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Abstract

The cytotoxic potential of an antipyretic and analgesic drug, acetaminophen (APAP), was evaluated in
mouse J774.2 monocyte macrophages. The cytotoxicity of APAP was evaluated by MTT cell viability and
apoptosis assays. Based on the cell viability and apoptosis assays, further experiments were designed with a
low (1 pmol/ml) and a high (10 pmol/ml) dose treatment of APAP in J774.2 cells. Mitochondrial oxidative
stress, reactive oxygen species (ROS), mitochondrial glutathione (GSH) metabolism, lipid and protein
peroxidation were measured in the drug treated cells. An increase in mitochondrial oxidative stress and ROS
production was observed. A decrease in the mitochondrial GSH pool, accompanied by an increase in lipid
and protein peroxidation appeared to be the main cause of mitochondrial oxidative stress. GSH pool and
GSH metabolizing enzymes were differentially affected in the mitochondria and extramitochondrial
compartments. Increased nuclear translocation of NF-kB-p65, a marker of redox metabolism was also
observed in the drug treated cells. In addition, we have demonstrated, for the first time that the mitochondrial
aconitase enzyme is a potential ROS-sensitive target in J774.2 cells, which might be used as a marker for
APAP-induced cytotoxicity. These results have clearly suggested that APAP induced cytotoxicity in
macrophages is mediated by increased mitochondrial oxidative stress and altered redox metabolism. This
might have implications in determining the role of circulating macrophages against APAP induced toxicity
and cellular defenses in tissues.
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Abbreviation: APAP, N-acetyl para-aminophenol or acetaminophen; COX-2, cyclooxygenase-2; CDNB,
Chlorodinitrobenzene; DCFDA, 2’,7’-dichloro fluorescein diacetate; DNPH, 2,4-dinitrophenyl hydrazine;
GSH, reduced glutathione; GSSG, oxidized glutathione, GST, glutathione S-transferase; GSH-PX,
glutathione peroxidase; LPO, lipid peroxidation; MDA, malonedialdehyde; MTT, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; NSAIDs, Non-steroidal anti-inflammatory drugs; PMS, post
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mitochondrial supernatant; PARP, poly- (ADP)- ribose polymerase; ROS, reactive oxygen species; SDS-
PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.

1. Introduction

Overdose of one of the most commonly used
analgesic and antipyretic drugs, acetaminophen
(APAP) is the leading cause of acute liver
poisoning and death globally [1-2].
Physiologically, APAP is primarily activated in
the liver, by cytochrome P450s [3-5] to the
reactive  metabolite  N-acetyl-p-benzoquinone
imine (NAPQI) which in turn, is efficiently
detoxified by conjugation with GSH [6, 7].
However, conjugation at higher doses leads to the
critical depletion of GSH which is essential to
maintain cellular redox metabolisms causing acute
oxidative stress and cellular toxicity. There are
numerous studies on the metabolic activation,
toxicity and detoxification mechanism of APAP in
the liver, kidney and other tissues [5, 8, 9, 10].
Increased mitochondrial stress, production of
reactive oxygen and nitrogen species (ROS and
RNS respectively) have been implicated in a
number of APAP-induced toxicity studies [11-15].
Recent studies have demonstrated that the injured
hepatocytes trigger the activation of innate
immune cells such as hepatic and circulating
macrophages  which  contribute  to  the
pathophysiology of tissue injury [16-18].
Localized accumulation of macrophages has been
observed following toxicant exposure in the
tissues. It has also been shown that the modulation
of macrophages functioning abrogates the acute
toxicity of APAP [19]. The role of macrophages in
the pathogenesis of and/or protection from APAP-
induced liver toxicity is still controversial. Both,
cytoprotective and tissue- destructive roles of
macrophages in APAP-induced toxicity have been
reported [20-23]. Inactivation of macrophages
decreases APAP toxicity presumably by inhibiting
the production of ROS and RNS [13].
Supplementation with the antioxidant, glutathione
(GSH) as a conjugating agent or the precursor of
GSH synthesis, N-acetylcysteine (NAC), which
restores intracellular GSH have been proven
beneficial in preventing APAP induced cell death
both in human and animal models [8,24,25].
However, the precise mechanism of activation,

toxicity and detoxification of this drug in
extrahepatic cells, especially in the macrophages,
which play a key role in defense against toxicants
are not clear. Since the treatment with NAC is not
that effective after a certain period (1-2 h) of
APAP toxicity in the liver, it is presumed that the
restoration of GSH level may not be the only
mechanism of preventing APAP-induced toxicity
[9, 26, 27]. We, therefore, investigated the effects
of APAP on cellular redox metabolism and
oxidative stress using a murine monocyte
macrophage cell line, J774.2 in culture. Studies
have shown that the J744.2 cells exhibited a
unique response against the APAP induced
effects, which may be associated with the
characteristics inhibition of COX-2 enzyme
activity [28]. However, there is no further
explanation of the mechanism by which APAP
induces apoptosis and other adverse effects in
these cells. Based on numerous in vivo and cell
culture studies, we selected a subtoxic lower dose
(1 pmol/ml) and a higher experimental dose (10
pmol/ml) of APAP to elucidate the mechanism by
which APAP modulates the cytotoxicity and
mitochondrial redox functions in J774.2 cells. We
measured the mitochondrial oxidative stress by
studying the alterations in the production of
reactive oxygen species, lipid and protein
peroxidation, and GSH metabolism in the isolated
mitochondria from APAP treated cells. In
addition, we have also attempted to compare
mitochondrial GSH metabolism with
extramitochondrial redox metabolism. The
expression of an oxidative stress marker, NF-kB
and apoptotic markers cytochrome ¢ and poly-
(ADP) - ribose polymerase (PARP) activation was
also studied under the above conditions.

2. Materials and methods

2.1 Chemicals

N-Acetyl-p-aminophenol(APAP), glutathione,
(GSH and GSSG), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), NADH,
NADPH, 1-chloro-2,4-dinitrobenzene (CDNB),
2,4-dinitrophenylhydrazine (DNPH), lucigenin
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and cumene hydroperoxide were purchased from
Sigma-Aldrich Fine Chemicals (St Louis, MO,
USA). 2’, 7’- Dichlorofluorescein diacetate
(DCFDA) was from Molecular Probes (Eugene,
OR, USA). Apoptosis detection kit for flow
cytometry was from BD Pharmingen (BD
Biosciences, San Jose, USA). Kits for LPO assay,
based on the measurement of total MDA and for
aconitase assay were purchased from Oxis
International, Inc. (OR, USA). Total NO
measurement Kkits were purchased from R&D
Systems, MN, USA. Murine macrophage J774.2
cells were purchased from European Collection of
cell cultures (Health Protection Agency Culture
Collections, Salisbury, UK). Polyclonal antibodies
for NF-kB, cytochrome ¢, PARP and beta-actin
were purchased from Santa Cruz Biotechnology,
Inc, CA,USA. Reagents for cell culture and for
SDS-PAGE and Western blot analyses were
purchased from Gibco BRL (Grand Island, NY,
USA) and from Bio Rad Laboratories (Richmond,
CA, USA ) respectively.

2.2 Cell culture, treatment and fractionation

Murine macrophage J774.2 cells were grown
in poly-L-lysine coated 75 cm? flasks (~2.0-2.5
x10° cells/ml) in DMEM medium supplemented
with 10% heat inactivated fetal bovine serum in
the presence of 5% C0O»-95% air at 37°C. Cells
were treated with different concentrations of
APAP (0-10 pmol/ml or 20 pmol/ml as in the
MTT assay) dissolved in DMSO (final
concentration less than 0.2%) and for different
time intervals (0.0 to 24 h). Control cells were
treated with vehicle alone. Further selection of the
doses and time points in this study are based on
the published reports as well as on our observation
on cytotoxicity assay in J774.2 cells. After the
desired time of treatment, cells were harvested,
washed with PBS (pH 7.4) and homogenized in H-
medium buffer (70 mM sucrose, 220 mM
mannitol, 2.5 mM HEPES, 2 mM EDTA, 0.1 and
mM phenylmethylsulfonylfluoride, pH7.4) at 4°C.
Mitochondria and postmitochondrial (PMS)
fractions were prepared by centrifugation and the
purity of the isolated fractions for cross
contaminations was checked as described before
[29, 30].

2.3 MTT cell viability assay

Mitochondrial  respiratory  function and
dehydrogenase based cell viability test in 96 well
plates (5 x 10%cells/well) was assayed by MTT
conversion to formazan after treatment with
different concentrations of APAP for different
time intervals essentially as described before
[29,30]. The viable cells were quantitated using an
ELISA reader (Anthos Laboratories, Salzburg,
Germany) at 570 nm after subtracting the
appropriate control values.

2.4 Flow cytometry for apoptosis and ROS
measurement

The apoptosis assay using flow cytometry
was performed as described in the vendor’s
protocol (BD Pharmingen, BD BioSciences, San
Jose, USA). Briefly, cells from 60-70% confluent
plates were trypsinized, washed in PBS and
resuspended (1x10° cells/ml) in binding buffer (10
mM HEPES, pH 7.4, 140mM NaCl, 2.5mM
CaCly). A fraction (100pi/1x10° cells) of the cell
suspension was incubated with 5 Annexin V
conjugated to FITC and 5l propidium iodide (PI)
for 15 minutes at 25°C in the dark. 400 of
binding buffer was added to the suspension and
apoptosis was measured immediately using a
Becton Dickinson FACScan analyzer. The
apoptotic cells were estimated by the percentage
of cells that stained positive for Annexin V-FITC
while remaining impermeable to Pl (AV+/PI-).
This method was also able to distinguish viable
cells (AV-/PI-) and cells undergoing necrosis
(AV-/PI+).

The intracellular production of ROS was
measured using the cell permeable probe DCFDA,
which preferentially measures peroxides. Briefly,
cells (~2 x 10° cells/ml) were incubated with 5pM
DCFDA for 30 minutes at 37°C. Cells were
washed twice with 1X PBS, trypsinized and
resuspended in 3 ml of PBS and the fluorescence
was immediately read on a Becton Dickinson
FACScan with Cell Quest software (BD
Biosciences, San Jose, USA). ROS production
after APAP treatment was also confirmed by using
lucigenin as a probe which is based on the ROS-
dependent lucigenin-enhanced chemiluminescence
as described before [29,30,32].
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ROS sensitive mitochondrial — aconitase
activity was measured by using the BioxyTech
Aconitase-340 assay kit or by using the method as
described earlier [31]. Briefly, the assay is based
on the indirect measurement of the NADP-
dependent conversion of citrate to isocitrate in the
presence of isocitrate dehydrogenase. The rate of
NADPH formation was then measured in a 1.0 ml
assay system consisting of 100 g mitochondrial
protein, 0.2mM NADP, 0.6 mM MnCl, and 30
mM sodium citrate by following the linear
absorbance change at 340 nm after the initial lag.

2.5 Measurement of mitochondrial oxidative
stress and redox metabolism

Cells were treated with 1 pmol/ml and 10
pmol/ml APAP for 2 h or 18h and oxidative stress
parameters were measured in both the
mitochondria and postmitochondrial supernatant
(PMS) as described before [29-34]. LPO was
measured as the MDA formed using the kit for
MDA assay. Protein oxidative damage was
measured by DNPH derivatization of oxidized
proteins according to the method of Reznick and
Packer [35] and Levine et al [36] as described
before [37]. Sub cellular GSH levels in the
mitochondria and PMS was measured by the
NADPH-dependent GSSG-reductase catalyzed
conversion of oxidized GSSG to GSH. GST
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activity using CDNB, GSH-Px activity using
cumene hydroperoxide and GSSG-reductase
activity using GSSG-NADPH as the respective
substrates were measured by standard protocols as
described before [29,30].

2.6 Measurement of the expression of apoptotic
markers by SDS-PAGE and Western blot
analysis

Proteins (50 pg) from the PMS and nuclear
fractions of the cells were separated on 12% SDS-
PAGE and electrophoretically transferred on to
nitrocellulose paper by Western blotting. The
immunoreacting protein bands were visualized
after interacting with the antibody against NF-kB,
PARP and cytochrome c as described before [29,
30]. The protein bands were quantitated using the
gel documentation system (Vilber Lourmat,
France) and expressed as relative intensity (R.I)
compared to the control bands which are
arbitrarily taken as 1.0.

2.7 Statistical analysis

All values shown are expressed as mean +
SEM of three independent experiments. Statistical
significance of the data was assessed by using
ANOVA and p values less than (< 0.05) were
considered significant.

20 Hmoliml APAP

1 5 10

18h

Figure 1: Cell viability assay: Mitochondrial based cell viability assay using MTT reduction was performed after
APAP treatment with different doses for 2h and 18h as described in the Materials and Methods. The values are mean +
SEM for three determinations. Asterisks indicate significant difference (p<0.05) from control values.
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3. Results

3.1 Effect of APAP on cell viability

A gradual decrease in cell survival with
increasing concentrations of APAP was observed
(Figure 1). At the lower pharmacological dose (1-
5 pmol/ml) of APAP, no significant alteration in
cell viability (5-10% inhibition) was observed in 2
h. The maximum inhibition (~80%) was, however,
observed in cells treated with 20 pmol/ml APAP
for 18 h.

3.2 Effect of APAP on apoptosis and
mitochondrial oxidative stress

As shown in Figure 2, the apoptosis assay by
flow cytometry has demonstrated that increasing
doses and durations of APAP treatment caused
increased apoptosis (shown as % in upper right
quadrant) in the macrophage cells. While 2 h of
APAP treatment showed no significant increase in
apoptosis, the 1 pmol/ml and 10 pmol/ml APAP
caused about 25% and 50% increase in apoptosis
after 18 h respectively.
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Figure 2: Apoptosis assay by flow cytometry: Apoptosis in J774.2 cells was measured after APAP treatment using
Flow cytometry as described in the Materials and Methods using the Becton Dickinson FACScan analyser. Apoptotic
cells were estimated by the percentage of cells that stained positive for Annexin V-FITC. The percentage apoptosis is
shown in the upper right quadrant. The figure shown is representative analysis from atleast three experiments.
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Using DCFDA as a fluorescent probe, we
observed a significant dose- and time-dependent
increase (30-40%) in ROS production after APAP
treatment (Figure 3A). As shown, both 1 pmol/ml
and 10 pmol/ml APAP caused increased ROS
production only after 18 h of treatment. This was
further confirmed by using an additional lucigenin
chemiluminescent assay (Figure 3B)
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Figure 3A, B: ROS assay: The intracellular production
of ROS was measured in J774.2 cells treated with
APAP using DCFDA and fluorescence was measured
by flow cytometry (A) using Cell Quest software as

described in the Materials and Methods. Result
expressed is a typical representation of at least three
individual experiments. ROS production was further
confirmed by luminometry using lucigenin as a probe
(B) as described in the Materials and Methods. The
values are mean + SEM for at least three independent
assays. Asterisks indicate significant difference
(p>0.05) from control values.
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Figure 3C: Mitochondrial aconitase assay: Freshly
isolated mitochondria (100 pg protein) was used to
assay aconitase activity using an isocitrate coupling
system by NADPH formation as described in the
Materials and Methods. The values are mean + SEM
for at least three independent assays. Asterisks indicate
significant difference (p>0.05) from control values.

The aconitase activity is highly sensitive to
mitochondrial ROS production. For the first time,
we have shown a marked inhibition in ROS
sensitive aconitase activity in J774.2 cells after
APAP treatment (Figure 3C) confirming the
increased mitochondrial oxidative stress. The
higher dose (10 pmol/ml) of APAP seemed to be
more inhibitory than the lower dose (1 pmol/ml).
The activity, however, appeared to be affected
more after two hours of APAP treatment (upto
72% inhibition) compared to the treatment after 18
h (52% inhibition).

Mitochondrial oxidative stress was further
analyzed by studying membrane LPO and protein
carbonylation. 10 pmol/ml APAP treatment for 18
h caused a 4 fold increase in membrane LPO in
the mitochondria (Figure 4A) and about 2 fold

Am. J. Biomed. Sci. 2010, 2(2), 142-154; doi: 10.5099/3j100200142 © 2010 by NWPII. All rights reserved. 147



increase in the extramitochondrial PMS fraction
(Figure 4B). Protein peroxidation, as measured by
DNPH derivatization of oxidized proteins, was
markedly increased (3-4 fold) after APAP
treatment for 18 h (Figure 5). A 2-fold increase in
protein carbonylation was also observed with 10
pmol/ml APAP treatment for 2 h. All these data
strongly suggest the increased oxidative stress in
APAP treated macrophages.
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Figure 4 A, B: LPO assay: Lipid peroxidation was
measured in the mitochondria (A) and PMS (B) as total
MDA formation using a kit from Oxis International as
described in the Materials and Methods. The values are
mean + SEM for three individual assays. Asterisks
indicate significant difference (p<0.05) from control
values.
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Figure 5: Protein oxidative carbonylation assay was
based on the coupling of APAP treated cellular
fractions with DNPH and measuring the derivatized
protein spectrophotometrically at 270 nm. The values
are mean + SEM for three determinations. Asterisks
indicate significant difference (p<0.05) from control
values.
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Figure 6A, B: GSH assay J774.2 cells were treated
with APAP and GSH levels in the mitochondria (A)
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and PMS (B) were measured by enzymatic method as
described in the Materials and Methods. Results are
expressed as mean + SEM of three independent assays.
Asterisks indicate significant difference (p<0.05) from
untreated cells.
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Figure 7A, B: GST-CDNB assay: Mitochondrial and
PMS fractions were isolated from APAP treated J744.2
cells for the assay of GSH metabolizing enzymes using
standard substrates as described [29, 30] in the
Materials and Methods in the mitochondria (A) and
PMS (B). Glutathione S-transferase assay was
performed with CDNB as described in the Materials
and Methods. Results are expressed as mean + SEM of
three independent assays. Asterisks indicate significant
difference (p<0.05) from untreated cells.
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Figure 8A, B: GSSG-reductase assay was performed
with GSSG/NADRP as the substrate in the mitochondria
(A) and PMS (B) as described in the Materials and
Methods. Results are expressed as mean + SEM of
three independent assays. Asterisks indicate significant
difference (p<0.05) from untreated cells.

3.3 Effect of APAP on mitochondrial GSH
metabolism

The total GSH pool was significantly
decreased, both in the mitochondria (2-3 fold)
(Figure 6A) and the PMS (~ 40-50%) (Figure 6B).
Activity of the GSH metabolizing enzyme, GST
was inhibited significantly (50-60%) initially, both
in the mitochondria and PMS (Figure 7A and B).
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A low recovery was, however, observed after 18 h
of drug exposure which was still significantly
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Figure 9A, B: GSH-peroxidase assay was performed
with cumene hydroperoxide as a substrate in the
mitochondria (A) and PMS (B) as described in the
Materials and Methods. The values are mean + SEM
for three independent assays. Asterisks indicate
significant difference (p<0.05) from control values.

lower than control values. This may suggest
alterations in the rate of APAP metabolism and
conjugation with GSH. Mitochondrial GSH
reductase activity showed a significant increase
initially in 2 h, followed by a marked decrease in
activity with 10 pmol/ml APAP in 18 h (Figure

8A). PMS showed a significant decrease (30-
50%) in reductase activity with increasing dose of
APAP (Figure 8B). In contrast, a decrease (50%)
in the mitochondrial GSH-Px activity was
observed within 2 h of treatment which was
followed by a marked increase after 18h (Figure
9A).In the PMS, however, the activity remained
decreased even after 18 h of treatment. These
discrepancies may reflect different rates of
regeneration of GSH pools in the mitochondria
and extramitochondrial compartments.
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Figure 10A, B: Expression of apoptotic markers:
Proteins (50 pg) from the nuclear and PMS fractions
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were separated on the 12% SDS-PAGE and Western
blotting was performed as before [29, 30]. The
expression of NF-kB (A), cytochrome ¢ and PARP (B)
was measured by probing with the antibody against the
specific protein. Quantitation of visualized protein
bands was done by densitometry and the results were
expressed as relative intensity (R.l.) using control
untreated values as 1.0. Beta-actin was used as a
loading control.

3.4 Effect of APAP on the expression of
apoptotic markers

Figure 10A shows the increased translocation
of NF-kB into the nucleus of APAP treated cells.
This effect was more apparent with 10 pmol/ml
treatment after 18 h compared to the 1 pmol/ml
treatment. In support to our observation of
increased apoptosis, the SDS-PAGE analysis has
demonstrated an increased release of cytochrome c
from the mitochondria which was accompanied by
an increased (apoptosis) processing of the DNA
repair enzyme PARP (Figure 10B).

4. Discussion

The NSAIDs have antipyretic, analgesic and
anti-inflammatory ~ properties  albeit  with
differential effects upon treatment. This may be
due to the differences in their half-lives,
metabolism and effects on arachidonic acid
metabolism and COX inhibition [38]. APAP has
antipyretic and analgesic effects, as are NSAIDs,
but has minimum effect as an anti-inflammatory
drug. In response to various stimuli, COX-2 is
highly  inducible in  macrophages [39].
Presumably, there are COX variants which
respond differently with NSAIDs or other drugs
like, APAP [28]. Most of the studies on APAP are
focused on the toxicity in the liver or liver cells.
However, the molecular mechanism(s) by which
APAP exert their pharmacological or cytotoxic
effects in circulating macrophages, is still not
clear. This is partly due to the existence of
subpopulations of tissue specific resident (like
Kupffer cells) and circulating macrophages [23].
APAP induces cytotoxicity and apoptosis in a
variety of tissues and cellular populations through
mitochondrial dependent pathways [6, 7, 15]. Our
present study, using J774.2 macrophages, also
shows that APAP-induced cyotoxicity and

apoptosis is  associated  with  increased
mitochondrial oxidative stress, ROS production,
and alterations in the GSH pool. Impaired GSH
metabolism and antioxidant defenses by APAP
have implications in the pathogenesis of a number
of inflammatory diseases where macrophages play
significant cytoprotective roles [7, 23, 40, 41].
GSH and GSH-Px are mainly responsible in
detoxifying the ROS and RNS in APAP-induced
cytotoxicity [25]. Our results demonstrate that the
GSH pool is markedly diminished in APAP-
treated J774.2 cells, especially in the mitochondria
and this effect is coupled with the significant
decrease in GSH conjugating enzyme, glutathione
S-transferase. ~ GSH-peroxidase activity was
initially inhibited by APAP treatment in the
mitochondria which increased after 18 h of drug
treatment. Initial increase in GSSG-reductase
activity in the mitochondria by APAP suggests the
activation of the defense mechanism by recycling
the oxidized GSSG to reduced GSH to protect the
cells against the ROS mediated damages.
However, GSSG reductase activity was inhibited
after 18 h, which supports the observation of a
decreased GSH pool after drug treatment. [7, 11,
42]. A significant increase in LPO was observed
after 18 h of APAP treatment. On the other hand,
after 2 h of drug treatment a significant increase in
mitochondrial LPO was observed with 10
pmol/ml APAP treatment while in the PMS no
significant alterations were observed either with 1
pmol/ml or 10 pmol/ml APAP. Our data also
demonstrates that APAP increases nuclear
translocation of the transcription factor, NF-kB, in
J774.2 cells, which is activated in inflammatory
responses as seen during increased oxidative stress
conditions [43, 44]. We have further confirmed
increased mitochondrial oxidative stress in APAP-
treated J774.2 cells by a marked inhibition of ROS
sensitive aconitase enzyme. Our results also
demonstrate that 2 h treatment of APAP was more
effective than 18 h treatment. This may be
associated with the metabolism of APAP
suggesting the parent compound to be more potent
in inhibiting the aconitase activity. In our recent
publications, using various in vivo and in vitro cell
culture models, it has been shown that
mitochondrial respiratory and redox metabolisms
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are specifically affected under increased oxidative
stress conditions [29-34, 45]

5. Conclusion

In summary, using a circulating monocyte
macrophage J774.2 cell line, we have
demonstrated that acetaminophen  induces
apoptosis and oxidative stress primarily by
increasing the ROS production and altering GSH
metabolism. The GSH pool was differently and
markedly affected in the mitochondria compared
to the extramitochondrial compartment. Increased
activation of inflammatory and oxidative stress
responsive transcription factor NF-kB also
observed in these cells treated with APAP. A
similar study is being planned using freshly
isolated monocytes from humans. Our study, for
the first time, demonstrates that the mitochondrial
enzyme, aconitase is a sensitive marker for APAP-
induced cytotoxicity.
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