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Acetaminophen (APAP), a widely used analgesic and antipy-

retic that is considered to be relatively safe at recommended doses,

is the leading cause of drug-induced liver failure in the United

States. 3#-Hydroxyacetanilide (AMAP), a regioisomer of APAP, is

useful as a comparative tool for studying APAP-induced toxicity

because it is nontoxic relative to APAP. Transforming growth

factor-alpha transgenic mouse hepatocytes were treated with both

isomers to investigate mitogen-activated protein kinase (MAPK)

cascades in order to differentiate their toxicological outcomes.

Posttranslational modifications of MAPK signaling were assessed

using immunoblotting and Bioplex technology, whereas gene

expression changes were measured using Affymetrix Mouse Gene

1.0 ST arrays. APAP treatment led to higher levels of glutathione

depletion at 6 and 24 h compared with AMAP in mitochondria.

Glutathione depletion was preceded by increased levels of c-Jun

N-terminal kinase (JNK) phosphorylation at 2 and 6 h after

APAP treatment compared with AMAP, whereas AMAP treat-

ment led to increased extracellular signal–regulated protein

kinase (ERK) phosphorylation at 2 and 6 h compared with

APAP. Furthermore, APAP treatment significantly upregulated

jun oncogene (c-Jun) gene expression, which was confirmed by

Western blotting for both the phosphorylated and the non-

phosphorylated forms of c-Jun protein. Transfection with JNK

siRNA attenuated APAP toxicity after 24 h, suggesting that

higher levels of APAP-induced activation of JNK were related to

higher rates of cell death. In summary, genomic regulation of

MAPK-related transcription factors coupled with posttransla-

tional activation of their upstream kinases is critical in

differentiating the toxicities of APAP and AMAP.

Key Words: kinase regulation; acetaminophen; 3#-hydroxyace-
tanilide; c-Jun N-terminal kinase; jun oncogene.

Acetaminophen (N-acetyl-p-aminophenol, APAP) is a

widely used analgesic and antipyretic that is considered to be

relatively safe at recommended doses. However, overdose

cases are fairly common because of the widespread availability

of APAP (Lee, 2004). The majority of an APAP dose is

metabolized to relatively nontoxic products via conjugation

reactions, such as sulfation and glucuronidation (Watari et al.,
1983). The remaining dose is predominantly metabolized in the

liver by cytochrome P4502E1 to the presumed reactive

intermediate, N-acetyl-p-benzoquinoneimine (NAPQI) (James

et al., 2003; Nelson and Bruschi, 2007). At therapeutic doses,

low levels of P450-generated NAPQI are cleared by glutathi-

one and glutathione-S-transferases (Coles et al., 1988).

However, in APAP overdose situations, higher concentrations

of NAPQI deplete cellular glutathione pools leading to

arylation of intracellular nucleophiles by NAPQI. Modification

of these nucleophilic residues within the cell can lead to

oxidative/electrophilic stress resulting in hepatocellular injury

(Jollow et al., 1973). A comparative tool useful for studying

APAP-induced toxicity is its regioisomer, 3#-hydroxyacetanilide

(N-acetyl-m-aminophenol, AMAP) (Holme et al., 1991; Myers

et al., 1995; Pierce et al., 2002; Rashed et al., 1990; Roberts et al.,
1990; Tirmenstein and Nelson, 1989). AMAP is nontoxic

relative to APAP, despite the fact that its quinone and

quinoneimine intermediates are inherently more reactive and

form more covalent protein adducts than those formed during

APAP metabolism (Holme et al., 1991).

The fact that overall covalent adduct formation does not

provide a definitive explanation for the differences in APAP

and AMAP toxicity has led to the exploration of other

pathways and biomarkers to differentiate the toxicity of these

isomers. One pathway of interest is the mitogen-activated

protein kinase (MAPK) cascade. Characterizing MAPK

modulation with respect to treatment with APAP and AMAP

may give insight into differentiating their toxicities. MAPKs

are proteins responsible for the relay of cellular signals to the

nucleus in order to elicit genomic responses. This phosphorelay

cascade involves activation of a MAPK kinase kinase kinase

(MAP4K), which phosphorylates a MAPK kinase kinase

(MAP3K), which phosphorylates a MAPK kinase (MAP2K),
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followed by phosphorylation of a MAPK, which in turn

phosphorylates specific nuclear targets resulting in gene

expression modulation (Johnson et al., 2005). MAPKs can be

divided into six major groups based on sequence homology: (1)

the extracellular signal–related kinases (ERK1/2), (2) c-Jun

N-terminal kinases (JNKs), (3) p38s, (4) ERK5, (5) ERK3s,

and (6) ERK7s (Turjanski et al., 2007). MAPKs have been

implicated in a wide array of physiological processes, including

cell proliferation, differentiation, and survival (Su and Karin,

1996).

Treatment with APAP has already been shown to induce JNK

activity, leading to increased translocation of proapoptotic Bax

into the mitochondria (Gunawan et al., 2006). Furthermore,

treatment with JNK inhibitors seems to protect hepatocytes

against APAP-induced hepatocellular injury by inhibiting

JNK-mediated jun oncogene protein (c-Jun) phosphorylation

(Bennett et al., 2001) and preventing mitochondrial dysfunction

via inhibition of the mitochondrial permeability transition

(Latchoumycandane et al., 2007). Although the role of JNK

during APAP administration has typically been associated with

pathologic consequences, it is worth noting that recent evidence

suggests JNK2 may play a cytoprotective role in APAP-induced

liver injury (Bourdi et al., 2008). TGF-alpha transgenic mouse

hepatocytes (TAMH) were used as a cell culture model to

differentiate the toxicities of APAP and AMAP because they not

only retain CYP2E1 and CYP3A protein expression but also

show characteristic markers of APAP-mediated cell death

processes (Pierce et al., 2002). We hypothesize that JNK

activation plays a major role in differentiating the toxicities of the

regioisomers in TAMH cells.

MATERIALS AND METHODS

Reagents. Acetaminophen, 3#-hydroxyacetanilide, glycine, dexametha-

sone, nicotinamide, soybean trypsin inhibitor, and methylthiazolyldiphenyl-

tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St Louis,

MO). Gentamicin, trypsin, Dulbecco’s modified Eagle’s medium/Ham’s F12

(1:1), Dulbecco’s PBS (DPBS), Hank’s balanced salt solution, Trizol reagent,

NP40 cell lysis buffer, and 4-plex antibody beads were purchased from

Invitrogen (Carlsbad, CA). ITS premix was obtained from BD Bioscience

(Bedford, MA). Dimethyl sulfoxide and chloroform were purchased from MP

Biomedicals (Solon, OH). NaCl was purchased from Fisher (Pittsburgh, PA).

All reagents used in the determination of total glutathione content were

supplied in the BioVision ApoGSH Glutathione Colorimetric Detection Kit

(Mountain View, CA). All reagents used in the processing of total RNA for

microarray analysis were supplied in the One-Cycle Target Labeling and

Control Reagents Kit from Affymetrix (Santa Clara, CA).

Cell culture. TAMH cells were grown in serum-free Dulbecco’s modified

Eagle’s medium/Ham’s F12 (1:1) media supplemented with 100nM dexa-

methasone, 10nM nicotinamide, 0.1% (vol/vol) gentamicin, and an ITS premix

containing insulin (5 mg/ml), transferrin (5 mg/ml), and selenium (5 ng/ml).

Cell passages between 25 and 35 were grown in a humidified incubator with

5% CO2 and 95% air at 37�C. During passages, cells were incubated for 1 min

with trypsin. Cell detachment was monitored using a microscope. Once

detachment was complete, 5 ml of 0.5 mg/ml soybean trypsin inhibitor in

Hank’s balanced salt solution was added before plating.

Cell viability and glutathione depletion assays. APAP and AMAP were

dissolved directly into the culture media on the same day as the dosing regimen.

Two hundred microliter of the treatment solutions was added to the confluent

monolayers plated on 96-well plates. When incubation of the hepatocytes with

APAP or AMAP was completed, 50 ll of a 2 mg/ml MTT solution in DPBS was

added per well and incubated in the dark at 37�C for 2 h. The MTT dye solution

was then removed by aspiration, and 200 ll dimethyl sulfoxide and 25 ll of

Sorensen’s glycine buffer (0.1M glycine, 0.1M NaCl, pH 10.5) was added per

well. Plates were then read at 560 nm using a Thermo microplate reader and

i-Control software. The viability of drug-treated cells was expressed as the

percent of the viability of control cells. For the adenosine triphosphate (ATP)

depletion assays, confluent monolayers plated on 96-well plates were treated in

the same manner as described above for the MTT assay. ATP levels were

measured using the Promega CellTiter-Glo Luminescent Cell Viability Assay

(Madison, WI) by following the manufacturer’s protocol. Luminescence was

then measured and analyzed with Phenix PlateLumino (Hayward, CA). Total

glutathione levels were measured from whole-cell and mitochondrial prepara-

tions of TAMH cells grown to confluence on 6-well plates (whole cell) or

150-mm2 tissue culture dishes (mitochondria) and dosed. Mitochondrial

fractions were isolated in the absence of dithiothreitol using the protocol for

Biovision’s Mitochondria/Cytosol Fractionation Kit (Mountain View, CA).

Glutathione content was then analyzed according to the manufacturer’s protocol.

MAPK phosphoprotein analysis. TAMH cells were treated with 2mM

APAP, 2mM AMAP, or control culture media for 2 and 6 h and processed in

duplicate for simultaneous measurement of phosphoprotein levels using an

Akt, JNK1/2, ERK1/2, and p38 MAPK Phospho 4-plex panel (Invitrogen)

according to the manufacturer’s instructions. Briefly, treated cells were rinsed

with DPBS and harvested by scraping. They were then lysed with proprietary

NP40 cell lysis buffer (Biosource) supplemented with 1mM phenylmethyl-

sulfonyl fluoride and protease cocktail inhibitor cocktail (Roche, Palo Alto,

CA) for 30 min on ice. The lysates were placed in a microcentrifuge and spun

at 13,000 3 g for 10 min at 4�C. Supernatants were collected and pretreated

with twofold dilution of the manufacturer’s sample treatment buffer and

eightfold dilution of assay diluent. Then, 100 ll of each standard from the

series of twofold dilution and treated samples were incubated with target

capturing beads on a 96-well plate for 2 h, followed by 1 h of incubation with

specific biotinylated detection antibodies. Next, goat anti-rabbit IgG-R-

Phycoerythrin was added to each well and incubated for 30 min. Filtration

and washing were incorporated after each incubation step with wash buffer

using vacuum manifold. Samples were incubated at room temperature with

shaking, resuspended in wash buffer, and read using the Luminex 100

(Austin, TX) suspension array reader. Total protein levels of Akt, JNK1/2,

ERK1/2, and p38 MAPK were measured simultaneously with the same

procedure steps above using an Akt, JNK1/2, ERK1/2, and p38 MAPK total

4-plex panel (Invitrogen).

JNK and c-Jun Western analysis. TAMH cells were grown to confluence

on 6-well tissue culture plates and dosed with 2mM APAP, 2mM AMAP, or

control culture media for 2 and 6 h. After treatment was complete, cells were

lysed by adding 13 SDS sample buffer and harvested by scraping. Lysates

from 1 3 105 cells were loaded per well and resolved by denaturing

electrophoresis using 8% SDS-polyacrylamide gel electrophoresis in the Bio-

Rad Mini-PROTEAN II system (Hercules, CA). Transfer to nitrocellulose

membranes was performed using the Bio-Rad TransBlot SD Semi-Dry Transfer

Cell (Hercules, CA) for 90 min at 15 V. Membranes were blocked in a 1:1 ratio

of Tris-buffered saline (25mM Tris base, pH 8) and Li-Cor Blocking Buffer

(Lincoln, NE) for 1 h at room temperature. Membranes were incubated

overnight at 4�C with specific primary antibodies diluted (1:1000) in Li-Cor

Blocking Buffer with 0.2% (vol/vol) Tween-20. All primary antibodies were

purchased from Cell Signaling Technology (Danvers, MA). Membranes were

then incubated in secondary IR Dye-800 Conjugated Affinity Purified anti-

Rabbit IgG from Rockland (Gilbertsville, PA) diluted in Li-Cor Blocking

Buffer with 0.2% (vol/vol) Tween-20 for 1 h at room temperature (1:20000 for

phospho-JNK and 1:10000 for c-Jun and phospho-c-Jun). Detection and
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quantification of the immunofluorescence bands was accomplished using the

Odyssey Infrared Imaging System and Software (Li-Cor).

Inhibition of JNK1 with siRNA. TAMH cells were passaged regularly to

maintain exponential growth. Prior to plating in 96-well plates, a reverse

transfection method was utilized to improve transfection efficiency. Transient

JNK1 siRNA transfection was performed using MAPK8 Silencer Select siRNA

at a final concentration of 30nM and following the protocol for Ambion’s

Silencer siRNA Starter Kit (Austin, TX). Cell viability was measured by MTT

assay as described previously in the manuscript.

RNA isolation. RNA was isolated from TAMH cells dosed with 2mM

APAP, 2mM AMAP, or control culture media for 2-, 6-, and 24-h timepoints. For

each treatment, cells were grown to confluence in two 150-mm2 tissue culture

dishes and dosed. At the end of each treatment, cells were harvested using a rubber

scraper. Cell pellets were collected by centrifugation and washed using ice-cold

DPBS. Trizol reagent was added to the DPBS-washed pellet, vortexed, and passed

through a 22-G needle multiple times to ensure complete cell lysis. Chloroform

was then added, and the mixture was spun in a microcentrifuge at 8200 3 g. The

aqueous phase was isolated and dissolved in 70% ethanol. The resulting mixture

was loaded onto a Qiagen RNeasy column (Valencia, CA). Purified total RNAs

were eluted in sterile water according to the manufacturer’s protocol.

Gene expression analysis. RNA integrity was assessed using the Agilent

2100 Bioanalyzer and only samples passing quality control were further

processed. The manufacturer’s protocol was then followed for the de-

termination of gene expression data using either nine Affymetrix Mouse

Genome 430 2.0 arrays (n ¼ 1 per group) or 28 Affymetrix Mouse Gene 1.0 ST

arrays (n ¼ 3 per group). Following hybridization and washing, Affymetrix

arrays were scanned with an Affymetrix GeneChip 3000 scanner. Image

generation and feature extraction were performed using GCOS Software. Only

data from arrays that passed the manufacturer’s quality specifications were used

for further analysis. All microarray data have been deposited in the Gene

Expression Omnibus Database under accession number GSE18614 (http:

//www.ncbi.nlm.nih.gov/geo/). Gene Pathway analysis was performed using

PathwayStudio software version 6.2 (Ariadne Genomics, Rockville, MD).

Gene expression data containing log2 fold changes and p values comparing

APAP with AMAP treatments at all three timepoints were uploaded. The gene

list was then filtered to include only genes with a p value < 0.01 and a jfold

changej > 1.5. A Fisher’s exact test was then performed to identify gene

subnetworks enriched by these significant expression changes.

Statistical analysis. Data are presented as mean ± SEM. Comparisons

between multiple groups were performed with Stata 10 using one-way ANOVA

and subsequent Bonferroni t-tests; p < 0.05 was considered significant. For

gene expression data, statistical analysis and data normalization were carried

out with Bioconductor software as described previously (Coe et al., 2007).

RESULTS

Cytotoxicity of Acetaminophen and Its Regioisomer

TAMH cells were exposed to various concentrations

(1–5mM) of APAP and AMAP for 24 h (Fig. 1). Significant

differences in cytotoxicity and ATP depletion were observed

between APAP and AMAP over all tested concentrations. The

viability of cells treated with 2mM APAP decreased by 42 and

32% compared with control and AMAP treatments, respec-

tively (Fig. 1A). This coincided with a 44 and 32% decrease in

ATP levels as compared with control and AMAP treatments,

respectively (Fig. 1B). Time-course studies were then

performed to determine the rate at which cell death occurs.

By MTT assay, significant differences in cytotoxicity were

observed between the regioisomers at 6 and 24 h (Fig. 2A).

These results again were confirmed using the ATP depletion

assay with significant differences observed at all three time-

points, 2, 6, and 24 h (Fig. 2B). These data are consistent with

previous reports from our lab confirming that APAP admin-

istration leads to changes in TAMH cell morphology indicative

of toxicity (6). Taken together, these results suggest that APAP

causes more toxicity than AMAP in TAMH cells at 1, 2, and

5mM treatments. In addition, these differences are manifested

by 6 h during treatment with 2mM APAP and AMAP.

Glutathione Depletion Following Treatment with APAP
and AMAP

To confirm whether glutathione depletion was related to a loss

in cell viability, total glutathione levels were measured in both

whole cells and isolated mitochondria and are displayed in

Table 1. Six- and 24-h treatment with either regioisomer led to

significantly lower levels of glutathione in whole-cell prepara-

tions, whereas mitochondrial glutathione pools were signifi-

cantly depleted at all three timepoints compared with controls.

Although no significant differences in whole-cell glutathione

depletion existed between the regioisomers, APAP treatment

FIG. 1. Dose-related toxicity comparison between APAP and AMAP

treatments in TAMH. Cells were treated with either no drug or varying

concentrations of APAP or AMAP (1–5mM) over a 24-h period. Cell viability

was measured by (A) MTT (n ¼ 4) and (B) ATP depletion (n ¼ 6) assays.

*p < 0.05 (compared with controls); #p < 0.05 (compared with APAP).
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caused significantly more glutathione depletion than AMAP at 6

and 24 h in isolated mitochondria. These data suggest that

glutathione depletion in the mitochondria, and not the whole cell,

is related to the higher levels of ATP depletion and cell death

(Figs. 2B and 2A, respectively) observed after APAP treatment.

APAP- and AMAP-Induced Changes in MAPK
Phosphorylation

In order to determine whether the differences in cytotoxicity

and glutathione depletion were related to differences in MAPK

activation, levels of phosphorylated protein were analyzed

using the Bioplex system. Cell lysates from TAMH cells

treated with 2mM APAP and AMAP for 2 and 6 h were

collected, and protein samples were analyzed using a 4-plex

phospho-assay that measured phosphorylation ratios of both

JNK1/2 and ERK1/2 (Fig. 3). JNK phosphorylation was

greater at both timepoints after APAP treatment compared with

AMAP (Fig. 3A). Western blotting was then used to confirm

these results (Fig. 4). In contrast, ERK phosphorylation was

greater at both timepoints after AMAP treatment compared

with APAP (Fig. 3B). This data suggest that the greater degree

of APAP-induced JNK phosphorylation may lead to greater

activation of JNK-mediated cell death pathways, whereas

AMAP-induced ERK activation may play a role in attenuating

toxicity.

APAP- and AMAP-Induced Changes in c-Jun
Phosphorylation

In order to further confirm APAP-induced JNK activation,

phosphorylation of c-Jun was measured. TAMH cells were

treated with 2mM APAP and AMAP and probed for

phosphorylated-c-Jun (Fig. 5A). Compared with control,

phosphorylation was greatest after 2-h APAP treatment

(1.9-fold increase), and by 6 h, a 1.5-fold increase in c-Jun

phosphorylation was observed. Increased c-Jun phosphoryla-

tion after AMAP treatment was also observed but at levels

more similar to the controls, 1.6- and 1.2-fold increases at

2 and 6 h, respectively. Levels of nonphosphorylated c-Jun

were also investigated in the same cell lysates (Fig. 5B).

Compared with control, 2.6- and 1.8-fold increases in c-Jun

protein were observed after 2- and 6-h APAP treatment,

respectively. AMAP treatment also leads to an upregulation of

c-Jun but to a lesser extent, as a 1.6-fold increase in c-Jun

protein was observed after 2-h AMAP treatment, followed by

a 1.2-fold increase after 6 h.

Cytotoxicity of Acetaminophen and Its Regioisomer in
a Transient JNK1 Knockdown Model

In an attempt to further elucidate the role that JNK activity

plays in APAP-induced toxicity, TAMH cells were reverse

transfected with JNK1 siRNA. After 24 h of treatment,

FIG. 2. Time-related toxicity comparison between APAP and AMAP

treatments in TAMH cells. TAMH cells were treated with no drug, 2mM

APAP, or 2mM AMAP for 2, 6, and 24 h. Cell viability was measured by (A)

MTT (n ¼ 12) and (B) ATP depletion (n ¼ 12) assays. *p < 0.05 (compared

with controls); #p < 0.05 (compared with APAP).

TABLE 1

APAP- and AMAP-Induced Depletion of Glutathione in TAMH Cells

Time (h)

Cellular glutathione (lmol/g)a Mitochondrial glutathione (lmol/g)

Control APAP AMAP Control APAP AMAP

2 3.21 ± 0.06 3.22 ± 0.03 3.03 ± 0.08 3.51 ± 0.17 2.68 ± 0.14* 2.86 ± 0.21*

6 3.29 ± 0.06 1.98 ± 0.09* 2.40 ± 0.12* 3.40 ± 0.02 2.04 ± 0.14* 2.42 ± 0.26*#

24 3.23 ± 0.06 1.70 ± 0.14* 2.17 ± 0.14* 3.58 ± 0.10 1.79 ± 0.18* 2.28 ± 0.11*#

aUnits represent micromole glutathione per gram protein.

*p < 0.05 (compared with controls); #p < 0.05 (compared with APAP).
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significant differences were observed between TAMH cells and

JNK1 knockdowns for the same set of conditions (Fig. 6).

Inhibition of JNK1 led to a 23% increase in survival following

treatment with APAP, whereas inhibition of JNK1 led to only

a 9% increase in survival following treatment with AMAP.

These data suggest that JNK1 activation plays a greater role in

propagating the toxicity of APAP compared with AMAP.

Microarray Comparison of APAP- and AMAP-Induced
Changes in Gene Regulation

In order to identify transcriptional changes that may be

responsible for observed differences in toxicity, messenger

RNA was isolated from TAMH cells exposed to therapeutically

relevant concentrations of 2mM APAP and AMAP. Microarray

analysis was then performed using Affymetrix Mouse Gene

1.0 ST arrays (n ¼ 3 per group). Figure 7A is a heatmap of the

9121 genes whose expression was significantly altered

(p < 0.05) in at least one of the timepoints/treatments relative

to the vehicle controls. Red indicates increased gene expression

relative to the control, whereas green represents downregula-

tion. Overall, APAP and AMAP cause many similar gene

expression changes. This is evidenced by the fact that

transcriptional changes cluster more closely with respect to

dosing time rather than drug treatment. However, when

a heatmap was generated for the 524 genes found to be both

significant (p < 0.05) and relatively large (jfold changej > 1.5)

in at least one of the timepoints/treatments relative to the

vehicle controls, gene expression patterns clustered more

closely with respect to drug treatment rather than dosing time

(Fig. 7B). This suggests that overall gene expression after

APAP or AMAP treatment is quite similar but that the

regioisomers have very different effects on genes whose

expression is altered the most. Significant differences (jfold

changej > 1.5, p < 0.05) between AMAP and control existed

for 236 genes on the array (Fig. 7C), 2 of which were common

among all three timepoints. In comparison, the number of

significant gene differences nearly doubled (538) between

APAP and control treatments (Fig. 7D), 52 of which were

common among all three timepoints. Taken together, this

suggests that APAP alters the expression of more genes to

a greater extent than AMAP.

MAPK-Related Gene Regulation Following Treatment with
APAP or AMAP

In order to determine whether early changes in MAPK

protein levels corresponded with early changes in genomic

expression, the 2-h AMAP and APAP microarray data sets

were imported into PathwayStudio 6.2. This software tool is

designed to facilitate the discovery of biological themes in

microarray data. One feature of this software is to identify so

called subnetworks in the data. Each subnetwork consists of

a single ‘‘regulator’’ gene and its targets. The result of the

analysis is the identification of regulators that can explain the

gene expression changes observed in a given experiment. A

Fisher’s exact test evaluates the statistical significance of the

resulting subnetworks. The regulators that were identified for

the three most significant subnetworks were MAP3K1

(MEKK1), MAPK8 (JNK1), and MAPK14 (p38-alpha)

(Supplementary table 1), suggesting that MAPK-related gene

expression plays a major role in differentiating the effects of

AMAP/APAP toxicity. The software also allowed for in-

vestigating relationships between MEKK1, JNK1, and

p38-alpha and this is shown in Figure 8. Table 2 gives

quantitative fold changes and p values that correspond to the

genes in Figure 8. Two-hour APAP treatment led to significant

increases in expression (p < 0.01) for all genes listed in Table 2

(excluding the three kinases) compared with the 20-h AMAP

treatment. Gene expression changes caused by APAP and

AMAP relative to control are listed in Supplementary table 2.

Of interest is the fact that c-Jun and its AP-1 dimeric partner

c-Fos were the only two genes found to be related to all three

regulators. Furthermore, increased c-Jun protein levels (both

phosphorylated and nonphosphorylated) were previously

confirmed by immunoblotting (Fig. 5).

FIG. 3. Comparison of MAPK phosphorylation in APAP- or AMAP-treated

TAMH cells relative to controls. TAMH cells were treated with 2mM APAP or

AMAP for 2 and 6 h. Samples were then analyzed in duplicate using a multiplex

assay with the Bioplex system. Average ratios of phosphorylated to total MAPK

protein were then calculated for (A) JNK and (B) ERK relative to control.

168 STAMPER ET AL.



It is worth noting that while c-Jun upregulation occurred

following treatment with either regioisomer compared with

control, APAP-induced c-Jun upregulation was significantly

greater in magnitude (p < 0.0001) at all three timepoints

compared with AMAP (1.18, 1.13, and 1.43 at 2, 6, and 24 h,

respectively). The fact that APAP-induced gene expression of

MEKK1, JNK1, and p38-alpha is relatively unchanged

compared with AMAP, whereas gene expression of their

subnetworks is significantly upregulated (Fig. 8), suggests that

genomic regulation of MAPK targets, and not genomic

regulation of the MAPKs themselves, plays an important role

along with MAPK-related posttranslational modifications in

differentiating the effects of APAP and AMAP treatment.

DISCUSSION

The study of model compounds, like APAP, helps to lay

groundwork for understanding how xenobiotics affect bi-

ological systems mechanistically. Despite an extensive body of

existing literature, much of the mechanistic toxicology of

APAP is still poorly understood (Jaeschke and Bajt, 2006;

James et al., 2003; Nelson and Bruschi, 2007). By comparing

APAP with its nontoxic regioisomer, AMAP, it may be

possible to reveal certain routes of toxicity that differ between

the two drugs.

The first step in doing this was to confirm a cell-based

system that behaved in a similar way to in vivo systems after

APAP and AMAP exposure. Previously, we have shown that

the TAMH line is both susceptible to APAP-induced toxicity

and relatively resistant to AMAP-induced toxicity (Pierce

et al., 2002). These results were confirmed by treating TAMH

cells with APAP and AMAP over a number of drug

concentrations ranging from 1 to 5mM (Fig. 1). Toxicity at

this concentration of APAP is of interest because similar

plasma concentrations have been reported in APAP overdose

patients (Smith et al., 2008).

Once significant differences in toxicity were observed

between APAP and AMAP at therapeutically relevant concen-

trations, time-course assays were performed to determine when

toxicity was occurring. Significant (p < 0.05), albeit small,

differences in toxicity were observed as early as 2 h posttreat-

ment (Fig. 2). By 6 h, APAP-induced cell death was ~20%

greater with similar increases in ATP depletion compared with

AMAP (Fig. 2). These differences in toxicity and ATP levels

were also related to significant differences in the depletion of

mitochondrial glutathione by the regioisomers (Table 1). Taken

together, these data confirm previous reports in the literature

(Tirmenstein and Nelson, 1989) that APAP treatment depletes

glutathione pools in the mitochondria to a greater extent than

AMAP, resulting in greater levels of cell death.

Because of the fact that APAP-induced glutathione depletion

and mitochondrial dysfunction have been associated with JNK

pathway activation (Hanawa et al., 2008), differences in

MAPK phosphorylation profiles for the regioisomers were

investigated. In order to accomplish this, the Bioplex assay was

utilized to determine the extent of JNK and ERK phosphor-

ylation. Both APAP and AMAP led to increased levels of JNK

phosphorylation compared with controls with APAP-induced

JNK phosphorylation occurring to a greater extent at both

timepoints compared with AMAP (Figs. 3A and 4). Perhaps

AMAP-induced JNK phosphorylation is not extensive enough

FIG. 4. JNK1/2 phosphorylation following APAP or AMAP treatment. TAMH cells were treated with 2mM APAP or AMAP for 2 and 6 h. Total cell lysates

were blotted with a polyclonal anti-phospho-SAPK/JNK (thr-183/tyr-185) antibody and quantified. Bars represent quantified fluorescence using Odyssey software

as described in the ‘‘Materials and Methods’’ section.
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to clear thresholds for full activation of JNK-mediated cell

death processes. To test this, c-Jun phosphorylation levels were

measured as a downstream marker of JNK activity (Turjanski

et al., 2007). c-Jun phosphorylation was most apparent after

2-h APAP treatment (Fig. 5A), directly correlating with peak

JNK phosphorylation (Figs. 3A and 4). This suggests that the

greater extent of APAP-induced JNK phosphorylation may

overcome thresholds leading to increased levels of c-Jun

phosphorylation, whereas smaller AMAP-induced increases in

JNK phosphorylation were not significant enough to exten-

sively phosphorylate c-Jun. In addition, knockdown studies of

JNK1 significantly attenuated APAP-induced toxicity to

a greater extent than APAP 24 h after treatment (Fig. 6). This

is consistent with reports in the literature in which inhibition of

JNK has been shown to protect against APAP-induced toxicity

in both in vitro (Matsumaru et al., 2003) and in vivo systems

(Gunawan et al., 2006). With respect to ERK, AMAP-induced

phosphorylation was greater at both 2 and 6 h compared with

APAP (Fig. 3B). The dramatic increase in the AMAP-induced

ERK phosphorylation ratio at 2 h may be critical for an early

ERK-mediated survival response. This suggests not only that

AMAP treatment increases levels of ERK phosphorylation but

also that this prosurvival response occurs at an early enough

timepoint to attenuate cell death.

Differential modulation of MAPK phosphorylation appeared

to play a role in differentiating the toxicity between APAP and

AMAP. Of additional interest was to determine whether these

changes at the protein level correlated well with genomic

regulation. A number of genomic experiments using both

in vitro and in vivo systems have been published, identifying

genes that may play significant roles influencing APAP-

induced toxicity (Harrill et al., 2009; Jeong et al., 2006; Reilly

et al., 2001). Furthermore, in a multicenter microarray study,

researchers compared APAP- and AMAP-induced gene

expression in mice, identifying possible targets that included

JNK-related genes identified in this in vitro study, such as

c-Jun and c-Fos (Beyer et al., 2007). Overall, significant gene

changes were relatively conserved between APAP and AMAP

(Fig. 7A), which was expected since APAP and AMAP are

structurally alike and have been shown to form similar

metabolites and have similar therapeutic effects (Nelson,

1980; Rashed et al., 1990; Roberts et al., 1990). APAP

treatment led to more changes in gene expression than treat-

ment with AMAP compared with controls (Figs. 7C and 7D).

This is likely because of the fact that while both regioisomers

caused changes in expression because of nontoxic amino-

phenol-related genomic response, only APAP treatment caused

additional genomic regulation related to toxicity. Significant

FIG. 5. APAP- and AMAP-induced changes in both total and phosphor-

ylated c-Jun protein levels. TAMH cells were treated with 2mM APAP or

AMAP for 2 and 6 h. Total cell lysates were blotted with either (A) monoclonal

anti-phospho-c-Jun (ser-73) or (B) monoclonal anti-c-Jun antibodies and

quantified. Bars represent quantified fluorescence using Odyssey software as

described in the ‘‘Materials and Methods’’ section.

FIG. 6. Effects of JNK1 inhibition on APAP- and AMAP-induced toxicity

using siRNA. TAMH cells were reverse transfected with JNK1 siRNA and

treated with 2mM APAP or AMAP for 2, 6, and 24 h. Transfected cells (n ¼ 4)

were compared with controls not exposed to siRNA (n ¼ 12), and cell viability

was measured by MTT assay. *p < 0.05 (compared with controls); #p < 0.05

(compared with APAP).
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differences in gene expression were observed between APAP

and AMAP when the microarray data set was limited to large

(jfold changej > 1.5) and significant (p < 0.05) gene changes

(Fig. 7B). Expectations are that within this subset of genes,

changes in expression are critical in differentiating the toxicity

of the regioisomers.

Because of the fact that many of the observed differences in

protein regulation occurred at early timepoints, the 2-h gene

expression data were analyzed using PathwayStudio to

compare whether these changes in protein expression and

posttranslational modifications were present at the genomic

level. The data set was enriched for significant (p < 0.01) and

large (jfold changej > 1.5) changes in gene expression and the

most significant subnetworks were identified (Supplementary

data). Two of the three most significant regulators of subnet-

works differentially modulated by APAP and AMAP are the

stress-activated JNK1 and p38-alpha. Furthermore, the third

most significantly modulated regulator was MEKK1, a known

upstream MAP3K for both JNK and p38-alpha (Davis, 2000).

The only two genes associated with all three MAPKs are the

heterodimeric partners, c-Jun and c-Fos, that form the AP-1

transcription factor (Curran and Franza, 1988). Both these

genes were found to be significantly upregulated by APAP

compared with AMAP (Fig. 8, Table 2). In the case of c-Jun,

the genomic data correlate well with earlier experiments at the

protein level in which greater expression of c-Jun protein was

observed after APAP treatment compared with AMAP

(Fig. 5B). The genomic upregulation and increased protein

FIG. 7. Array analysis of TAMH cells treated with APAP or AMAP compared with control. TAMH cells were treated with 2mM APAP and AMAP for 2, 6,

and 24 h and analyzed for genome expression using Affymetrix Mouse Gene 1.0 ST arrays (n ¼ 3). Heatmaps were generated using two-dimensional hierarchical

clustering for genes that either (A) underwent significant changes in expression in at least one of the timepoints/treatments relative to the vehicle controls (p < 0.05)

or (B) underwent changes that were both significant (p < 0.05) and considered large (jfold changej > 1.5). Red genes represent upregulation, whereas green genes

represent downregulation. Venn diagrams represent the commonality and exclusivity in significant (p < 0.05) and large (jfold changej > 1.5) gene expression

changes for (C) AMAP and (D) APAP over all three timepoints compared with control.
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expression of c-Jun coupled with higher levels of p-

JNK-mediated c-Jun phosphorylation (Fig. 5A) would lead to

increased c-Jun transcriptional activity after APAP treatment.

The fact that APAP-induced modulation of JNK-related gene

expression correlates well with protein data (Figs. 3–5)

suggests that this pathway is heavily implicated in differenti-

ating the toxicity of the regioisomers.

It is apparent from cell viability data, based both on dose

(Fig. 1) and on time (Fig. 2), that APAP is more toxic than

AMAP in TAMH cells at concentrations therapeutically relevant

to humans in APAP overdose cases. These differences in cell

survival are likely because of modulation of MAPK signaling,

involving extensive JNK cascade activation by APAP compared

with AMAP, and modulation of ERK phosphorylation, which

acts as a prosurvival signal attenuating AMAP-induced toxicity.

Future work in our laboratory will focus on a more detailed

investigation into the effects that AMAP (and APAP) treatment

have on ERK pathway regulation. These studies should help

determine whether ERK modulation is related to or independent

from the mitochondrial effects and JNK activation outlined in

this manuscript. In summary, these results suggest that APAP-

induced modulation of the JNK cascade at two levels,

posttranslational (phosphorylation of JNK and c-Jun) and

genomic (upregulation of c-Jun as well as other proapoptotic

MAPK-related transcription factors), leads to high rates of cell

death accompanied by depletion of glutathione, whereas the

same dose of AMAP is not sufficient to activate these pathways.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci

.oxfordjournals.org/.
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