc., Deerfield, IL) at concentrations such that 0.025
ml/g body weight injected intraperitoneally delivered the
desired dose. The actual doses and killing times are in
the appropriate figure legends.

Sample Preparation

Blood samples were obtained from the retro-orbital
plexus of C02-anesthetized mice. The blood was allowed
to clot at room temperature and serum was separated,
using Shure Sep 11 (General Diagnostics, Morris Plains,
NJ) and stored at - 700C until analysis. Animals were
killed, under CO2 anesthesia, by cervical dislocation.
Segments of the liver were fixed for histologic examina-
tion and the remainder was homogenized with a Teflon-
coated tissue grinder using a 5:1 voltwt ratio of 0.01 moVI
(molar) sodium phosphate buffer, pH 7.2, containing
8.5% wt/vol NaCI (phosphate-buffered saline [PBS]). Ho-
mogenates were centrifuged at 1 0,000g for 10 minutes at
40C and the supernates were stored at - 700C. Before
quantification of the 3-Cys-A protein adduct, nonco-
valently bound APAP and APAP-GSH conjugates were
removed from serum samples and liver supernates by
dialysis three times against 5 liters of PBS. The efficiency
of dialysis to remove unbound APAP and 3-
(glutathion-S-yl)APAP from serum and liver proteins was
reported previously.19

Immunochemical Quantification of the
3-Cys-A Protein Adduct

Preparation of the 3-(N-acetylcystein-S-yl)APAP-
hemocyanin immunogen, rabbit antiserum specific for 3-
Cys-A (previous designation, Rab-541), and the structur-
ally related competitive inhibitors, N-acetyl-
cysteine-APAP and GSH-S-transferase APAP, have been
described.1718

Solid-phase 3-(L-cystein-S-yl)APAP metallothionein
assay particles were prepared by covalently coupling
APAP-derivatized metallothionein to amino-polystyrene
particles. [3H-ring]NAPQI (1 mCi/mmol) was synthesized
by the method of Dahlin and Nelson.21 For the synthesis
of 3-(L-cystein-S-yl)-APAP-metallothionein, 2.6 ,umole of
NAPQI was added to 1 mg/ml metallothionein in distilled
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water at 4°C and the mixture was allowed to react for 5
minutes on ice. The reaction was stopped by the addition
of 15 ,ul of 1 mol/l GSH. 3-(Glutathion-S-yl)APAP conju-
gates were removed by dialysis against PBS.

Amino-substituted polystyrene assay particles (5 ml of
5% wt/vol, 0.89 ,u) were packed by centrifugation at
3000g for 20 minutes. The packed beads were resus-
pended in 0.1 mol/l P04, 0.1 mol/l NaCI buffer, pH 7.3,
followed by addition of 12 mg of 3-(2-pyridyidithio)propi-
onic acid N-hydroxy succinimide ester dissolved in eth-
anol. The reaction mixture was rocked gently at room
temperature for 2 hours. Subsequently, the beads were
washed twice in 20% ethanol followed by centrifugation
at 3000g and once in 0.1 mol/l phosphate buffer, pH 7.0,
followed by centrifugation at 3000g. Acetaminophen-
derivatized metallothionein (40 ,ug protein per milliliter)
was added to the washed pyridine disulfide beads re-
suspended in 0.1 mol/l phosphate buffer, pH 7.0. This
mixture was incubated overnight at room temperature on
a rocker. The coupled beads were then washed three
times with 0.15 mol/l PBS, pH 7.4, washed once in 2
mmol/l (millimolar) phosphate buffer, pH 5.5, and resus-
pended in the same buffer (Figure 1, top).

3-(Cystein-S-yl)APAP protein adduct levels were
quantified immunochemically as described pre-
viously17'19 with modifications to adapt the assay to
a particle concentration fluorescence immunoassay
(PCFIA) format (Figure 1, bottom). A limiting amount of
rabbit anti 3-Cys-A antibody was incubated with either
3-(N-acetyl-L-cystein-S-yl)APAP standard or an unknown
(mouse liver fraction or serum) for 45 minutes at 37°C. All
dilutions were prepared in 16 mmol/l phosphate buffer,
pH 7.4, 140 mmol/l NaCL, 5 mmoVI KCL (isotonic buff-
ered saline, IBS) containing 4% vol/vol fetal bovine serum
(FBS). Equal volumes (25 ,u) of inhibitor-antibody mixture
and 0.127% wt/vol solution of metallothionein-APAP as-
say particles were added to the wells of specially de-
signed assay plates (Baxter). Plates were incubated at
370C for 30 minutes and then washed three times with
0.05% voVvol NP-40 in IBS (wash buffer). Subsequently,
25 ,ul of fluorescein-labeled mouse anti-rabbit IgG (di-
luted 1:250) was added to each well and incubated at
room temperature for 30 minutes. Finally, the plates were
washed five times with wash buffer and the remaining
fluorescence was quantified (485 nm excitation, 535 nm
emission) using a Fluorescence Concentration Analyzer
(Baxter). Inhibition by unknown samples was compared
with a standard curve prepared using radiolabeled
[3H]3-(N-acetyl-L-cystein-S-yl)APAP. The radiolabel was
used to verify the concentration of bound APAP in the
standard. The values obtained were corrected for differ-
ences in the relative inhibitory potency of 3-
(N-acetyl-L-cystein-S-yl)-APAP and 3-(cystein-S-yl)APAP
protein adduct (120 fmol/well and 2300 fmol/well,
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Figure 1. Development of a particle concentration fluorescence
immunoassay (PCFIA) for the 3-(cystein-S-yl)acetaminophen-
protein adduct, and thepreparation ofthe covalently bound solid-
phase assay antigen, 3-(cystein-S-yl)acetaminophen-
metallothionein covalently bound to 0.89-pIm amino polystyrene
particles (Met-APAP modified polystyrene assay particles) are de-
scribed in Methods. In this PCFIA assay, the 50% inhibitory con-
centrations were 269 fmole/wellfor N-acetyl-cysteine acetamino-
phen, 3055 fmole/well for glutathione-S-transferase acetamino-
phen, and 4.3 x 106fmole/wellfor acetaminophen.
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respectively.18 The protein concentration of dialyzed
samples was determined by the Coomassie blue dye-
binding assay,22 using bovine plasma albumin as a stan-
dard. Unknowns samples were diluted to a final concen-
tration of approximately 4 ,ugtwell, assayed in duplicate,
and expressed as nanomoles of 3-Cys-A per mg of pro-
tein. The relative inhibitory potency of 3-(N-acetyl-
cystein-S-yl)APAP, 3-(glutathion-S-transferase)APAP,
and APAP were compared in the competitive PCFIA. The
PCFIA recognized a similar epitope to the one described
previously for the same antisera in the competitive A-B
ELISA17'18 as demonstrated by similar relative inhibitory
potencies for 3-(N-acetylcystein-S-yl)APAP, 3-(glutathi-
on-S-transferase)APAP and APAP in the two assays.

Clinical Chemistry

Levels of ALT activity in serum were determined as an
index of hepatotoxicity using a Baker Encore autoana-
lyzer and Baker CentrifiChem ALT optimized reagents
(Baker Instrument Co., Allentown, PA) according to the
method described by Bergmeyer et al.23 Total hepatic
GSH levels were determined according to the method of
Tietze24 as modified by Gandy et a125 to adapt the assay
for use on a Multistat Ill centrifugal spectrophotometric
analyzer. Samples were prepared by adding 5 volumes
(wt/vol) of ice-cold 1% sulfosalicylic acid (to denature and
precipitate proteins and prevent autoxidation of the GSH
to GSSG) and homogenized with a Brinkman Polytron.
Samples were centrifuged (10,000g at 40C for 20 min-
utes) and the supernates stored at - 700C until assayed.

Immunohistochemistry and Histology

Rabbit antiserum specific for 3-Cys-A was prepared and
characterized as described.1718 Fresh tissues were
trimmed to approximately 2-mm thickness, placed in
plastic cassettes, and immersed in ice-cold saline until
fixed by microwave irradiation in a 700-watt oven set to
hold at 600C for 2 minutes.26 Fixed tissues were stored
overnight in 70% ethanol at room temperature, pro-
cessed routinely, and then embedded in paraffin, sec-
tioned, deparaffinized, and rehydrated using standard
techniques. Localized APAP-protein adduct was de-
tected using a modification of the unlabeled antibody en-
zyme method described by Sternberger.27 Drug-protein
antigens were stained by sequential incubations with 1)
rabbit anti-3-Cys-A (diluted 1:350 in PBS containing 1%
FBS, 20 minutes), 2) sheep anti-rabbit linking antiserum,
20 minutes, 3) rabbit peroxidase-antiperoxidase (PAP),
20 minutes, and 4) 3,3'-diaminobenzidine substrate
(containing 0.03% H202, 10 minutes). Slides were

washed twice with PBS between each incubation and all
incubations were at room temperature. Sections were
counterstained with Mayer's hematoxylin. Reagents for
immunohistochemical detection of rabbit anti 3-Cys-A
were components of an immunoperoxidase staining kit
(Cambridge Research Laboratory, Cambridge, MA).
Non-covalently bound APAP and APAP-GSH conju-
gates are soluble in polar solvents and were removed
before immunostaining by the large relative volumes of
saline and graded alcohols used to treat the blocks and
thin sections during fixation and routine tissue process-
ing. The efficiency of these procedures to remove APAP-
GSH was demonstrated by the absence of immunostain
in liver from mice killed 2 hours after a hepatotoxic dose
of APAP (400 mg/kg) that were 'rescued' by treatment 15
minutes after dosing with N-acetyl-cysteine (1200 mg/
kg). N-acetyl-cysteine acts as an antidote by supporting
glutathione production so that the reactive metabolite re-
acts with sulfhydryls on glutathione in lieu of sulfhydryls
on tissue macromolecules. Except as noted, the num-
bers used in descriptions of the deposition of immunos-
tain reaction product are subjective estimates deter-
mined by comparison, at 40 x magnification, of sections
from animals in each treatment group, to the maximal
intensity present at 2 hours after a 400 mg/kg dose. The
subjective estimates of adduct quantity localized in tissue
sections were corroborated by quantitative immuno-
chemical measures of adduct in liver homogenates by
the PCFIA. Saline-treated controls had no hepatocyte in-
jury and no adduct formation (Figure 2a, b). No reaction
product was present in sections from adduct-positive an-
imals when normal preimmune serum was substituted for
anti 3-Cys-A antibody (Figure 2c).

Acetaminophen-related hepatotoxicity was inferred
from the morphologic changes in sections of liver fixed by
microwave irradiation, processed routinely, and stained
with hematoxylin and eosin (H&E) using standard tech-
niques.

Results
In the livers of APAP-treated animals, only hepatocytes
appeared to be affected; the extent and the degree of
injury was uniform throughout the liver for each dose and
time, but zonal within lobules. Only centrilobular and mid-
zonal hepatocytes were demonstrably injured, whereas
periportal hepatocytes appeared unaffected. Although
areas of injury invariably correspond with areas of adduct
localization, adduct localization was not always associ-
ated with cellular injury.

Time Course
The localization and relative content of the 3-Cys-A pro-
tein adduct in liver fixed by microwave irradiation was
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determined using antibody specific for the adduct and a
PAP detection system that deposited a microscopically
visible, brown 3,3'-diaminobenzidine reaction product at
the sites of antibody binding. The temporal relationships
between the development of hepatic necrosis and the
formation of APAP-protein adduct were examined in mice
dosed with a hepatotoxic dose (400 mg/kg) of APAP, and
killed at 0.25, 0.5,1, 2, 4, 6, and 8 hours after dosing. The
livers of mice evaluated 15 minutes after 400 mg/kg
APAP were morphologically normal (Figure 2d), but 3-
Cys-A adduct was demonstrable in the cytoplasm of cen-
trilobular hepatocytes nearest the central vein (Figure 2e).
These cells were stained with an intensity approximately
30% of that present at 1 to 2 hours after 400 mg/kg, and
adduct staining at 15 minutes decreased in intensity to-
ward the lobule periphery. This decrease was very con-
sistent among lobules. It was notable that the total area of
the stained zone was actually similar to the maximal ad-
ducted region present at later times, except the adduct in
the peripheral region (lobule midzone) was very sparse
and could be detected only at higher magnification (100
to 250x). The content of 3-Cys-A adduct in the midzonal
region was estimated to be one half of that present in
centrilobular cells.

At 30 minutes, the intensity of adduct stain was ap-
proximately twice that present at 15 minutes. The amount
present at the periphery of the stained zones had in-
creased disproportionately to the central cells, diminish-
ing the radial gradient that was present earlier, so the
adduct-containing zones, visible at low magnification,
were slightly larger than at 15 minutes. With the H&E
stain, the hepatocytes appeared altered but necrosis
was not present. In the region corresponding to the 3-
Cys-A adduct localization, the hepatocytes were mildly to
moderately enlarged, slightly more eosinophilic than peri-
portal hepatocytes, and presented a finely granular
'ground-glass' appearance.

One hour after treatment, the adduct-containing areas
were approximately 15% to 20% larger than at 30 min-
utes, and the staining intensity had increased and was
essentially uniform over the adducted area (Figure 2f). In
some animals, the ring of hepatocytes bordering the cen-
tral vein stained more intensely than the surrounding ad-
ducted area (Figure 2f). At 2 hours, the adduct-
containing centrilobular region was unchanged (and
maximal) in size. There was a discernible but variable
decrease in the immunochemical stain intensity in the
central portion of the stained zone associated with disin-
tegration of the necrotic hepatocytes. The hepatocytes in
the entire adduct-containing area were highly vacuolated
and shrunken, and the sinusoids were dilated and prom-
inent (Figure 2g). By 4 hours, approximately one half of
the cells in the adduct-containing region (predominantly
those nearer the central veins) were ghost cells, anuclear

and retaining less than 25% of the stained adduct
present earlier. The cells in the periphery of the adducted
area were now severely vacuolated and contained nuclei
in various stages of degeneration. These cells retained
50% to 75% of the maximal adduct content, based on
stain intensity. At 6 hours (Figure 2h) and 8 hours, there
was progressive loss of stain intensity as the coagulated
necrotic hepatocytes disintegrated, beginning with those
nearest the central veins.

With respect to morphology, H&E stain at 1 hour
showed the cells in the adducted zone to be distinctively
vacuolated and increased in eosinophilia. Individual cells
were necrotic, characterized by absence of a nucleus or
having a pyknotic or fragmented nucleus. Periportal ar-
eas appeared unaffected. At 2 hours, most centrilobular
hepatocytes were obviously necrotic, containing anu-
clear coagulated cytoplasm or multiple large vacuoles
(Figure 4a). At 4 hours, most of the necrotic hepatocytes
were still discernible albeit shrunken, with lysis or leach-
ing of cytoplasm. This area corresponded with the mid-
zonal pallor evident in the sections stained immunochem-
ically for the presence of the 3-Cys-A adduct. The maxi-
mum extent of injury was evident in 4 to 6 hours, when
hepatocellular necrosis encompassed the entire centri-
lobular and midzonal portion of the liver lobule (Figure
2g).

Except for the most peripheral row of adduct-stained
hepatocytes in each lobule, all adduct-containing cells
showed toxic injury; they contained one to several large
vacuoles and many of the centralmost cells were anu-
clear or had a pyknotic or fragmented nucleus (Figure 2g,
h). At the periphery of the adduct-containing zone there
was a nearly complete ring of adduct-containing hepa-
tocytes that appeared normal morphologically. These
surviving peripheral cells had approximately 25% to 50%
of the reaction product contained by adjacent necrotic
cells. Figure 2f shows the normal fine cytoplasmic vacu-
olation of these surviving peripheral adduct-containing
cells, in sharp contrast to the adjacent dying cells, and
also shows that their nuclei are free of adduct, while those
of the adjacent dying cells contain adduct. The zone con-
taining adduct visualized with the immunochemical stain
appeared slightly larger than the necrotic zone apparent
in the H&E stain, because the peripheral adduct-
containing cells were normal in the latter preparation.
Periportal areas were spared, as indicated by the ab-
sence of 3-Cys-A adduct and cell injury.

At 6 and 8 hours, more than 75% of hepatocytes were
necrotic in a uniform pattern of centrilobular and midzonal
necrosis that spared the periportal hepatocytes. At 8
hours there was marked dilatation of hepatic sinusoids in
the adduct-positive areas, with continued shrinkage of
necrotic hepatocytes. Periportal sinusoids were normal.
The necrotic areas were more clearly circumscribed and
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Figure 2. Mouse liver sections at various times after 400 mg/kg acetaminophen IP. C = central vein, P = portal area. Bars = 75 jLm. a:
Treatment control, 2 hours after normal saline IP. H&E stain. Normal liver. b: Same animal as Figure 2a. Immunohistochemical stainfor
the 3-Cys-A protein adduct is negative. C: Control demonstrating the absence of nonspecific background staining. Stained 2 hours after
acetaminophen treatment (same animal as in Figure 2g), butpreimmune serum was substitutedfor omittedprimary antibody. No reaction
product ispresent, despitepresence ofadduct d: Fifteen minutes after treatment H&E stain. The liver is morphologically nornal. e: Fifteen
minutes after treatment. Immunohistochemical stain ispositivefor the 3-Cys-A protein adduct in hepatocytes nearest the central veins. f: One
hour after treatment. Immunohistochemical stain reveals adduct throughout centrilobular and midzonal regions. g: Two hours after
treatment. Immunohistochemical stain is maximal in extent. Centrilobularhepatocytes are vacuolated, shrunken, and necrotic andsinusoids
are prominent (arrows). h: Six hours after treatment. Intensity of immunohistochemical stain is diminished as adduct is lostfrom disinte-
grating necrotic cells, beginning centrally.

gave the impression of being larger at the 8-hour point
because of the continued dissolution and disappearance
of cells. By 8 hours a small number of neutrophilic leuko-
cytes was present at the periphery of the necrotic zones.

Liver and serum samples were obtained from the
mice killed at the 0.5-, 1-, 2-, 4-, 6-, and 8-hour points.
These samples were evaluated to determine hepatic
GSH, serum ALT, and 3-Cys-A adduct levels in liver ho-
mogenates and serum (Figure 3). Thirty minutes after a
hepatotoxic dose (400 mg/kg) of APAP, 3-Cys-A adduct
was evident in the centrilobular region by immunohisto-
chemical staining, in 1 0,000g hepatic supernate, but not
in serum. This correlated temporally with a 90% depletion
of hepatic GSH, no histologic evidence of necrosis, and
normal concentrations of ALT in serum (Figure 3). Adduct
levels in the 1 0,0OOg liver supemate increased between
0.5 hours and 4 to 6 hours, whereas the immunohisto-
chemical staining intensity and the width of the affected
centrilobular areas became maximal at 2 to 4 hours (Fig-
ures 2 and 3). After 6 hours, when the staining intensity
was markedly decreased and had developed midzonal
pallor, there was a corresponding decrease in the level of

the 3-Cys-A adduct in the 1 0,O0Og supernate, which was
inversely correlated with parallel increases of serum ad-
duct and ALT (Figure 3). By 8 hours, hepatic GSH con-
centrations had recovered slightly.

Dose Response

The relationship between dose and 3-Cys-A adduct lo-
calization at a fixed time was also examined. Mice were
dosed with 0, 100, 200, 300, or 400 mg/kg of APAP, and
killed 2 hours later. At the 400-mg/kg dose, the deposition
of reaction product, and thus the localization of 3-Cys-A
adduct, was similar in each lobule. Immunohistochemical
staining showed abundant antibody binding to 3-Cys-A
in the cytoplasm and most nuclei of centrilobular and
midzonal hepatocytes. The stain was less intense in the
central region of the adducted area, because of greater
loss of cytoplasm from those hepatocytes (Figure 2g).
With H&E, the necrotic zones corresponded to areas of
intense adduct localization in adjacent immunochemi-
cally stained sections. The necrotic zones were charac-

Figure 3. Time course for acetaminophen-
induced hepatotoxicity and the immuno-
chemical localization of 3-(cystein-
S-yl)acetaminophen (3-Cys-A) protein adduct
in liver. Mice were treated with 400 mg/kg
acetaminophen and killed 0.5, 1, 2, 4, 6, and
8 hours after dosing. Controls were saline-
treated mice killed 2 hours after dosing. Liver
histopathology is symbolically represented
where indicates no pathology (control),
"1 + " indicates minimal necrotic area "2 + "
indicates moderate necrotic area, '3 + " indi-
cates extensive necrotic area, and "4 + " in-
dicates very extensive necrotic area. The in-
tensity and relative density of immunohisto-
chemically localized 3-Cys-A protein adduct
is represented as "-" indicating no adduct
(control), and circular symbols in which di-
ameter and darkness ofshading symbolically
represent relative differences in the area and
intensity of3-Cys-A binding around represen-
tative centrilobular regions. The immuno-
chemical quantitation of the 3-Cys-A protein
adduct in hepatic 10,000 g supernate (SIO)
and in serum, deternination of hepatic glu-
tathione concentrations and serum concen-
trations ofALTare described in Methods. Data
points represent the mean ± standard error
for three animals per point, except at the 4-
and 8-hour times, where there were two ani-
mals per point.
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Figure 4. a: Mouse liver 2 hours after treatment with 400 mg/kg acetaminophen. H&E stain. Most centrilobular cells are necrotic and
sinusoids are dilated (arrow). C = central vein, P = portal area. Bar = 75 pm. b: Two hours after treatment with 300 mg/kg acetamin-
ophen. Immunohistochemical stain reveals reduced quantity ofadduct in morphologically normal cells (short arrows) atperiphery ofheavily
adducted necrotic region. Note reactionproduct (red-brown color) in nuclei ofdying cells (long arrows). Centrilobular region (C); Periportal
region (P). Bar = 19 1Lm. C: Two hours after treatment with 100 mg/kg acetaminophen. Immunohistochemical stain reveals adduct in
moderate quantity in centrilobular cells nearest the central vein and in smaller quantity in cells extending to the midzonal region (arrows).
C = central vein, P = portal area. Bar = 75 Fm. d: Twenty-four hours after200 mg/kg acetaminophen. Immunohistochemical stain reveals
adduct in surviving and binucleate hepatocytes deep in periportal region (P). Most adduct has leachedfrom necrotic central cells (N). Note
inflammatory cells atjunction of necrotic and surviving zones (arrow). Bar = 30 pLm. e: Seventy-two hours after 200 mg acetaminophen.
H&E stain. Regenerating hepatocytes (R), including many in mitosis (arrows), contrast sharply with coagulated necrotic zone (N). Bar = 75
pm. f: H&E stain. Macrophages (M) at edge of necrotic zone contain granular debrisfrom disintegrating hepatocytes. Bar = 30 I±m. 9:
Immunohistochemical stain, same liver as Figure 4f: The debris in macrophages stains positively for adduct (M). Bar = 30 pm. h: Adduct
is still clearly present in visible hepatocytes at 72 hours, including dividing cells (mitoticfigure at arrow). Bar = 30 nm.

terized in the H&E sections by severe cytoplasmic vac-
uolation, increased eosinophilia, coagulative necrosis,
and by the nuclear and cytoplasmic loss noted also in the
immunohistochemically stained sections. The sinusoids
were dilated in the affected zones. In contrast, the peri-
portal hepatocytes were similar to those in saline-treated
animals. In representative lobule cross sections, there
were approximately 20 concentric rings of hepatocytes,
expanding peripherally from the central vein to the portal
triad. With the H&E stain, typically the first three or four
rings of cells nearest the central vein in the 400-mg/kg
group were necrotic. The next three or four rings had
normal-appearing nuclei, hepatocytes were severely
vacuolated but not shrunken, and sinusoids were less
dilated; the next band of three or four rings was less vac-
uolated although not normal, and the final (periportal)
cells were unaffected.

At the 300-mg/kg dose, the major difference from the
400-mg/kg dose was an increased density and a more
uniform localization of the adduct across a slightly smaller
affected zone. Figure 4b shows the necrotic centrilobular
hepatocytes that contain abundant stained adduct in cy-
toplasm and nuclei, periportal hepatocytes that are nor-
mal, and an intervening ring of morphologically normal
hepatocytes that contain a reduced amount of adduct.
The disruption and vacuolization of cytoplasm and the
corresponding sinusoidal dilation in the most central por-
tion of the lobules were not as severe, with less unstained
space in the sections. The diameter of the adducted area
was less than that at 400 mg/kg, by two or three rings of
cells.

At 200 mg/kg, the stain was intense and uniform; ad-
duct localization was very similar to that at 300 mg/kg,
with possibly a one- or two-cell decrease in the diameter
of the adducted area in each lobule. With the H&E stain,
the size of the injured area at 300 and 200 mg/kg ap-
peared similar to that at 400 mg/kg. The necrosis was
much more obvious at 400 mg/kg because the degree of
vacuolation and shrinkage of cytoplasm increased with
dose.

Two hours after the 1 00-mg/kg dose, the area that
was stained immunochemically appeared to be only half
(50%) of that stained in sections from animals receiving

higher doses and examined at the same magnification
(40x). The intensity of the adduct stain was also mark-
edly decreased, and appeared to consist of two concen-
tric bands of three or four cells each. The centralmost
band contained about half the reaction product present
at higher doses, with the outer band reduced by half
again (Figure 4c). At higher magnification (100 to 250x),
the reaction product could be seen clearly in areas of less
concentrated adduct localization. It was sparsely but uni-
formly detectable throughout the cytoplasm in most he-
patocytes beyond those evident at 40x, to the same mid-
zonal extent affected by the higher doses. Livers ob-
tained 2 hours after the 100-mg/kg dose appeared
normal histologically with the H&E stain, except for the
presence of a large cytoplasmic vacuole in occasional
hepatocytes near the central vein.

The dose-related increase in centrilobular necrosis
and in adduct localization 2 hours after dosing was ac-
companied by a similarly dose-related increase in the
quantity of the 3-Cys-A protein adduct measured by
PCFIA in the 1 0,000g liver supernate, by depletion of he-
patic GSH and by appearance in the serum of the liver-
specific transaminase, ALT (Figure 5). The pattern of ad-
duct localization within the liver lobule in relation to these
parameters and as a function of dose is presented in
Figure 5.

Late Events

Immunohistochemical localization of the 3-Cys-A adduct
was also studied in the recovering liver. For these studies
it was necessary to reduce the dose to 200 mg/kg
to prevent mortality. At 24 hours after 200 mg/kg, there
was massive hepatic necrosis. The centrilobular hepato-
cytes were coagulated, amorphous, and anuclear. The
midzonal cells were anuclear, vacuolated, and greatly
attenuated, creating a concentric spongiform band with
widely dilated sinusoids. Infiltrating leukocytes and en-
larged nuclei of endothelial and Kupffer cells were prom-
inent, especially at the junction of the central and spongi-
form areas (Figure 4d). The periportal hepatocytes ap-
peared normal. At the interface between the necrotic
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Figure 5. The dose-response relationship be-
tween acetaminophen-induced hepatic ne-
crosis, the localization of the 3-Cys-A protein
adduct in liver sections, immunochemical
quantitation of the 3-Cys-A protein adduct in
betatic 10.000 2 mwxrnate (S10). henaic olu-
tathione (GSH) concentrations, and serum
concentrations of the liver-specific transami-
nase ALT Mice were injected with the indi-
cated dose of acetaminophen, and killed 2
hours after dosing. The symbolic representa-
tion ofthe extent ofnecrosis and immunohis-
tochemically stained 3-Cys-A protein adduct
are described in the legend to Figure 3. The
proceduresfor measuring the 3-Cys-A adduct

00 200 4 immunocemically in hepatic S10 or serum,0v 10 00v30 0 measuri.ng bepatic GSH, serum ALT, andsam-

pleprocessing are described in Methods. Data

ise: mg/kg Acetami phen points represent the mean + standard erroriseymg/kg Acetaminophen for #wee animalsper point.

zone and the surviving cells, there were numerous binu-
cleate periportal hepatocytes and occasional mitoses, in-
dicating early regeneration. All the necrotic cells at 24
hours contained adduct, although the intensity of the
stain was no more than one half of that present 2 hours
after the 200-mg/kg dose. The intensity across the af-
fected areas was approximately uniform although the
spongiform regions appeared pale because of the
sparse cytoplasm. A notable observation was the pres-
ence of adduct in surviving cells deep in the periportal
region, as well as in surviving binucleate cells (Figure 4d).
It was not possible to compare directly the affected re-
gions from tissues obtained 2 hours after the 200-mg/kg
dose with those obtained at 24 hours, as the architecture
of the lobules was markedly disrupted at the later time.

At 72 hours after 200 mg/kg, there was an intense
inflammatory response at the junction of the necrotic and
surviving hepatocytes, together with brisk regeneration of
hepatocytes along this interface (Figure 4e). The necrotic
zone was more densely coagulated than at 24 hours.
Unidentifiable spindle and oval cells were among the
cells at the interface between zones, and were present as
well in the periportal and perilobular regions. Macro-
phages containing granular eosinophilic material similar
to the cytoplasm of necrotic hepatocytes were also nu-

merous (Figure 4f). The necrotic debris at 72 hours still
contained immunochemically detectable adduct, and
identical stain was present in the cytoplasm of the mac-
rophages (Figure 4e). Adduct also was cleary present in
viable and dividing hepatocytes, as noted at 24 hours
(Figure 4h).

Discussion

There is considerable interest in the toxicity of APAP be-
cause of its wide clinical use and its efficacy to study
mechanisms of hepatotoxicity. Binding of the reactive
metabolite to protein is generally accepted to be the
mechanism of the toxicity; however no information re-
garding the formation of the 3-Cys-A protein adduct
within individual cells as related to the death of these cells
is available. The majority of the concepts that have been
developed concerning the mechanism of toxicity of
APAP5'6 have used radiolabeled APAP,10' 1115'16 or more
recently, immunochemical analysis17.19.28 to examine
APAP bound to fractions of liver homogenates. Binding
was correlated to histologic or clinical chemistry indices
of hepatotoxicity. Data concerning localization of bound
APAP in the hepatic lobule and in individual cells are
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minimal. Jollow et all1 published an autoradiograph from
a liver of a mouse 24 hours after treatment with a hepa-
totoxic dose of APAP. The data indicated that radiolabel
was concentrated in the affected cells; however the radi-
olabel was not confined exclusively to the affected cen-
trilobular cells. More recently, Bartolone et al,29 using an
antiserum that recognized the N-acetyl portion of APAP
but is not specific for the 3-Cys-A protein adduct, showed
immunofluorescence in the centrilobular region 2 hours
after a 600-mg/kg dose of APAP. Neither study, however,
showed the relationship between binding of the 3-Cys-A
adduct in individual cells and toxicity or provided resolu-
tion necessary to relate APAP binding to the develop-
ment of necrosis in these cells.

The antiserum used in the present study has primary
specificity for antigenic determinants found on APAP
bound covalently to cysteine residues that are not found
on protein alone or on free APAP. The specificity of this
antiserum18 coupled with the integrity of antigens pre-
served by microwave irradiation30 and the sensitivity of
the methods have enabled us to examine the formation
and localization of the 3-(cystein-S-yl)APAP protein ad-
duct during the development of APAP hepatotoxicity with
greater detail than was previously possible. Our overall
findings are in general agreement with the findings of
Jollow et al,11 Mitchell et al,410 Placke et al,31 and Bar-
tolone et a132: the APAP covalently binds to centrolobular
hepatocytes, and these are the affected cells. The cur-
rent study clearly indicates, however, that the drug deriv-
atives bound in affected cells are 3-Cys-A adduct, and
that the hepatocytes that develop large quantities of 3-
Cys-A adduct at early times become necrotic at later
times.

The major objective of the current work was to relate
the appearance of 3-Cys-A adduct in hepatocytes with
histologic evidence of APAP hepatotoxicity. In particular
we wanted to correlate the dose and time relationships
between the formation of the 3-Cys-A protein adduct and
the development of hepatic necrosis. Poor correlation
may indicate that the necrosis was mediated by an indi-
rect mechanism such as oxygen deprivation of the he-
patocytes around the central vein; a positive correlation
could indicate that 3-Cys-A protein adduct formation al-
tered hepatocytes directly, resulting in necrosis.

The size of the necrotic area that was demonstrated in
each lobule with the H&E stain did not correlate as closely
with the adduct content of the liver 1 0,000g supernate, as
did the immunohistochemical demonstration of adduct.
When a lethal (threshold) amount of adduct is formed, the
development of morphologic changes associated with
hepatocyte necrosis proceeds at a rate that is presum-
ably independent of the additional (beyond threshold)
amount of adduct formed in the cell. Although not deter-
minable at any single dose or time, it is our collective
interpretation of the dose response and early time course

data that 1) cells in which large amounts of reactive me-
tabolite bind will later die and 2) the subjective estimate of
the relative amount (intensity x area) of immunohisto-
chemically stained adduct appears to correlate with the
3-Cys-A adduct per milligram of liver protein quantified
by PCFIA in the hepatic 1 0,000g supemate. This hypoth-
esis will be examined systematically by quantitative im-
age analysis in subsequent studies. At later times (be-
yond 4 hours), when the liver is congested (relative
weight data not presented), measurement of adduct in
the 1 0,000g supernate of the liver homogenate appears
to overestimate adduct content relative to sections pro-
cessed for immunohistochemical demonstration of ad-
duct. The reason for the temporal difference appears to
be the presence of 3-Cys-A adducts in the congestion
fluid that are present and measured in the 10,000g su-
pernate but are washed out of thin sections during tissue
processing before immunohistochemical staining. The
areas to be affected are 'marked' by the presence of
3-Cys-A adduct as early as 15 minutes after dosing.
Thereafter the intensity increases to a maximum at ap-
proximately 4 hours after a dose of 400 mg/kg. Interest-
ingly, even at 4 to 6 hours in animals showing maximal
APAP hepatotoxicity and adduct deposition, there are
morphologically normal hepatocytes at the periphery of
the necrotic areas that contain 25% to 50% of the adduct
present in necrotic cells. Although it cannot be demon-
strated unequivocally with the current method, it is most
likely that the binucleate hepatocytes with sparse adduct
observed at 24 hours are the progeny of some of these
Imarked' but surviving cells. The interpretation that many
of these surviving adduct-laden cells are metabolically
active and are undergoing cell replication 24 to 72 hours
after APAP is supported by the presence of mitotic fig-
ures in adduct-stained hepatocytes and reports that bi-
nucleate hepatocytes are transcriptionally active.'

In addition to the above finding, the time course stud-
ies show that staining intensity in the hepatocytes
reaches a maximum at 2 hours after a hepatotoxic dose
and subsequently decreases in intensity as the progres-
sion of the toxicity develops. This decrease correlates
with the appearance of ALT and 3-Cys-A adduct in the
serum as we previously showed.'920 To determine if
acetaminophen toxicity in humans was mediated by a
similar mechanism as reported for experimental animals,
we recently looked for the occurrence of 3-Cys-A protein
adducts by PCFIA in plasma samples from patients who
had taken an overdose of acetaminophen. Patients that
were treated with antidotal N-acetyl-cysteine within the
first few hours after overdose were protected from liver
damage, and had no plasma 3-Cys-A. All patients that
had liver damage, as indicated by elevated plasma ALT,
had 3-Cys-A adducts in their plasma. This is the first di-
rect evidence of a mechanism involving 3-Cys-A adducts
in acetaminophen-induced liver toxicity in humans.34



370 Roberts et al
AJP Februay 1991, Vol. 138, No. 2

From a metabolic perspective, an important finding of
this work is the demonstration of immunochemically de-
tectable 3-Cys-A adduct in livers after a dose of APAP
that did not substantially deplete total hepatic GSH. Acet-
aminophen (100 mg/kg) depleted GSH by less than 25%
at 2 hours; however the 3-Cys-A adduct was detectable
in liver sections and were measured to be 0.05 nmol/mg
protein in 1 O,OOOg supernate. Experiments by Mitchell et
al,10 using radiolabeled APAP, indicated that covalent
binding did not occur until total hepatic GSH was de-
pleted by 70%. The difference between our data and
Mitchell's data could be a result of the greater sensitivity
of the immunologic method or unexplained variability in
the susceptibility of mice to APAP hepatotoxicity. This
variability may occur using age-, strain-, and sex-
matched mice under putatively identical dosing circum-
stances and may be attributed to a variety of factors that
influence fluctuations in P-450 metabolism and GSH re-
serve. The concentration of GSH is high relative to pro-
tein-sulfhydryl groups in the liver, and under conditions of
formation of the 3-Cys-A protein adduct, substantial de-
pletion of GSH in affected cells would be expected
based solely on mass action. Moreover, because detox-
ification may be mediated by GSH transferases,35 sub-
stantial depletion of GSH would be expected before the
formation of significant amounts of the 3-Cys-A protein
adduct. Furthermore total hepatic GSH may not indicate
what is occurring in individual affected hepatocytes. Sig-
nificant depletion of total hepatic GSH may occur only
after transport of GSH (perhaps as cysteine residues fol-
lowed by resynthesis) from the unaffected periportal ar-
eas to the centrilobular areas of the liver.

In addition to the concern that APAP overdose may be
hepatotoxic or nephrotoxic in humans, the possibility that
persistent APAP-protein adduct may occur at nonhepa-
totoxic doses is important because of the potential immu-
nogenicity of such complexes. Undefined conditions ap-
pear to predispose certain individuals to idiosyncratic
APAP toxicity that may be immunologically mediated. Al-
though APAP is unlikely to function as an immunogen
because of its small size, APAP-protein conjugates, pre-
sumably formed by NAPQI binding to sulfhydryl-
containing host macromolecules, may be immunogenic.
This concept is supported by 1) recent reports of APAP
hypersensitivity,3637 reports of immunologically medi-
ated APAP-induced thrombocytopenia,38 and reports of
immunologically-mediated APAP-associated
hemolysis39; 2) the observation that similar APAP conju-
gates were used to prepare rabbit antiserum;17 and by 3)
the observation reported herein that the 3-Cys-A adduct
persists in the recovering liver and in macrophages.
Phagocytosis may enhance immunogenicity of drug-
protein complexes by presenting antigenic peptides ad-
jacent to host histocompatability molecules. Such bimo-

lecular complexes on the cell surface may be recognized
by T cells and initiate events leading to hypersensitivity or
other forms of drug-induced immunologic injury.40

Continued application of immunoassays specific for
the 3-(cystein-S-yl)APAP protein adduct will provide ex-
perimental approaches for the identification and charac-
terization of the protein structures damaged by the acet-
aminophen metabolite and provide insight regarding the
processes that ultimately lead to acetaminophen-
induced cellular necrosis. This insight is a prerequisite for
the development of improved treatment interventions for
acetaminophen overdose patients. The persistence of
APAP adduct in otherwise normal-appearing hepato-
cytes is analogous to the persistence of acetaldehyde-
modified protein epitopes in the liver of alcoholic patients
with liver damage41 and to the halothane adduct in liver
after halothane anesthesia.40 Such adducts could be the
basis of subsequent immunologic injury. The emergence
of drug metabolite-host macromolecular adducts as a
pathologic mechanism in many toxicities suggests that
the immunologic approaches described here to quantify
and localize adducts may be applicable to other prob-
lems in toxicology.
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