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Cell culture model for acetaminophen-induced hepatocyte death in vivo
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Abstract

Overdose of the popular, and relatively safe, analgesic acetaminophen (N-acetyl-p-aminophenol, APAP, paracetamol) can produce a
fatal centrilobular liver injury. APAP-induced cell death was investigated in a differentiated, transforming growth factor oo (TGFa)-
overexpressing, hepatocyte cell line and found to occur at concentrations, and over time frames, relevant to clinical overdose situations.
Coordinated multiorganellar collapse was evident during APAP-induced cytotoxicity with widespread, yet selective, protein degradation
events in vitro. Cellular proteasomal activity was inhibited with APAP treatment but not with the comparatively nonhepatotoxic APAP
regioisomer, N-acetyl-m-aminophenol (AMAP). Low concentrations of the proteasome-directed inhibitor MG132 (N-carbobenzoxyl-
Leu-Leu-Leucinal) increased chromatin condensation and cellular stress responses preferentially in AMAP-treated cultures, suggesting a
contribution of the proteasome in APAP- but not AMAP-mediated cell death. APAP-specific alterations to mitochondria were observed
morphologically with evidence of mitochondrial proliferation in vitro. Biochemical alterations to cellular proteolytic events were also
found in vivo, including APAP- or AMAP-mediated inhibition of caspase-3 processing. These results indicate that, although retaining
some attributes of apoptosis, both APAP- and AMAP-mediated cell death have additional distinctive features consistent with longer term
necrosis.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The general availability and widespread use of the
analgesic APAP contribute to the frequency of its inad-
vertent or deliberate overdose. As a result, overdose from
APAP constitutes a public health problem despite its
relative safety when administered appropriately. The liver
damage manifests as a localized centrilobular cell death
that can be fatal [1]. Treatment options for such overdose
victims are limited after 12-24 hr post-ingestion, due, in
part, to gaps in our understanding of the mechanism by
which APAP produces hepatotoxicity. The structural iso-
mer of APAP, AMAP, has analgesic properties [2] and is
currently under development as an alternative to APAP.
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Abbreviations: AMAP, N-acetyl-m-aminophenol; APAP, N-acetyl-p-
aminophenol, acetaminophen, paracetamol; APAP-GSH, glutathione
conjugate of acetaminophen; ATF3, activating transcription factor 3;
CAD/DFF40, caspase-activated deoxyribonuclease/DNA fragmentation
factor 40 kDa; CHEF, clamped homogeneous electric field; CYP,
cytochrome P450; Cyp2el, murine homologue of human CYP2EI; Cyp3a,
murine homologue of human CYP3A4; DAPI, 4,6-diamino-2-phenylin-
dole; Ac-DEVD-amc, acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin;
ER, endoplasmic reticulum; GADD153, growth arrest and DNA damage

inducible gene; ICAD/DFF45, inhibitor of caspase-activated deoxyribo-
nuclease/DNA fragmentation factor 45 kDa; Ac-LEHD-amc, acetyl-Leu-
Glu-His-Asp-aminomethylcoumarin; z-LLL-amc, N-benzyloxycarbonyl-
Leu-Leu-Leucinal-aminomethylcoumarin; NAPQI, N-acetyl-p-benzoqui-
none imine; PARP, poly(ADP-ribose) polymerase; TGFo, transforming
growth factor o; TNFo, tumor necrosis factor o; and Ac-VEID-amc,
acetyl-Val-Glu-Ile-Asp-aminomethylcoumarin.

Although considered safer due to the lack of observable
hepatotoxic effects [3,4], AMAP nonetheless has the
potential to add to this public health problem.

Despite elegant pioneering studies [5], and subsequent
efforts (for recent reviews see Refs. [6—8]), many aspects of
the cell biology of APAP-mediated hepatotoxicity remain
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unknown. Bioactivation of APAP in the endoplasmic reti-
culum, predominantly by CYP2EI [9,10], results in the
formation of NAPQI, the major reactive metabolite respon-
sible for covalent modification of cellular target proteins,
cell death, and organ damage [10,11]. Although the iden-
tities of many target proteins arylated by NAPQI have now
been established in the mouse model [8,12], no clear links
between these modifications and resultant cell death are
evident. Other important facets of APAP-induced cyto-
toxicity have also been investigated over the years, includ-
ing the contribution of total cellular and organellar thiol
levels [13—15], mobilizations of intracellular calcium
stores [16—18], and cellular redox alterations (e.g. lipid
peroxidation [19-21]). Complex interrelationships exist
between these biochemical perturbations and the subse-
quent onset of cytotoxicity (for reviews see Refs. [6,7,22]).
Any semblance of agreement in the past regarding the
progression of cellular injury by APAP has been placed
into question more recently with several counterintuitive in
vivo studies [21,23-25]. To address these anomalous find-
ings for APAP-induced hepatotoxicity in transgenic animal
systems, we recently proposed a scheme that links organ
damage to the cellular capacities to remove adducted and
transgenically overexpressed proteins [7].

In the present work, an in vitro system for aspects of
APAP-mediated cell death has been established which
closely models several clinical criteria for this form of
hepatotoxicity. In particular, we have focused on the char-
acteristics of cell damage that may provide further insight
into the mode of cell death induced by APAP. We report here
partial characterizations of this culture model and a dis-
tinctive form of cell death following APAP treatment with
some similarities to apoptosis but also with unexpected
necrotic elements.

2. Materials and methods
2.1. Reagents

Unless otherwise indicated, all chemicals were obtained
from the Sigma Chemical Co.

2.2. Cell culture conditions

Serum-free culture of the TAMH cell line, passages 19—
40, was as previously described [26]. Briefly, growth and
passage of cells were in serum-free Dulbecco’s modified
Eagle’s medium/Ham’s F12 (Gibco) supplemented with
5 pg/mL of insulin, 5 pg/mL of transferrin, 5 ng/mL of
selenium (Collaborative Biomedical Products), and
0.1 ymol/LL of dexamethasone, 10 mM nicotinamide,
and 50 pg/mL of gentamicin. Cultures were maintained
in a humidified incubator with 5% carbon dioxide/95%
air atmosphere and passaged when 70-90% confluent
(approx. 5-7 days). To avoid potential complications

associated with solvent vehicle, the stock solutions for
in vivo and TAMH culture dosing were prepared by
directly sonicating APAP or AMAP into aqueous solution
using an ultrasonic probe tip (10 x stock in culture med-
ium or 30 mg/mL in PBS, respectively; Series 4710 Ultra-
sonic Homogenizer, Cole-Palmer) followed by 0.22 pm
filter sterilization (Steriflip, Millipore). To initiate apop-
tosis, TAMH cultures were pretreated with actinomycin D
(200 nM, 30 min) followed by TNFa (20 ng/mL; R&D
Systems).

2.3. Cell viability determinations

Cellular viability was assessed by a Live/Dead® Cyto-
toxicity Kit (Molecular Probes) based on intracellular
esterase formation of calcein from cell permeant cal-
cein-acetoxymethyl ester or nuclear entry of impermeant
ethidium homodimer. Assay procedures were conducted
exactly as described by the manufacturer.

2.4. In vitro glutathione conjugate formation

Cell culture supernatants were deproteinized with 3%
(w/v) sulfosalicylic acid prior to HPLC analysis on a
Hewlett-Packard 1090 II/L system with a Hewlett-Packard
1049A electrochemical detector (Hewlett-Packard). The
glutathione conjugate of APAP (APAP-GSH) was subse-
quently determined exactly as previously described with
separations performed on a 3.5-mm Zorbax SB-C;g col-
umn (4.6 mm X 15cm) using a mobile phase of 25 mM
ammonium phosphate buffer containing 10% (v/v) metha-
nol and 0.2% (w/v) acetic acid [11].

2.5. Determination of nuclear morphology

Trypsinized TAMH cultures were washed, fixed in 70%
ethanol, and stored at —20° prior to subsequent analysis.
Chromatin morphology was assessed by staining cell pel-
lets with DAPI [2.5 mg/mL final concentration in 10% (v/
v) DMSO, Molecular Probes] and were visualized by UV-
excitable fluorescence microscopy.

2.6. Chromosomal DNA analysis by CHEF gel
electrophoresis

Adherent cells from control and treated TAMH cultures
were trypsinized, pooled with nonadherent cells, washed,
and embedded in 1.5% low melting point (LMP) agarose
(SeaPlaque™, FMC). Gel blocks were soaked in nuclei
lysis buffer (10 mM Tris—HCI, pH 6.0, 100 mM EDTA,
20 mM NaCl, 20 mg/mL of proteinase K, 1% lauroylsar-
cosine) for 20 hr at 50° and then washed and stored at 4° in
10 mM Tris—Cl, | mM EDTA (pH 8.0). Blocks were
transferred into the wells of a horizontal 1% agarose gel
(SeaKem® Gold, FMC) and sealed in place with addi-
tional LMP agarose. CHEF electrophoresis was performed
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using a CHEF system (Bio-Rad model 200/2.0 supply and
a pulsewave 760 switcher) and gels were run at 20° and
200 V for 20 hr with a pulse ramp of 0.2-22 sec prior to
staining with ethidium bromide. Bacteriophage A conca-
tamers were used as molecular weight markers.

2.7. Determination of caspase and proteasome activities

Caspase activities were determined as previously
described [27]. Briefly, soluble protein (50 pg) from whole
cell lysates was incubated for 30 min at 37° in 100 pL of
caspase assay buffer [SO mM HEPES, pH 7.4, 100 mM
NaCl, 2 mM EDTA, 20% sucrose (w/v), 0.2% (w/v) CHAPS
{3-([3-cholamidopropyl]dimethylammonio)- 1-propanesul-
fonate}] containing 20 uM Ac-DEVD-amc (caspase-3/7;
Alexis Biochemicals), Ac-VEID-amc (caspase-6; Calbio-
chem), or Ac-LEHD-amc (caspase-9; Bachem), and fluor-
escence was monitored on a Packard Fluorocount
microplate fluorometer with an excitation wavelength of
360 nm and an emission wavelength of 460 nm. Substrate
autofluorescence was subtracted from each value, and data
are presented as fold activation over extracts from untreated
cells. Proteasome activity was measured in an identical
manner utilizing the fluorescent substrate z-LLL-amc (Cal-
biochem) exactly as previously described [28].

2.8. Electron microscopy

Adherent and nonadherent hepatocytes from control,
5 mM APAP-, or 5 mM AMAP-treated TAMH cultures
were fixed using Karnovsky’s fixative (1/2 strength glutar-
aldehye—formaldehyde), embedded, and stained with uranyl
acetate and Reynold’s lead citrate. Specimens were exam-
ined using a Philips 410 Transmission Electron Microscope.

2.9. Isolation of subcellular fractions and
immunoblotting procedures

Subcellular fractions were prepared by standard proce-
dures from B6C3F; (see Fig. 7) or Swiss—Webster (data not
presented) mice receiving 500 mg/kg (i.p.) APAP, AMAP,
or saline vehicle at 2 and/or 4 hr after dosing exactly as
previously described [9]. The relative purity of subcellular
fractions was assessed by monitoring lactate dehydrogen-
ase (cytosol) and succinate cytochrome c reductase (mito-
chondria) marker enzyme activities exactly as previously
described [9]. Cytosolic contamination of mitochondrial
preparations ranged from 0 to 9.8%, whereas contamina-
tion of cytosolic fractions with mitochondria ranged from
1.1 to 12.5%. Protein samples (subcellular fractions or total
TAMH cell lysates) were loaded at 50 pg/lane and resolved
on 10-15% SDS-PAGE minigels (Mini-Protean, II, Bio-
Rad) and transferred to nitrocellulose (1 hr, 15V, Trans-
Blot SD Semi-Dry Transfer Cell, Bio-Rad). Immunodetec-
tion was by chemiluminescence (SuperSignal™ ULTRA,
Pierce) using antibodies to ATF3, GADD153 (Santa Cruz

Biotechnology), PARP (purchased from G.G. Poirier),
caspase-3 (D.W. Nicholson), and ICAD (W. Earnshaw
and K. Samejima).

3. Results

3.1. Clinically relevant concentrations for in vitro
bioactivation and cell death by APAP

The cytotoxicities of APAP and AMAP were assessed in
vitro using a transgenic murine hepatocyte cell line
(TAMH), which has been shown previously to maintain
a differentiated phenotype irrespective of passage [26].
Comprehensive characterizations of transgenic TGFo
overexpression in TAMH and related cell lines have been
reported previously [26,29]. TAMH cultures exposed to
increasing concentrations of APAP were found to undergo
cytoplasmic retraction and cell lifting reminiscent of apop-
tosis (Fig. 1A). Similar, but not identical, cell-shrinkage
alterations also were observed with AMAP but at high
concentrations only (Fig. 1A, right panel). An assessment
of the plasma membrane integrity of treated cultures with
fluorescent vital dyes nonetheless confirmed late (48—
72 hr) disruptions of the plasma membrane consistent with
a secondary necrosis phenomenon induced by either APAP
or AMAP in vitro (Fig. 1B).

Evidence for cell death via the formation of the NAPQI
reactive intermediate, most likely by endogenous CYP
monooxygenase activity(ies), was provided by the detec-
tion of the APAP-GSH conjugate (Fig. 1C). The APAP—
GSH product is generally considered a product of sequen-
tial Phase 1 and 2 metabolism and was observed in the
culture medium even with relatively low concentrations of
APAP (i.e. ] mM) and increased markedly with 10 mM
APAP treatment, indicating a dose-related production
of NAPQI in siru (Fig. 1C). We have estimated that
the rate of APAP-GSH formation in TAMH -cultures
is equivalent to 36-108 nmol/liver/hr with a 1 mM
APAP dose or 56-168 nmol/liver/hr with 10 mM APAP
(2-6 x 107 hepatocytes/0.75 g liver [wet weight] of a
young adult mouse; N. Fausto, unpublished observation).
This compares favorably with the literature, which indi-
cates APAP-GSH formation in mouse liver of approx.
10 nmol/liver/hr after an APAP dose of 250 mg/kg [30]
or approx. 30-60 nmol/liver/hr after 500 mg/kg [31].
Finally, a quantitative comparison of the cytotoxic poten-
tial of APAP and AMAP confirmed that the AMAP posi-
tional isomer was considerably less cytotoxic in agreement
with previous in vivo studies (Fig. 1D; [15,18]).

3.2. APAP- and AMAP-induced alterations to TAMH
nuclear morphology

Morphological alterations to TAMH nuclei and DNA
integrity were investigated both in vitro and in vivo by
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Fig. 1. Bioactivation, changes to cellular morphology, and cell death induced by APAP, and the positional isomer AMAP, in the TGFo-transgenic hepatocyte
cell line, TAMH. (A) Cellular morphology by light microscopy of cultures exposed to O (Control), 1 and 5 mM APAP, or 5 mM AMAP for 24 hr. Progressive
cytoplasmic retraction and nuclear disintegration are indicated (arrowheads) in susceptible cells from 1 mM APAP-treated cultures. Adjacent healthy cells
with normal morphology are also shown (arrows). Nonadherent and dead cells were observed out of the plane of focus for all treatments and appeared as
smaller, light-colored, spheres in all treatment groups. Mag. 200 % (except for 1 mM APAP, 400x). (B) Representative cultures of pooled nonadherent and
adherent cells, after a 72-hr exposure, assessed for viability using the Live/Dead assay™ (refer to Section 2). Viable cells have a green fluorescence, whereas
nonviable cells appear as red/yellow. Mag. 200x. (C) Corresponding media supernatants were analyzed for dose-related capacity to produce the reactive
intermediate of APAP (NAPQI) by formation of the corresponding glutathione conjugate (APAP-GSH, refer to Section 2). (D) Dose-related cell death
evident in APAP-treated cultures (left panel) but not with AMAP treatment (right panel). Data for (C) and (D) are from three or more independent
determinations [means = SEM, N = 3 (C) and N = 3-6 (D)]. Errors are less than symbol width where none are apparent.

fluorescent DAPI staining or agarose gel electrophoresis,
respectively, based on previous reports indicating that
APAP initiates oligosomal fragmentation [32,33].

DAPI staining indicated that APAP (0.5-5 mM) produced
extensive chromatin margination and, rarely, complete con-
densation of TAMH nuclei (Fig. 2A, upper panels). Chro-
matin margination was also observed with equimolar
concentrations of AMAP, although complete chromatin
collapse into fully developed apoptotic bodies was not a
characteristic of the nonhepatotoxic isomer (Fig. 2A, upper
panels). Addition of very low concentrations of the protea-
some-directed inhibitor MG132 (N-carbobenzoxyl-Leu-
Leu-Leucinal), previously determined to have no observable
effect on TAMH growth and morphology (100-250 nM,
data not presented), qualitatively increased the incidence of
both chromatin margination and condensation for both
compounds without altering the nuclear morphology of
cultures not treated with APAP or AMAP (Fig. 2A, lower

panels). Consequently, these studies differ substantially
from those in the current literature where far higher con-
centrations of MG132 (ca. 10-100 uM) are routinely used
(e.g. Refs. [34-36]).

Differential potencies for DNA fragmentation were also
evident for the two isomers by CHEF gel electrophoresis
(Fig. 2B). Formation of high molecular weight DNA frag-
ments after 36 hr of treatment were observed with as low as
1 mM APAP in contrast to AMAP-induced fragmentation
which required concentrations of 10 mM (Fig. 2B). Time-
dependent formation of approx. 50 kbp fragments in vitro by
APAP  first observed at 24 hr, was consistent with the profile
of cell viability loss (Figs. 1D and 2C). APAP-generated
50 kbp fragments in vitro (Fig. 2B and C) or in vivo (Fig. 2E,
APAP 2 hr) appeared to comigrate well with fragments
formed afterdosing with actinomycin D/TNFa (act. D/TNFa)
to induce apoptosis (Fig. 2D and E). Nonetheless, the onset
of DNA fragmentation by act.D/TNFoa was considerably
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Fig. 2. Alterations to nuclear morphology and chromatin structure by
APAP and AMAP and enhancement with the proteasomal inhibitor
MG132. (A) Upper panels: Nuclear DAPI staining of TAMH cultures
treated with 5 mM APAP or AMAP. Chromatin margination (arrows) was
evident at 24 hr for both compounds although complete chromatin
condensation (arrowhead) was seen only rarely in APAP-treated cultures
only. Lower panels: Addition of the proteasome-directed inhibitor MG132
(250 nM) markedly increased the incidence of both chromatin margination
(arrows) and condensation (arrowheads) in treated cultures without altering
the normal punctate DAPI staining of control TAMH cultures. Mag.
1000x. Results are from three independent experiments, each with N = 3—
5 replicate plates per treatment group. (B) Comparative potency of 50 kbp
DNA fragmentation in TAMH cultures treated with either 1-10 mM APAP
(left panel) or 1-10 mM AMAP (right panel) for 36 hr. AMAP- and APAP-
induced 50 kbp fragments comigrated with act.D/TNFo degradation
products (left panel). (C) Time course of high molecular weight DNA
fragmentation (approx. 50 kbp) in TAMH cultures treated with 5 mM
APAP (0-72 hr). Panels B and C show data from duplicate, independent
experiments for each panel (total N = 4). (D) Time course evaluation of
ca. 50 kbp fragment formation following act.D/TNFo treatment (06 hr).

faster than observed with APAP treatment (compare Fig. 2C
with Fig. 2D). DNA fragmentation by APAP or AMAP in
vivo resulted in even larger chromosomal fragments that
ranged in size from 50 kbp up to 300 kbp (Fig. 2E). Con-
ventional agarose gel electrophoresis was additionally used
to determine the extent of oligosomal DNA fragmentation,
but none was detected by this procedure either in vitro or in
vivo even in the presence of considerable higher molecular
mass degradation (data not presented).

3.3. Differential cellular stress activation in TAMH
cultures after hepatotoxic APAP treatment in comparison
to the nonhepatotoxic isomer, AMAP

Differential cellular responses to the hepatotoxic and
nonhepatotoxic isomers were observed as increased protein
levels of the highly stress-inducible transcription factor
ATF3, a member of the CREB/ATF family (Fig. 3A;
[37,38]). In addition, the downstream ATF3 target
GADD153, a pivotal stress responsive gene [38-40], was
preferentially up-regulated in response to APAP treatment
and its level of expression was increased with combined
AMAP/MG132 treatments (Fig. 3A, lower panel). This
preferential up-regulation of GADD153 with cytotoxicity
was evident for at least 12 hr following APAP or AMAP
dosing (Fig. 3B).

3.4. Protein degradation and caspase activities after
APAP and AMAP treatment in vitro and in vivo

The time course of APAP-induced DNA fragmentation
in vitro was found to closely parallel the breakdown of the
large splice variant of ICAD (inhibitor of caspase-activated
deoxyribonuclease, ICAD-L; [41]), the murine equivalent
of human DNA fragmentation factor 45 kDa (DFF45;
compare Fig. 4 with Fig. 2C), and was consistent with
activation of this apoptotic nuclease [41,42].

Degradation of an ER-resident CYP isoform (Cyp2el)
and nuclear PARP was also evident and both with an
identical time course to that found with ICAD breakdown
(Fig. 4), indicating that proteolytic degradation occurs in
three disparate cellular compartments during APAP-
mediated cytotoxicity. In contrast, a related Cyp3a isoform,
detected with cross-reacting antisera to human CYP3A4,
was not degraded in TAMH cells under the same condi-
tions (Fig. 4).

APAP-mediated PARP degradation was coincident with
progressive loss of DNA integrity and proteolytic cleavage

(E) Increased in vivo formation of 50 kbp and higher mass fragments by
APAP and AMAP in the livers of B6C3F; mice in comparison to control
animals. (Note: formation of ca. 300 kbp DNA fragments in AMAP-
treated animals.) Material from act.D/TNFa-treated TAMH cells served as
a positive control (right lane). Molecular mass of & DNA standards, in kbp,
are indicated on the left of panels B-E. Panels D and E are each
representative of a single determination only.
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Fig. 3. Differential, ATF3-mediated, cellular stress responses to hepato-
toxic APAP in comparison to non-hepatotoxic AMAP. (A) Protein levels of
the stress-responsive transcription factor ATF3 (upper panel) and its target
gene GADDI153 (lower panel) were determined by immunoblot analyses
following a 24-hr exposure to cytotoxic (5 mM APAP) or non-cytotoxic
(5 mM AMAP) treatments in either the presence or the absence of the
proteasome-directed inhibitor MG132 (100 nM). Migration of molecular
weight standards are shown to the left of each panel. Representative of a
single independent experiment (total of N =3). (B) Time course
evaluations of GADD153 protein levels in TAMH cultures treated with
APAP or AMAP (5 mM) in comparison to media vehicle controls [upper
panel; representative of a single independent experiment (total of N = 3)].
Consistent loading between lanes was independently confirmed on the
same blot by non-specific binding of anti-rabbit IgG antiserum (lower
panel).

of ICAD over the course of TAMH cell death in vitro
(Fig. 4). Generation of both 85 and 50 kDa fragments after
APAP treatment in vitro was in agreement with necrotic,
non-caspase-mediated, proteolytic processing of PARP as
has been shown previously in necrotic HL-60 cells [43].
Selected caspase activities were assessed using tetra-
peptide fluorogenic substrates during APAP-mediated
TAMH cytotoxicity. Despite an absence of procaspase-3
processing by immunoblot analyses (Fig. 4), Ac-DEVD-
amc cleavage was observed in TAMH cultures after APAP
treatment (Fig. 5A, left panel). As both caspase-7 and
caspase-3 have overlapping optimal cleavage specificities,
these data may indicate caspase-7 activation in TAMH
cultures and require further confirmation [44]. Nonethe-
less, the induction of Ac-DEVD-amc cleavage with APAP
treatment was 10-fold lower than comparable activities
found after treating TAMH cultures with proapoptotic
act. D/TNFa (Fig. 5A, compare right and left panels).
Other potentially important caspase activities were also
minimally elevated. In keeping with the modest induction
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Fig. 4. APAP-mediated induction of proteolytic processing of selected
proteins in TAMH cultures. Extended proteolytic degradation of only
selected proteins, from differing subcellular localizations, after 5 mM
APAP treatment in vitro (0-72 hr). Time-dependent loss from total
TAMH cell lysates of ICAD-L, Cyp2el, and PARP, with near identical
kinetics, in comparison to the maintenance of intact/unprocessed
procaspase-3 and a murine homologue to human CYP3A4 (Cyp3a).
This figure is indicative of a single time—course experiment (N =3
replicate plates/time point) with each panel representing an independent
reprobing of the nitrocellulose filter with the antibodies shown on the
right.

of Ac-DEVD-amc cleavage activity in APAP-treated cul-
tures, the relative induction of both caspase-6 and caspase-
9 activities was small, being less than a 2-fold increase
above control values (Fig. 5B, left panel). That these
elevations were potentially unimportant biologically was
suggested from act.D/TNFa-treated TAMH cultures where
caspase-6 and caspase-9 activities increased by approxi-
mately an order of magnitude above control levels (Fig. 5B,
compare right and left panels). Similarly, only marginal
caspase (Ac-DEVD-amc, caspase-6 or caspase-9) activa-
tion was observed in vivo after APAP or AMAP treatments
at early points shown previously to be important in the
progression of injury (Fig. 5C; [15]).

Earlier work has shown that the only cellular protease
directly arylated by NAPQI is the proteasome (specifically,
the C8 subunit; [12]). Consequently, a demonstration of
decreased proteasomal activity(ies) after APAP treatment
may confirm it as a potentially critical site for NAPQI-
mediated protein arylation and subsequent cell death. In
vitro proteasomal chymotryptic activity was inhibited by
up to 60% in APAP-, but not act.D/TNFa-treated cultures
(Fig. 5B). In terms of magnitude, a comparable, but
transient, inhibition of proteasomal activity was also
observed after a single in vivo dose of APAP (50% inhibi-
tion at 2 hr, Fig. 5C).
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Fig. 5. Comparison of alterations in TAMH proteolytic activities after
drug treatment (APAP or AMAP) or induction of apoptosis with
actinomycin D/TNFo. (A) Caspase-3-like activities (DEVD-amc cleavage)
in TAMH cultures treated with either 5 mM APAP (left panel) or act.D/
TNFa (right panel). Activities are expressed as a fold induction from initial
activity (as described in Section 2). Absolute DEVD-amc cleavage
activities ranged from 0.67 to 294.7 pmol product formed/min/mg protein
for control (t = 0 hr) and act.D/TNFo treatments (t = 6 hr), respectively.
(B) Comparison of TAMH cellular caspase-6, caspase-9, and proteasome
activities in cultures treated with either 5 mM APAP (left panel) or act.D/
TNFa (right panel) and expressed as fold induction from initial activity.
Proteolytic activities, in pmol/min/mg protein, ranged as follows: caspase-
6 (88.3 to 146.8 for APAP; 22.6 to 262.6 for act.D/TNFa), caspase-9 (6.1
to 13.7 for APAP; 1.6 to 51.2 for act. D/TNFa), and the proteasome (11.9 to
30.6 for APAP; 5.9 to 17.4 for act. D/TNFa). (C) Comparison of hepatic
caspase and proteasomal activities in B6C3F; mice after APAP or AMAP
administration (600 mg/kg, i.p.). Proteolytic activities, expressed as pmol/
min/mg protein, ranged as follows: caspase-3-like (0.3-2.99), caspase-6
(2.02-9.5), caspase-9 (0.57-2.1), and the proteasome (0.65-2.86). Data are
presented as averages from one of two independent experiments with
replicate plates or animals for each experiment. ND = not determined.

3.5. Alterations to cellular morphology following in vitro
APAP and AMAP treatments

Electron micrographs of TAMH cultures confirmed the
selective toxicity of APAP to the mitochondrion. In parti-
cular, an early proliferation (<12 hr) of electron dense
mitochondria was apparent with APAP treatment (Fig. 6)
in agreement with our previous in vivo results showing
similarly altered mitochondria [25]. Nonetheless, mito-
chondrial proliferation after APAP treatment in TAMH
cultures was qualitatively variable between individual cells
(Fig. 6; e.g. APAP, 48 hr). APAP-induced mitochondrial
proliferation was also associated with other functional

deficits to this organelle, including a dose-related collapse
of the inner mitochondrial membrane potential (data not
shown). Although mitochondrial proliferation was not
observed with AMAP treatment, the nonhepatotoxic iso-
mer still produced delayed effects (48-72 hr) on this
organelle by increasing both electron density and overall
size (Fig. 6). A substantial proliferation of the rough ER
was a distinctive attribute of AMAP treatment in TAMH
cells that was not observed with APAP exposure (Fig. 6).

3.6. Proteolytic and apoptotic-like cellular alterations
associated with in vivo APAP and AMAP treatments

The cleavage of effector caspase substrates was exam-
ined in hepatic subcellular fractions as a correlate to the in
vitro data. We observed that nuclear PARP, a known
caspase-3 substrate, was not cleaved following APAP
treatment in vivo and remained at the native size (Fig. 7).
PARP cleavage was evident with AMAP treatment, how-
ever, to fragment sizes previously associated with necrosis
(56 and 52 kDa) and not caspase-directed apoptosis [43]. A
redistribution of native ICAD was observed into the
nucleus, with either APAP or AMAP treatment, suggesting
cotransportation of both ICAD and CAD into this compart-
ment (Fig. 7).

In the cytosol, caspase-3 was observed as both the
32 kDa proenzyme and a minor 20 kDa precursor form
in untreated hepatic tissue (Fig. 7). In comparison, the
procaspase-3 form at 32 kDa was predominant in APAP-
treated tissue at 2 hr. At the 4-hr treatment, however, only
the 32 kDa form was found in either APAP- or AMAP-
treated tissues with a complete absence of the 20 kDa form
even with extended film exposures (Fig. 7). Nonetheless,
we have shown previously substantial increases in hepatic
proteolysis and early proapoptotic BAX-associated release
of mitochondrial cytochrome c into the cytosol with in vivo
APAP, but not AMAP, treatments [25].

4. Discussion

In vitro methodologies that adequately model the mole-
cular and cellular characteristics of APAP-induced hepa-
tocyte death in situ have been elusive. Many studies have
focused on primary hepatocyte/organ cultures (either
rodent or human) or, more recently, human hepatocyte
lines transfected with and overexpressing CYP isozymes
[45,46]. These model systems have generally required high
APAP concentrations to instigate cytotoxicity, typically in
excess of the plasma APAP levels observed clinically.
In vitro mechanistic studies with APAP have generally
been conducted in the 5.0-10.0 mM range as this is the
concentration where cytotoxicity first becomes evident.
In contrast, the clinical evidence indicates that early
plasma APAP levels are almost always at least 5-fold
lower (i.e. 1.0-2.0 mM) during APAP poisoning in humans
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Control APAP
12hr

AMAP

Fig. 6. Time course assessment of TAMH morphology by electron microscopy following treatment with APAP and AMAP. Assessment of TAMH
morphology by electron microscopy indicating proliferation of electron dense mitochondria (arrows) and nuclear degradation (arrowheads) as early as 12 hr
after treatment with 5 mM APAP (APAP) in comparison to untreated cultures (Control). Mitochondrial proliferation was not evident in 5 mM AMAP-treated
cultures (AMAP) although slight alterations to nuclear morphology were observed (arrowheads). After a 72-hr exposure, APAP-treated cultures were in
advanced decay, whereas electron dense mitochondria with dilated cristae (arrow) and considerable proliferation of the rough ER (*) were found in the
surviving fraction of AMAP-treated cultures. Bar represents two microns. Shown are representative micrographs from a single time—course experiment with

either duplicate or triplicate plates for each time point.

[1]. Consequently, as the mechanism of cytotoxicity is
likely to differ at high concentrations, the development of
an appropriate in vitro model for APAP-mediated cell
death is still of importance.

Initially, we examined APAP-induced cytotoxicity in the
TAMH cell line, which, as a result of TGFo overexpres-
sion, maintains an invariant differentiated phenotype in
vitro [26]. To establish the utility of this cell culture system
for APAP bioactivation, we confirmed that TAMH cultures
express, in a passage-independent manner (Fig. 4 and data
not presented), the two murine cytochrome P450 isozymes
homologous to human CYP2E1 and CYP3A4 that are
known to activate APAP and AMAP [47]. Endogenous
CYP expression resulted in dose-related formation of a

“downstream’” metabolic product (APAP-GSH) providing
good evidence for cellular bioactivation of APAP via
production of the protein damaging species, NAPQI
(Fig. 1C). Further inhibitor studies will be necessary,
however, to definitively confirm the exact contributions
of various CYP isozymes to NAPQI production and sub-
sequent TAMH cell death.

In contrast to the published literature, we have observed
significant TAMH cytotoxicities and DNA fragmentation
at comparatively low APAP doses (0.5-1.0 mM) in good
agreement with plasma APAP levels found in human
overdose scenarios [1]. Although altered TAMH cellular
morphologies, e.g. cytoplasmic retraction and chromatin
condensation, would appear to be suggestive of cell death
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Fig. 7. Biochemical alterations induced by APAP and the nonhepatotoxic
positional isomer, AMAP, in vivo. Subcellular fractions from B6C3F; mice
were isolated at various times after APAP or AMAP treatment (500 mg/kg,
i.p.) and immunoblotted using standard procedures. Upper panels: Nuclear
samples indicating the absence of PARP cleavage in APAP-treated animals
but with necrotic-like degradation of PARP in AMAP-treated samples in
comparison to saline vehicle-treated samples (Control, top panel).
Migration of native ICAD into the nucleus was observed in all treatment
groups (middle panel). Bottom panel: Cytosolic fractions immunoblotted
for the presence of (pro-)caspase 3 indicating suppression of basal
procaspase-3 processing in all treatment groups. Molecular mass of
immunoreactive proteins, in kDa, is indicated on the right of each panel.
This figure is representative of immunoblot analyses of multiple
subcellular fractions generated as previously described [9].

by apoptosis, the loss of plasma membrane integrity over
extended periods implied a secondary necrosis phenom-
enon (Fig. 1). The progressive development of cellular
damage in vitro over 24—72 hr was also consistent with
clinical observations. Thus, the TAMH cell line may
represent a good culture model for the bioactivation of
APAP and may also have applicability to studies with other
toxicants requiring CYP-mediated bioactivation.

Nuclear morphology and DNA fragmentation of TAMH
cultures were examined in an effort to determine the type
of cell death produced by APAP. These data were com-
pared to effects on TAMH cells treated with the nonhe-
patotoxic AMAP isomer or proapoptotic act.D/TNFa.
Considerable chromatin margination was evident with
either of the two structural isomers, although complete
chromatin collapse was characteristic of APAP treatment
only (Fig. 2A). The incidence of chromatin condensation
was qualitatively increased with low concentrations of
MG132 (100-250 nM, Fig. 2). Although MG132 treatment
per se was indistinguishable from control cultures, coin-
cubation in the presence of APAP or AMAP substantially
increased chromatin margination and, especially, complete
nuclear condensation. These qualitative assessments,
necessitated by the amount of cell death found in combined
APAP/AMAP/MG132 treatments, implied that the other-
wise subtoxic levels of MG132 may exacerbate injury by
further inhibition of an APAP target protein, the protea-
some.

Changes in chromatin structure corresponded well with
APAP-induced DNA fragmentation to ca. 50 kbp frag-
ments in vitro as determined by CHEF gel electrophoresis.
DNA fragmentation was also detected in vivo, although
there were some differences apparent between the in vitro
and in vivo systems (compare panel E of Fig. 2 with panels
B and C). Furthermore, despite previous reports, in vivo or
in vitro oligosomal laddering was not evident with APAP or
AMAP even in the presence of high mass DNA fragmenta-
tion, supporting the opinion that internucleosomal DNA
cleavage, although common, is dispensable [48,49]. Pre-
vious studies have shown that higher mass fragmentation is
a prerequisite for oligosomal and 50 kbp formation and
thus represents an early stage of apoptotic heterochromatin
cleavage [50]. Consequently, 50 kbp fragment formation in
TAMH cells following APAP or AMAP treatment may
likely represent a more terminal stage of apoptotic nuclear
degradation. An intriguing possibility, which requires
further work, is that CAD/DFF40 is the previously uni-
dentified nuclease in APAP-mediated cell death. As CAD
activity appears not to be required for the formation of high
mass DNA fragments, however, APAP and AMAP treat-
ments may either partially inhibit CAD activity per se or
another fragmentation mechanism may be responsible (i.e.
‘Stage I’ apoptosis via apoptosis inducing factor, AIF;
[51,52]).

An up-regulation of ATF3 protein in response to APAP
treatment in the TAMH cell line confirms previous in vivo
studies [37] and also appeared to correlate well with the
predicted cytotoxic potencies of these two isomers (Fig. 3A).
The apparent correlation with cytotoxic potency was even
more evident when the protein levels of the downstream
ATF3 target gene, GADD153, were considered (Fig. 3). Itis
interesting to note that a mechanistic link has been defined
recently between increased GADD153 levels and the induc-
tion of apoptosis by down-regulation of anti-apoptotic BCL-
2 protein [53]. In any event, to the best of our knowledge,
this represents the only in vitro cell line that discriminates
between these two isomers of acetaminophen.

An absence of caspase-3 activation, and ultimately
deregulation of the conventional apoptotic caspase cas-
cade, was evident during both APAP and AMAP treat-
ments. Specifically, we were unable to detect processing of
procaspase-3 into mature forms in any of the in vitro or in
vivo treatment regimens (Figs. 4 and 7). In addition, TAMH
cultures treated with a bona fide apoptotic regimen (act.D/
TNFa) resulted in increased caspase activities at least an
order of magnitude higher than with APAP treatment
(Fig. 5). As a result, the biological significance of Ac-
DEVD-amc cleavage during APAP treatment of TAMH
is conjectural and may just represent an induction of
alternate caspase-3-like activities with overlapping clea-
vage capacities, e.g. caspase-7 [44]. APAP-mediated
TAMH cell death was also not inhibited by the addition
of the broad range caspase inhibitor Z-Val-Ala-Asp-fluor-
omethyketone (50 pM, data not presented). Finally, we
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observed a comparatively low induction of caspase activity
in mice after APAP or AMAP treatment (Fig. 5), support-
ing other reports which have failed to detect Ac-DEVD-
amc cleavage after APAP treatment in vivo [54,55]. Con-
sequently, APAP- or AMAP-mediated cell killing appears
not to be predominantly caspase-3 driven. For APAP, at
least, this may represent a product of the lowering of
cellular ATP and dATP levels [15,56] or HSP70-directed
inhibition of APAF1 (see below).

Recently, an extensive analysis of mouse proteins ary-
lated by NAPQI after APAP and AMAP dosing was under-
taken [12,57]. Combined with previous studies (for reviews
see Refs. [6-8]), the majority of modified cellular proteins
have now been identified. Studies such as these provide the
basis for determining the mechanism of cell death via
APAP-mediated alterations to the normal function of cri-
tical protein(s). We therefore examined protein degrada-
tion phenomena as the proteasome represents the only
cellular proteolytic activity known to be arylated during
APAP treatment [12]. Our findings indicate that the cata-
bolic degradation of proteins during APAP-mediated
TAMH cell death in vitro is widespread but not universal
(Fig. 4). As predicted by other studies [12], we observed an
inhibition of both in vitro and in vivo proteasomal activity
(Fig. 5B and C), thereby confirming that the proteasome
represents a physiologically significant target for APAP-
mediated protein adduction and consequent cell death. In
comparison, proteasomal activity was not inhibited during
act.D/TNFa treatment, thereby distinguishing it from
APAP-mediated cell death (Fig. 5).

The proteasome represents the major pathway for degra-
dation of normal and abnormal proteins within the cell
[58,59]. As a result, these data have clear implications for
the mechanism of APAP-mediated cell death. Nonetheless,
other cellular proteolytic activities (e.g. TPPII and/or
calpains) may compensate for APAP-mediated inhibitory
effects on caspase and proteasome activities and warrant
further investigation. It is of interest to note, however, that
proteasomal inhibition has been shown previously to limit
caspase-3 activation, PARP processing, and ultimately to
induce apoptosis in other cell types [60,61].

Evidence from numerous sources implicates the mito-
chondrion as a critical site in the ultimate development of
cell death after APAP treatment. For example, only after
selective depletion of mitochondrial glutathione pools does
AMAP treatment result in the covalent modification of
mitochondrial proteins, an altered mitochondrial biochem-
istry, and hepatotoxicity [14,15]. Likewise, although many
potentially important mitochondrial proteins are arylated
by APAP [12], using identical experimental conditions
none are covalently modified by AMAP [57]. Coupled
with the pivotal role that mitochondria play in controlling
apoptosis, it was of importance to examine alterations to
this organelle during APAP- and AMAP-mediated cell
death. Previously we have shown a BAX-associated release
of mitochondrial cytochrome c early after APAP treatment

in vivo and that these events coincide with increases in as
yet undefined cellular proteolytic capacities [25]. In addi-
tion to BAX, a proapoptotic member of the BCL-2 family,
other proapoptotic proteins also seem to play a role in
APAP-mediated cell death both in vitro and in vivo (e.g.
ICAD, Figs. 4 and 7). Moreover, apparent increases in
mitochondrial number resulting from APAP exposure are
reminiscent of increased mitochondrial fission found more
generally during apoptosis [62,63]. Despite these clear
mitochondrial changes, cellular caspase activities do not
seem to be a hallmark of APAP- or AMAP-induced cell
death. The most likely explanation would appear to be an
induction of HSP70 by APAP [64] and downstream inhibi-
tion of APAF1/procaspase-9 [65,66].

In summary, the complex cellular events seen after
APAP and AMAP exposure are distinctive and retain some
characteristics of apoptosis. In contrast to more commonly
observed apoptotic cell death (e.g. act.D/TNFa), APAP-
and AMAP-induced cell death resembles cell death inter-
mediate between apoptosis and necrosis. The proteasome
is also implicated in the differential cytotoxic potencies of
APAP and AMAP and may play an important role in drug-
induced cell death via interrelationships with various
cellular compartments. Finally, our findings suggest that
the clinical usefulness of AMAP as an analgesic will be
limited in situations of concurrent proteasomal inhibition,
e.g. during HIV drug therapy [67], as the likelihood of
adverse affects will increase.
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