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ABSTRACT
Priming of the liver for ethanol-induced injury, by nutrients such
as polyunsaturated fat and iron, plays a key role in alcoholic
liver disease. The objective of this work was to evaluate the
effect of the combination of Fe-nitrilotriacetic acid (Fe-NTA) and
arachidonic acid (AA) on the viability of HepG2 cells (E47 cells)
transfected to express human CYP2E1. Cells were plated, pre-
loaded with arachidonic acid, washed, and exposed to Fe-NTA
for variable periods. Fe-NTA (10 �M) or AA (5 �M) alone
showed low toxicity to E47 cells (18 and 8%, respectively, at
24 h), whereas the combination produced synergistic injury
(62% toxicity at 24 h). Exposure of cells not expressing any
cytochrome P450 (P450), or HepG2-C3A4 cells (expressing
CYP3A4) to 10 �M Fe-NTA plus 5 �M AA produced lower
toxicity (14 and 32%, respectively), demonstrating a role for
P450, and in particular CYP2E1, in the development of toxicity

by exposure to Fe � AA. Lipid peroxidation was induced in the
E47 cells exposed to Fe plus arachidonic acid and the syner-
gistic toxicity was prevented by antioxidants, which also de-
creased lipid peroxidation. Damage to mitochondria plays a
role in the CYP2E1-dependent toxicity of Fe � AA, because the
mitochondrial transmembrane potential decreased early in the
process, and cyclosporin A prevented the toxicity. Toxicity in
E47 cells exposed to Fe � AA is mainly necrotic in nature.
Hepatocytes from pyrazole-treated rats, with high levels of
CYP2E1, were more sensitive to Fe � AA toxicity than were
saline control hepatocytyes. The results presented suggest that
low concentrations of Fe and AA can act as priming or sensi-
tizing factors for CYP2E1-induced injury in HepG2 cells, and
such interactions may play a role in alcohol-induced liver injury.

Oxidative stress is implicated in the pathogenesis of alco-
holic liver injury (Tsukamoto, 2000). Although there are sev-
eral sources of reactive oxygen species (ROS) in the liver,
several findings incriminate the ethanol-inducible cyto-
chrome P450 2E1 (CYP2E1) as one of the systems leading to
cell damage (Morimoto et al., 1993) but also see Kono et al.
(1999). CYP2E1 is effective in catalyzing the production of
ROS and lipid peroxidation in vitro (Ekstrom and Ingelman-
Sundberg, 1989); antibody against CYP2E1 blocks lipid per-
oxidation, which is accentuated by ethanol feeding (Castillo
et al., 1992); a close correlation exists between induction of
CYP2E1 and experimental alcoholic liver disease (Nanji et
al., 1994a); inhibition of CYP2E1 ameliorates alcohol-in-
duced liver injury (Morimoto et al., 1995); and HepG2 cells
transfected with a CYP2E1 expression vector show a role for
CYP2E1 in alcohol-induced ROS production and cell death
(Wu and Cederbaum, 1996). However, several observations
suggest that other factors probably interact with alcohol con-
sumption in causing liver damage.

The intragastric ethanol infusion technique in rodents has
demonstrated the critical role of nutritional factors such as
polyunsaturated fat and iron in determining sensitization
and priming of the liver for ethanol-induced injury (Tsuka-
moto, 2000). In this model, intake of polyunsaturated fat in
ethanol-fed rats but not in pair-fed controls produced many of
the pathological features of alcoholic liver injury (Morimoto
et al., 1993, 1995; Nanji et al., 1994a,b), although saturated
fat did not cause this priming effect. An association between
iron and alcoholic liver injury has been proposed (Powell,
1975), probably reflecting synergistic induction of oxidative
stress. Dietary iron supplementation (in concentrations that
did not induce iron overload) in rats fed ethanol plus a high
polyunsaturated fat diet exacerbated hepatocyte damage
through accentuation of oxidative stress (Tsukamoto et al.,
1995). Several studies have shown that ethanol feeding
mildly increases liver iron content, that ethanol feeding sen-
sitizes the liver to iron-catalyzed oxidative injury, and that
addition of iron to rats chronically consuming ethanol exac-
erbates liver injury (Tsukamoto et al., 1995; Stal et al., 1996;
Valerio et al., 1996). An oral iron chelator lowered ethanol-
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induced lipid peroxidation and fat accumulation (Sadrzadeh
et al., 1994). In epidemiological studies in humans, a high
intake of polyunsaturated fat promoted alcoholic liver dis-
ease, whereas a high intake of saturated fat was relatively
protective, and the dietary intake of iron was significantly
associated with the risk of cirrhosis in alcohol consumers
(Corrao et al., 1998). Clinical evidence suggests a possible
synergistic hepatotoxic effect between alcohol ingestion and
iron overload, because alcohol consumption may accelerate
the development of fibrosis seen in genetic hemochromatosis
(Loreal et al., 1992). Although liver iron concentration is
elevated only mildly in some patients with alcoholic liver
disease (Chapman et al., 1982), there is growing evidence
that only mildly increased or even normal amounts of iron
can cause or enhance toxicity to the liver in the presence of
alcohol (Bonkovsky et al., 1996).

Together, this information suggests a synergistic hepato-
toxic effect between alcohol ingestion and nutritional factors
such as iron and polyunsaturated fat that may reduce the
threshold concentration of hepatic iron and PUFA for devel-
oping liver damage in patients with alcoholic liver disease.

The objective of this work was to establish whether there is
a synergistic toxic effect of iron and arachidonic acid (a rep-
resentative polyunsaturated fatty acid) in hepatocytes that
overexpress CYP2E1. To test this hypothesis, HepG2 cells
transduced to express human CYP2E1 were exposed to Fe-
NTA, or arachidonic acid, or a combination of iron and ara-
chidonic acid, and the effect on cell viability was compared
with the effect in control HepG2 cells or HepG2 cells express-
ing CYP3A4 (the principal form of P450 in human liver). This
cellular model was previously shown to be successful in dem-
onstrating increased toxicity of Fe-NTA itself (Sakurai and
Cederbaum, 1998) or arachidonic acid itself (Chen et al.,
1997) in HepG2 cells that overexpress CYP2E1. The toxicity
of iron and arachidonic acid was also evaluated in rat hepa-
tocytes with high levels of CYP2E1 (isolated from pyrazole-
treated rats), and compared with controls (isolated from sa-
line-treated rats). In the current study, the working
concentrations of Fe-NTA and arachidonic acid were chosen
such that the toxicity of these compounds by themselves was
kept to a minimum. The mode of cell death by the combina-
tion of iron and arachidonic acid was also evaluated, as well
as the development of oxidative stress and mitochondrial
damage in this model.

Materials and Methods
Chemicals. Caspase inhibitor I was purchased from Calbiochem

(La Jolla, CA). PBS was from Roche Molecular Biochemicals (India-
napolis, IN). G418 was from Invitrogen (Carlsbad, CA). Ethanol 95%
was from Pharmaco Products (Brookfield, CT). Protein concentration
was measured using the Bio-Rad DC protein assay (Hercules, CA).
The rest of the chemicals used were from Sigma (St. Louis, MO). The
iron-NTA complex (1:3 Fe/NTA) was prepared as described previ-
ously (Sakurai and Cederbaum, 1998).

Culture and Treatment of Cells. Three human hepatoma
HepG2 cell sublines, described in Chen and Cederbaum (1998) and
Mari and Cederbaum (2000), were used as models in this study: E47
cells, which constitutively express human CYP2E1; C3A4 cells,
which constitutively express human CYP3A4 (obtained from Dr.
Dennis Feierman, Mount Sinai School of Medicine, New York, NY),
and C34 cells, which are HepG2 cells transfected with the empty pCI
vector. P450 (evaluated from the carbon monoxide complex forma-

tion) could not be detected in C34 cells, whereas P450 was detectable
in the E47 and C3A4 cells; the content of P450 was similar in the E47
and C3A4 cells (15 and 18 pmol/mg of protein, respectively). NADPH
cytochrome c reductase activity in C34, E47, and C3A4 cells was not
significantly different (20.7, 28.3, and 27.0 nmol/min/mg of protein,
respectively). All cell lines were grown in MEM containing 10% fetal
bovine serum and 0.5 mg/ml G418 supplemented with 100 units/ml
penicillin and 100 �g/ml streptomycin, in a humidified atmosphere
in 5% CO2 at 37°C. Cells were subcultured at a 1:5 ratio once a week.
For the experiments, cells were plated at a density of 30,000 cells/ml
and incubated for 12 h, in MEM supplemented with 5% FBS and 100
units/ml penicillin and 100 �g/ml streptomycin (MEMexps). After this
period, the medium was replaced with MEMexps supplemented with
arachidonic acid (or other fatty acids) (from 0 to 10 �M). After 12 h
of incubation at 37°C, the medium was removed and the cells were
washed once with PBS to remove unincorporated arachidonic acid.
The cells were incubated for an additional 12-h period with MEMexps.
Then, Fe-NTA was added (from 0 to 25 �M), with or without other
additions (e.g., cyclosporin A, caspase inhibitor I, antioxidants), and
the cells were incubated for variable periods (up to 36 h) before the
biochemical analyses. This protocol of adding AA, allowing it to be
incorporated into the cells, followed by removing medium containing
free, unincorporated AA before the addition of Fe-NTA, rather than
adding AA and Fe-NTA at the same time, was designed to minimize
extracellular oxidation of the fatty acid and extracellular generation
of free radicals.

Hepatocytes were isolated from pyrazole- or saline-treated rats as
described previously (Wu and Cederbaum, 2000). The culture proto-
col was the same as described above, except that cells were initially
incubated for 2 h after seeding, exposed to AA for 8 h, and immedi-
ately after washing with PBS, exposed to Fe-NTA for 8 h. The
incubation time was decreased because CYP2E1 content in these
cells declines rapidly.

Cytotoxicity Measurements. Cells were plated onto 24-well
plates and after the corresponding treatment, the medium was re-
moved, and cell viability was evaluated by the MTT test. To the cells
in each well, 300 �l of a 1-mg/ml solution of MTT in MEMexps lacking
fetal bovine serum was added, and the plate was incubated for 2 h at
37°C. At the end of this period the medium was removed, and 1 ml of
1-propanol was added to each well. The plate was vigorously shaken
to solubilize the blue formazan, and the absorbance of the converted
dye was measured at a wavelength of 570 nm with background
substraction at 630 nm. Viability was expressed as (100 � (�A570–630

sample/�A570–630 control)). Control refers to incubations in the ab-
sence of arachidonic acid and Fe-NTA and was considered as the
100% viability value.

Another index of cytotoxicity used was the leakage of lactate
dehydrogenase. Cells were plated onto six-well plates and at the end
of the treatment 1 ml of the medium was collected to measure LDH
activity released into the medium (LDH out) using the Sigma
LDH-20 diagnostic kit. Cells were washed with PBS, harvested by
scraping in 1.0 ml of PBS, and sonicated (20 s, duty cycle 40%, output
control 50%). The suspension was centrifuged and the supernatant
was assayed for LDH activity (LDH in). Cytotoxicity was expressed
as percentage of LDH release: [100 � (LDHout/LDH out � LDH in)].
Cell morphology was also assessed under the light microscope (20�
magnification) as a third index of viability.

Lipid Peroxidation Assay. Cells were plated onto 10-mm Petri
dishes, and at the end of the treatment the cells were washed twice
with PBS, and removed by scraping in PBS plus 0.5 mM 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), followed by
low-speed centrifugation. The cell pellets were resuspended in PBS
plus 0.5 mM trolox (to prevent nonspecific lipid peroxidation during
sample preparation). The protein concentration of the cell suspen-
sion was determined using a protein assay kit based on the Lowry
assay (Bio-Rad DC kit). The cell suspension was mixed with twice its
volume of 15% trichloroacetic acid, 0.375% thiobarbituric acid, 0.24
N HCl plus 0.5 mM trolox, and heated for 15 min at 100°C. After

Iron, Arachidonic Acid, and CYP2E1-Dependent Toxicity 743



centrifugation, the absorbance of the supernatant was measured at
535 nm, and the concentration of MDA calculated from a standard
curve prepared using malonaldehyde bisdimethylacetal (Esterbauer
and Cheeseman, 1990).

Flow Cytometry Analysis of Mitochondrial Membrane Po-
tential. The mitochondrial transmembrane potential was analyzed
from the accumulation of rhodamine 123, a membrane-permeable
cationic fluorescent dye. Cells were plated onto six-well plates, and at
the end of the treatment the medium was replaced with MEMexps

containing 5 �g/ml Rh123, and incubated at 37°C for 1 h. The cells were
then harvested by trypsinization, washed with PBS, and resuspended
in 1 ml of fetal bovine serum–free MEMexps. The intensity of fluores-
cence from Rh123 was determined using a BD FACSCalibur flow cy-
tometer (San Jose, CA) as described previously (Bai et al., 1999).

Flow Cytometry to Determine DNA Fragmentation. Cells
were plated onto six-well plates and after the corresponding treat-
ment, harvested by trypsinization. Detached cells were also included
by centrifugation of the medium. Cells were washed with PBS,
resuspended in 80% ethanol, and stored at 4°C for 24 h. After this
period, cells were washed twice with PBS, and resuspended in PBS
containing 100 �g/ml RNase A. After 30 min at 37°C, the cells were
stained with PI (50 �g/ml), and analyzed by flow cytometry for DNA
analysis as described previously (Bai et al., 1999).

ATP Assay. The ATP content was determined by the luciferin-
luciferase method. Cells were plated onto six-well plates, and after
the corresponding treatment, harvested by trypsinization. The cells
were washed twice with PBS and resuspended in the same buffer. An
aliquot of the cell suspension was assayed for ATP using the Sigma
Chemical Luciferase ATP assay kit. The amount of ATP in experi-
mental samples was calculated from a standard curve prepared with
ATP, and expressed as nanomoles per milligram of protein. The
protein concentration in the cellular suspension was determined as
described previously.

Statistics. Data are expressed as mean � standard error of the
mean from three to five independent experiments. One-way analysis
of variance (ANOVA) with subsequent post hoc comparisons by
Scheffé’s test was performed. A p � 0.05 was considered statistically
significant.

Results
Synergistic Toxicity of Iron and Arachidonic Acid in

HepG2 Cells Overexpressing CYP2E1. E47 and C34 cells

were preincubated during 12 h with 0 or 10 �M arachidonic
acid, washed, and then exposed for variable periods (0 to
36 h) to MEM medium supplemented with either 0 or 25 �M
Fe-NTA, as described under Materials and Methods. Al-
though the incubation with Fe-NTA or arachidonic acid alone
at these concentrations showed low toxicity to E47 cells (19
and 14% at 36 h, respectively), the combination showed a
pronounced synergistic toxicity (82% loss of viability at 36 h)
(Fig. 1). This synergistic effect in E47 cells was observed
starting from early incubation times (3 h) and was not ob-
served in C34 cells (Fig. 1), where overall toxicity in any
condition never exceeded 20%. NTA (75 �M) was not toxic to
E47 cells preexposed or not to 5 �M arachidonic acid (data
not shown), demonstrating the role of iron in the toxicity of
the Fe-NTA complex. Concentration curves for arachidonic
acid over the range of 0 to 10 �M (with 0 or 10 �M Fe-NTA;
Fig. 2A) and Fe-NTA over the range of 0 to 25 �M (with 0 or
5 �M arachidonic acid; Fig. 2B) were performed. The curves
confirm the lack of synergism of the combination of iron and
arachidonic acid in producing toxicity in C34 cells at these
concentrations, and show that in E47 cells the synergistic
toxic effect of the combination of iron and arachidonic acid
can be observed even at low concentrations of arachidonic
acid (2 �M, with 10 �M Fe-NTA), and Fe-NTA (2 �M, with 5
�M arachidonic acid).

Because C34 cells do not contain significant levels of P450,
we also evaluated the synergistic effectiveness of AA plus
Fe-NTA in a HepG2 cell line that expresses a different P450
than CYP2E1. C3A4 cells express human CYP3A4 at the
same level of total P450 as the E47 cells express CYP2E1.
Moreover, activity of NADPH-cytochrome P450 reductase
was the same between C3A4 and E47 cells (see Materials and
Methods). Figure 2 shows the toxicity of AA alone or Fe-NTA
alone or the combination of AA plus Fe-NTA in the C3A4
cells. Little toxicity by AA alone or Fe-NTA alone at the
concentrations used was observed with the C3A4 cells (anal-
ogous to results with C34 and E47 cells), whereas the com-
bination of AA plus Fe-NTA produced toxicity. This toxicity
in C3A4 cells was greater than that found with C34 cells but

Fig. 1. Synergistic toxicity of iron and arachidonic acid in E47 cells. C34 cells (diamonds) and E47 cells (squares) were incubated for 12 h in MEM
medium (�AA), or in MEM medium supplemented with 10 �M arachidonic acid (�AA). After washing, cells were cultured for variable periods in MEM
medium (open symbols) or in MEM medium supplemented with 25 �M Fe-NTA (filled symbols). Viability was assessed by MTT reduction activity as
described under Materials and Methods. The loss of viability in the E47 cells incubated with AA plus iron was significantly different than the other
incubations at all time points evaluated (p � 0.05).
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was less than that observed with the E47 cells. For example,
toxicity in cells exposed to 5 �M AA plus 10 �M Fe-NTA over
a 24-h period was 14, 32, and 62% in C34, C3A4, and E47
cells, respectively (Fig. 2A). These results suggest that ex-
pression of a cytochrome P450, and in particular CYP2E1 (at
least relative to CYP3A4), is a key contributor to the syner-
gistic toxicity of AA plus Fe-NTA.

Other polyunsaturated fatty acids (docosahexaenoic acid,
eicosapentaenoic acid) also showed synergistic toxicity in E47
cells when combined with Fe-NTA (Table 1). The degree of
toxicity in E47 cells of the combination PUFA � Fe-NTA
seems to depend on the degree of unsaturation of the fatty
acid chain, being high with fatty acids containing at least
four double bonds but less significant with linoleic acid (two
double bonds). The synergistic effect was not observed in C34
cells exposed to Fe-NTA and any PUFA, and these cells
showed very low, nonsignificant toxicities under all of the
conditions tested (Table 1).

LDH leakage as an index of viability evaluates the perme-
ability of the plasma cell membrane. Loss of plasma mem-
brane integrity is a characteristic feature of necrotic or late
apoptotic cell death (Zamzami et al., 1997). The toxicity of
iron and arachidonic acid in E47 cells was further confirmed
by observing an increase in LDH leakage in E47 cells exposed
to this combination (Fig. 3). LDH release increased early
after the exposure to Fe-NTA, indicating an early loss of
plasma membrane integrity. On the contrary, LDH release in
C34 cells incubated with 10 �M Fe-NTA and 5 �M AA did not
change significantly from control values at 24 h (data not
shown). E47 cells exposed for 24 h to Fe-NTA and arachidonic
acid showed substantial morphological changes (Fig. 4H)
with respect to control cells (Fig. 4E): cells were swollen and
dispersed, with accumulation of intracellular vesicles, and
many cells were detached and floated to the top of the culture
dish. No changes were detected in C34 and E47 cells exposed
to Fe-NTA alone (Fig. 4, C and G) or arachidonic acid alone
(Fig. 4, B and F), and in C34 cells exposed to the combination

of iron and arachidonic acid (Fig. 4D), with respect to control
cells (Fig. 4A).

Lipid Peroxidation and Cytotoxicity of Iron Plus
Arachidonic Acid. Transition metals such as iron are pow-
erful catalysts of lipid peroxidation processes, and polyunsat-
urated fatty acids such as arachidonic acid provide basic
substrates for this reaction (Halliwell and Gutteridge, 1984).
Therefore, the hypothesis that the toxicity of iron and
arachidonic acid in E47 cells is mediated by lipid peroxida-
tion-dependent reactions was evaluated. The content of
TBARS in the cellular suspension was measured as an index
of lipid peroxidation. Fe-NTA (10 �M) or 5 �M arachidonic
acid did not show significant toxicity in E47 and C34 cells
and did not significantly change the levels of TBARS with
respect to controls (Table 2A). The combination of iron and
arachidonic acid produced a small, nonsignificant increase in
loss of viability and production of TBARS in C34 cells, but
produced significant toxicity and a pronounced increase in
TBARS (10-fold increase) in E47 cells, with respect to control
cells (Table 2A). Supplementation of the medium with �-to-
copherol phosphate enhanced the viability of E47 cells incu-
bated with Fe-NTA plus arachidonic acid in association with
a decline in the levels of TBARS to near control levels (Table
2B). These results suggest that lipid peroxidation is a major
contributor to the toxicity in E47 cells exposed to Fe and
arachidonic acid. Other antioxidants that block lipid peroxi-
dation such as trolox and �-tocopherol completely restored
the viability in E47 cells that were exposed to Fe and arachi-
donic acid, confirming the role of lipid peroxidation in the
toxicity (Table 3). A partial protective effect was seen in the
presence of externally added superoxide dismutase and cata-
lase, suggesting a role for O2

. and H2O2 in the toxicity (Table
3). Ethanol and DMSO, which are effective hydroxyl radical
scavengers, were inefficient in restoring viability of E47 cells
exposed to iron and arachidonic acid (Table 3).

Effect of Arachidonic Acid and Fe-NTA on Mitochon-
drial Activity in E47 Cells. Damage to mitochondrial func-

Fig. 2. Concentration curve for arachidonic acid and Fe-NTA-induced cytotoxicity. A, arachidonic acid dose dependence curve. C34 cells (diamonds),
E47 cells (squares), and C3A4 cells (triangles) were cultured in MEM medium supplemented with arachidonic acid at concentrations ranging from 0
to 10 �M for 12 h. After washing, the cells were incubated for 24 h either with MEM medium (open symbols) or with MEM medium supplemented with
10 �M Fe-NTA (filled symbols). Viability was assessed by MTT reduction activity as described under Materials and Methods. B, Fe-NTA dose
dependence curve. C34 cells (diamonds), E47 cells (squares), and C3A4 cells (triangles) were cultured either in MEM medium (open symbols) or in
MEM medium supplemented with 5 �M arachidonic acid (filled symbols) for 12 h. After washing, the cells were incubated for 24 h in MEM
supplemented with increasing concentrations of Fe-NTA from 0 to 25 �M. Viability was assessed by MTT reduction activity as described under
Materials and Methods.
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tion with a subsequent loss of ATP production is one of the
key features of the necrotic mode of cell death (Tsujimoto,
1997; Lemasters et al., 1999). We therefore evaluated mito-

chondrial membrane potential and ATP content in the
HepG2 cells. E47 cells exposed to Fe-NTA and arachidonic
acid showed a time-dependent increase of the number of cells
with low rhodamine fluorescence (M1 cells) (Fig. 5), suggest-
ing a decrease in the mitochondrial transmembrane poten-
tial. This decrease could be observed within a short time
interval after addition of Fe-NTA to the arachidonic acid-
preloaded cells [e.g., 3 to 6 h] (Fig. 5). Because one important
regulator of an increased membrane permeability transition
(PT) is a decreased mitochondrial membrane potential, the
possibility that a membrane permeability transition played a
role in the Fe-NTA/arachidonic acid toxicity in E47 cells was
evaluated by studying the effects of an inhibitor, cyclosporin
A (Zoratti and Szabo, 1995). Cyclosporin A alone produced
some toxicity to the E47 cells and partially prevented toxicity
in E47 cells exposed to Fe-NTA and arachidonic acid, increas-
ing the viability of the cells almost to levels found with
cyclosporin A alone (Fig. 6). Higher concentrations of cyclo-
sporin A could not be evaluated because of increased toxicity.
The partial protection suggests the involvement of the per-
meability transition pore in the cytotoxicity. Onset of the
mitochondrial permeability transition can cause mitochon-
drial uncoupling, inhibition of mitochondrial ATP formation
and accelerated ATP hydrolysis by the mitochondrial AT-
Pase. ATP-depletion results in necrotic cell death, whereas
apoptosis develops when the PT occurs without exhaustion of
ATP (Tsujimoto, 1997; Lemasters et al., 1999). In E47 cells
exposed to Fe-NTA and arachidonic acid, ATP levels were
decreased early in the toxic process with respect to controls
(Fig. 7). Under these experimental conditions, a decrease in
mitochondrial membrane potential mirrored the decline in
ATP levels, suggesting that both events may be important for
CYP2E1-dependent hepatocyte cell death, in the presence of
iron plus a polyunsaturated fatty acid.

DNA Fragmentation Induced by Fe-NTA and Arachi-
donic Acid in E47 Cells. DNA fragmentation as assessed
by the staining with PI increased significantly in E47 cells
exposed to iron and arachidonic acid after 12 h of incubation,
with respect to control cells (Fig. 8). However, DNA fragmen-
tation did not seem to be an early event in the overall toxicity
(e.g., no DNA fragmentation was seen at 6 h). No increase in
DNA fragmentation was observed in C34 cells exposed to iron
and arachidonic acid up to 24 h (data not shown). If DNA

TABLE 1
Cytotoxicity produced by iron and fatty acids in C34 and E47 cells
C34 and E47 cells were supplemented with or without 10 �M of the following fatty
acids: arachidonic acid, docosahexaenoic acid, eicosapentaenoic acid, and linoleic
acid, and incubated for 12 h. After a washing step and 12 h of incubation in MEMexps,
the cells were supplemented with or without 25 �M Fe-NTA, and incubated for an
additional 24-h period. Viability of the cells was then determined by the MTT assay.

Addition
Viability (%)

C34 E47

None 100 � 7 100 � 8
Fe-NTA 25 �M 88 � 5 74 � 4*
Arachidonic acid 10 �M 96 � 7 89 � 10
Docosahexaenoic acid 10 �M 90 � 10 91 � 12
Eicosapentaenoic acid 10 �M 85 � 8 81 � 12
Linoleic acid 10 �M 91 � 5 97 � 10
Fe-NTA 25 �M � arachidonic acid 10 �M 90 � 12 41 � 5*
Fe-NTA 25 �M � docosahexaenoic acid 10 �M 78 � 15 27 � 4*
Fe-NTA 25 �M � eicosapentaenoic acid 10 �M 94 � 10 51 � 6*
Fe-NTA 25 �M � linoleic acid 10 �M 96 � 12 70 � 3*

* Significantly different (p � 0.05, ANOVA) compared with the viability of the
corresponding control without any addition.

Fig. 3. Effect of arachidonic acid and Fe-NTA on LDH leakage in E47
cells. E47 cells were either not exposed (�, control cells) or exposed first
to 5 �M arachidonic acid for 12 h, washed, and then incubated with 10
�M Fe-NTA for variable periods (f). LDH leakage was determined as
described under Materials and Methods.

Fig. 4. Morphological changes in C34 (A–D) and E47 (E–H) cells. Cells were either not exposed to Fe-NTA or arachidonic acid (A and E), exposed to only
5 �M arachidonic acid (B and F), or only 10 �M Fe-NTA (C and G), or 5 �M arachidonic acid and 10 �M Fe-NTA (D and H), following the culture protocol
described under Materials and Methods. Cell morphology changes were observed under the light microscope (20� magnification) with no staining.
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degradation in E47 cells is a result of caspase activation as
part of an apoptotic process then pan caspase inhibitor I
should block DNA degradation and cell toxicity. Caspase
inhibitor I did not inhibit Fe/arachidonic acid toxicity (data
not shown), or DNA degradation (data not shown) in E47
cells exposed to Fe/AA, suggesting that DNA degradation in
this model is not a result of caspase activation during an
apoptotic process. A control experiment was run, where cy-
totoxicity by an apoptotic stimulus in E47 cells (TNF-� �
cycloheximide) was effectively blocked by caspase inhibitor I,
validating the effectiveness of this inhibitor in preventing
caspase-dependent, apoptotic cell death. A DNA ladder could
not be observed in the E47 cells treated with iron plus ara-
chidonic acid (data not shown), further suggesting that the
DNA fragmentation may not be part of an apoptotic cell
death, but rather may reflect DNA degradation as a result of
cellular necrosis.

Synergistic Toxicity of Iron and Arachidonic Acid in
Hepatocytes from Pyrazole-Treated Rats. The levels of
CYP2E1 were 2- to 3-fold higher per milligram of protein in
hepatocytes from pyrazole-treated rats compared with levels
in saline control rats. Hepatocytes isolated from pyrazole-
treated rats showed low toxicity when exposed to AA alone or
Fe-NTA alone, but the combination of AA plus iron showed
synergistic injury (e.g., the hepatocytes were 70% viable in
the presence of 50 �M AA alone, 74% viable with 50 �M
Fe-NTA alone, but only 17% viable with 50 �M AA plus 50
�M Fe-NTA) (Fig. 9). In saline-treated controls, AA alone or
Fe-NTA alone also produced low toxicity, but the combina-
tion of AA plus Fe-NTA did produce toxicity; however, this
toxicity was considerably less than that observed with hepa-
tocytes from pyrazole-treated rats, at various concentrations
of AA or of iron evaluated (Fig. 9).

Discussion
The primary goal of the present study was to evaluate the

possible synergism between iron and arachidonic acid in
CYP2E1-induced injury in a hepatic cell line. This study was
prompted by the necessity for other factors to prime or sen-
sitize the liver to alcohol-induced liver injury; current data
supports a critical role for nutritional factors such as PUFA
and transition metals such as iron as such sensitizing factors.
Our results showed that the combination of iron and arachi-

donic acid (in concentrations that produced low toxicity by
themselves), produced synergistic toxicity in cells overex-
pressing CYP2E1, because the combination showed much
more toxicity than expected from either agent acting alone.
The toxicity was not specifically related to AA itself, because
other PUFAs also showed this effect. The lower toxicity ob-
served in E47 cells exposed to Fe-NTA plus linoleic acid (with
respect to arachidonic acid, docosahexaenoic acid, and eico-
sapentaenoic acid) can be explained by an increased sub-
strate availability for lipid peroxidation, because oxidative
deterioration is more likely to occur in fatty acids with a high
degree of unsaturations (Nanji et al., 1994a). In this respect,
alcohol-induced liver pathology in the intragastric model of
ethanol feeding was more pronounced when rats were fed a
diet enriched in fish oil, with long-chain PUFAs such as
eicosapentaenoic acid, than rats fed a diet enriched in corn
oil, containing high levels of linoleic acid (Nanji et al., 1994a).
This synergistic toxicity was most prominent in HepG2 cells
expressing CYP2E1, because C34 cells (no significant expres-
sion of P450) or C3A4 cells (expression of CYP3A4) showed
significantly less toxicity when exposed to these agents. The
enhanced role of CYP2E1 in the synergistic toxicity of iron
plus AA in liver cells is further suggested by the fact that the
toxicity of AA plus iron is more pronounced with hepatocytes
from pyrazole-treated rats (high CYP2E1) with respect to
control rats with basal levels of CYP2E1. The pronounced
toxicity in the E47 cells could be achieved when these cells
were challenged with low concentrations of Fe-NTA and ar-
achidonic acid (�5 �M) and just after several hours (3 to 6) of
incubation. The linkage observed in this simple cell culture
model between CYP2E1, cytotoxicity, iron, and PUFA, mim-
ics some of the key features involved in the exacerbation of
liver injury observed by iron/high-PUFA diet in the intragas-
tric infusion model of ethanol toxicity. Although one role for
iron sensitization has been suggested to be priming hepatic
macrophages for nuclear factor-�� activation and expression
of cytokines (Tsukamoto et al., 1999), the results obtained in
this work suggest that another source for the increased sen-
sitivity to iron-catalyzed oxidant stress in animals fed etha-
nol/high fat diet is CYP2E1 expression.

The toxicity in E47 cells exposed to iron and arachidonic
acid was mainly necrotic in nature, based on morphology,
early disruption of plasma membrane integrity, depletion of

TABLE 2
Lipid peroxidation and cytotoxicity induced by iron and arachidonic acid in C34 and E47 cells
After exposure to either 5 �M arachidonic acid or 10 �M Fe-NTA, or a combination of both, following the protocol described under Materials and Methods, cells were harvested
and assayed for lipid peroxidation, or tested for viability as MTT reduction activity (A). The same experiment as in A was performed, with the addition of 25 �M �-tocopherol
phosphate (TP) in the last 24-h incubation period, with 10 �M Fe-NTA (B).

Addition Viability TBARS

Fe AA TP C34 E47 C34 E47

% nmol/mg of protein

A � � � 100 � 10 100 � 10 0.030 � 0.005 0.044 � 0.003
� � � 99 � 6 74 � 11 0.028 � 0.006 0.049 � 0.003
� � � 97 � 3 94 � 2 0.029 � 0.005 0.049 � 0.008
� � � 75 � 4 29 � 9a,b 0.039 � 0.010 0.43 � 0.14c

B � � � 117 � 5 130 � 13 0.022 � 0.006 0.032 � 0.001
� � � 118 � 7 109 � 10 0.017 � 0.004 0.033 � 0.007
� � � 115 � 9 113 � 6 0.020 � 0.003 0.036 � 0.006
� � � 94 � 2 70 � 15 0.027 � 0.001 0.070 � 0.025

a Significantly different (p � 0.05, ANOVA) compared with the viability of the corresponding control without any addition.
b Significantly different (p � 0.05, ANOVA) compared with the viability of cells incubated in the same condition, with �TP.
c Significantly different (p � 0.05, ANOVA) compared with the TBARS content of the rest of the treatments; no statistical difference was obtained between any other

treatment.
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ATP levels, and nonsignificant DNA degradation at early
periods, where toxicity was already apparent (e.g., 3 to 6 h).
The characteristic features of necrosis include cell swelling,
vacuolization of cytoplasm, early damage of plasma mem-
brane with leakage of cell content, and random DNA cleavage
as a late event in the process (Collins et al., 1992; Dong et al.,
1997). The morphological features observed by light micros-
copy in E47 cells exposed to Fe-NTA and arachidonic acid,

and the early increase of LDH leakage are consistent with
the development of a necrotic event. The presence of cells
with low DNA stainability (sub-G1 peaks, A0 cells) has been
considered a marker of cell death by apoptosis, although the
sub-G1 peak can also represent mechanically damaged cells
(Wolfe et al., 1996). DNA fragmentation after exposure to
Fe-NTA, in E47 cells preloaded with arachidonic acid, might
reflect autolytic DNA breakdown as a late event in necrosis.
DNA degradation was only significant after 12 h of incuba-
tion, even though cellular toxicity was evident starting from
3 h. Internucleosomal DNA cleavage in the apoptotic process
is often the result of endonuclease activation involving the
participation of caspases. Caspase inhibitor I (z-vad-fmk) is a
direct inhibitor of several caspases and the apoptotic-induc-
ing factor AIF (Susin et al., 1998). It inhibited TNF-�/cyclo-
heximide induced apoptosis in E47 cells (see Results), stau-
rosporine-induced cell death in corneal epithelial cells (Joo et
al., 1999), and Fas-mediated apoptosis in Jurkat T cells
(Chow et al., 1995). However, caspase inhibitor I was not able
to inhibit the DNA fragmentation observed in E47 cells ex-
posed to iron and arachidonic acid, nor did it prevent the
cytotoxicity. This seems to rule out the participation of (the
more typical, e.g., caspase 3) caspases in the Fe � AA toxic
process, and DNA degradation by caspase-activated endo-
nucleases, and are thus consistent with the conclusion that
necrosis is the principal mode of cellular death in this model.

Necrosis was the dominant mode of cell death produced by
the synergistic interactions between AA and Fe-NTA with
E47 cells. Previous experiments showed that apoptosis did

TABLE 3
Effect of antioxidants on the cytotoxicity produced by iron and
arachidonic acid in E47 cells
E47 cells were cultured for 12 h in MEM supplemented with or without 5 �M
arachidonic acid, and after a washing period, the cells were incubated for 24 h in
MEM medium supplemented with or without 10 �M Fe-NTA. After this period,
viability of the cells was determined by the MTT assay. The �-tocopherol (�T) was
dissolved in ethanol (final concentration of ethanol, 9.7 mM).

Addition

Viability

�FeNTA
�AA

�FeNTA
�AA

%

None 100 � 10 42 � 3
�T 25 �M (ethanol) 105 � 4 102 � 13*
Control ethanol 9.7 mM 107 � 5 52 � 12
Trolox 25 �M 108 � 2 103 � 14*
SOD 1000 U/ml 95 � 1 63 � 7
CAT 2000 U/ml 109 � 5 71 � 5*
Ethanol 50 mM 107 � 3 54 � 10
DMSO 25 mM 104 � 5 56 � 12

CAT, catalase; SOD, superoxide dismutase.
* Significantly different (p � 0.05, ANOVA) compared with the viability of Fe-

NTA � AA-treated cells without any addition.

Fig. 5. Flow cytometry analysis of the mitochondrial membrane potential. E47 cells were incubated in MEM medium (�) or in MEM medium with
5 �M arachidonic acid/10 �M Fe-NTA (f) for variable times. After this period, the cells were incubated for 1 h in MEM containing 5 �g/ml Rh123. The
cells were harvested by trypsinization and resuspended in 1 ml of MEM. A, typical histograms showing the decrease in cellular Rh123 fluorescence
in E47 cells incubated with Fe � AA. B, percentage of cells in the M1 fraction (low Rh123 fluorescence) is shown as a function of incubation time. �,
significantly different (p � 0.05, ANOVA) compared with the M1 percentage of cells incubated without Fe-NTA � AA for the same time period.
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occur upon the addition of AA alone (Chen et al., 1997) or
Fe-NTA alone (Sakurai and Cederbaum, 1998) to CYP2E1-
expressing HepG2 cells (although higher concentrations of
AA or iron were necessary to observe toxicity compared with
the experiments in this report). It has been suggested that
apoptosis and necrosis may share some common upstream
events (Li et al., 1999), such as oxidative stress or impair-
ment of mitochondrial function. Damage to mitochondrial
function with a subsequent loss of ATP production is one of
the key features of the necrotic mode of cell death, because
ATP depletion results in necrotic cell death, whereas apopto-
sis develops when the PT occurs without a significant loss of
ATP (Tsujimoto, 1997; Lemasters et al., 1999; Samali et al.,

1999). Oxidants such as H2O2 may cause apoptosis at low
concentrations and necrosis at high concentrations (Hamp-
ton and Orrenius, 1997; Samali et al., 1999). Similarly, nitric
oxide at high levels can inhibit apoptosis or switch cell tox-
icity into necrosis (Melino et al., 2000). It is likely that the
powerful synergistic interactions between AA and Fe-NTA in
the E47 cells, and the resulting high levels of lipid peroxida-
tion and oxidative stress, coupled to mitochondrial damage
and the early and profound depletion of ATP levels in E47
cells, produce a necrotic mode of cell death when these two
prooxidants are combined.

There is increasing evidence that ethanol toxicity is linked
to the increased production of ROS as evidenced by enhanced
lipid peroxidation (Nordmann et al., 1992). Lipid peroxida-
tion is not only a reflection of tissue damage but may also
play a pathogenic role, for example, by promoting collagen
production (Kamimura et al., 1992). Lipid peroxidation was
increased in E47 cells after exposure to Fe-NTA and arachi-
donic acid, and it was linked as a cause of cytotoxicity by the
prevention of cell death and TBARS accumulation by the use
of antioxidants. The results obtained suggest that increased
lipid peroxidation and cytotoxicity induced by ethanol intox-
ication in liver cells can be the result of a complex interaction
between CYP2E1, iron, and PUFA, with increased produc-
tion of ROS and oxidative stress. The mechanism seems to
involve the generation of superoxide and H2O2 by CYP2E1,
which in the presence of iron would produce oxidants such as
hydroxyl radical and/or ferryl-perferryl species. These reac-
tive species would interact with peroxidizable substrates
such as PUFAs, giving rise to lipid peroxidation products,
including reactive lipid aldehydes, which are likely to play a
central role in the cellular toxicity. The protection of added
catalase may reflect removal of CYP2E1-derived H2O2 from
the E47 cells, down a concentration gradient directed out-
wards, especially in the presence of an external sink such as
catalase (Bai et al., 1999). The poor ability of ethanol or
DMSO to prevent the AA/iron toxicity, however, does not rule
out a role for hydroxyl radical-like oxidants in the overall
toxic process, but may reflect a low accessibility of the com-
pounds to the intracellular membrane sites where oxygen
free radicals are active in catalyzing peroxidation reactions,
the generation of toxic secondary radicals (�-hydroxyethyl
radical for ethanol, methyl radical for DMSO), or the increase
in content of CYP2E1 by ethanol and DMSO, which were
shown to stabilize CYP2E1 against degradation in the
HepG2 cells (Yang and Cederbaum, 1997). The latter could
offset potential antioxidant effects of ethanol and DMSO.

Mitochondria are a main source for generating ROS and
target for damage by ROS also. In numerous in vitro models
of necrosis, after toxin exposure, the mitochondrial trans-
membrane potential ��m dissipates before the plasma mem-
brane disrupts and before cells manifest signs of damage
(Kroemer et al., 1998). A major change in the redox balance
(such as hyperproduction of ROS), or energy balance (such as
depletion of ATP or disruption of the ��m) can provoke a
permeability transition. It has been proposed that PT pore
opening might have a major role in the pathogenesis of ne-
crotic cell death, because the PT pore inhibitor cyclosporin A
inhibits cell death in hepatocytes in different models of ne-
crosis (Kroemer et al., 1998). The opening of the PT pore
results in a dissipation of ��m and major changes in cellular
energy and redox potentials, thus establishing self-amplify-

Fig. 6. Cyclosporin A decreases cytotoxicity in E47 cells exposed to
Fe-NTA and arachidonic acid. E47 cells were incubated with or without 5
�M arachidonic acid for 12 h, washed, and then incubated for variable
periods with either 2 �g/ml cyclosporin A or cyclosporin A plus 10 �M
Fe-NTA. �, control; E, control plus cyclosporin A; f, Fe-NTA plus ara-
chidonic acid; F, Fe-NTA plus arachidonic acid plus cyclosporin A. The
loss of viability in the E47 cells incubated with Fe-NTA plus arachidonic
acid plus cyclosporin A was significantly less than that produced by
Fe-NTA plus arachidonic acid, at all time points evaluated (p � 0.05).

Fig. 7. Effect of arachidonic acid and Fe-NTA on ATP levels in E47 cells.
Cells were either not exposed (�, control cells) or exposed first to 5 �M
arachidonic acid for 12 h, washed, and then incubated with 10 �M
Fe-NTA for variable periods (f). Levels of ATP were determined as
described under Materials and Methods. �, significantly different (p �
0.05, ANOVA) compared with the ATP concentration of cells incubated
without Fe-NTA � AA for the same time period.
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ing loops that locks the cell in an irreversible stage (Kroemer
et al., 1998). The early ��m collapse detected in E47 cells
exposed to Fe-NTA and arachidonic acid suggests that dam-
age to mitochondria plays a role in the CYP2E1-dependent
toxicity. Damage to mitochondrial function after chronic eth-
anol treatment has been recognized (Cunningham et al.,

1990) and it is interesting to speculate that mitochondria
may be a target for CYP2E1-derived ROS. In this respect,
mitochondria isolated from rats chronically fed ethanol were
more sensitive to induction of a PT by a variety of agents
than were control mitochondria (Pastorino et al., 1999), and
ethanol was shown to potentiate TNF-� cytotoxicity to a

Fig. 8. DNA analysis by flow cytometry. E47 cells were cultured in MEM medium (�) or in MEM medium with 5 �M arachidonic acid/10 �M Fe-NTA
(f) for variable times. The cells were harvested by trypsinization, fixed with ethanol, and stained with 50 �g/ml PI, and processed as described under
Materials and Methods for flow cytometry analysis. A, typical histograms showing the increase in DNA fragmentation in E47 cells incubated with Fe
� AA. B, percentage of cells in the sub-G0/G1 fraction (M1 zone, hypodiploid area) is shown as a function of incubation time. �, significantly different
(p � 0.05, ANOVA) compared with the value of DNA fragmentation of cells incubated without Fe-NTA � AA for the same time period.

Fig. 9. Dose-response curve of arachidonic acid and Fe-NTA cytotoxicity in hepatocytes isolated from pyrazole-treated or saline-treated rats. A,
arachidonic acid-dose dependence curve. Hepatocytes from pyrazole-treated (squares) or saline-treated (diamonds) rats were cultured in MEM
medium supplemented with arachidonic acid at concentrations ranging from 0 to 50 �M for 8 h. The cells were immediately incubated for 8 h either
with MEM medium (open symbols) or with MEM medium supplemented with 50 �M Fe-NTA (filled symbols). Viability was assessed by MTT reduction
activity as described under Materials and Methods. B, Fe-NTA dose-dependence curve. Hepatocytes from pyrazole-treated (squares) or saline-treated
(diamonds) rats were cultured either in MEM medium (open symbols) or in MEM medium supplemented with 50 �M arachidonic acid (filled symbols)
for 8 h. The cells were immediately incubated for 8 h in MEM supplemented with increasing concentrations of Fe-NTA from 0 to 50 �M. Viability was
assessed by MTT reduction activity as described under Materials and Methods.
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greater extent in E47 cells than C34 cells by promoting
induction of the PT (Pastorino and Hoek, 2000). Cell death in
E47 cells exposed to Fe-NTA and arachidonic acid was par-
tially prevented by cyclosporin A (Fig. 6), suggesting that
CYP2E1-dependent production of ROS may interact with the
mitochondria to cause a PT, uncoupling of mitochondrial
energy transduction, ATP depletion, and necrosis. The ��m

collapse PT pore opening process may represent a critical
event in CYP2E1-dependent, Fe/arachidonic acid-induced
toxicity.

In summary, low concentrations of iron and AA that are
not cytotoxic by themselves can act as priming or sensitizing
factors for CYP2E1-dependent loss of viability in HepG2 cells
or rat hepatocytes. This synergistic toxicity was associated
with elevated lipid peroxidation and could be prevented by
antioxidants, which prevent lipid peroxidation. Damage to
mitochondria by CYP2E1-derived oxidants seems to be an
early event in the overall pathway of cellular injury. Rela-
tively low concentrations of iron or AA were effective in
promoting toxicity in the CYP2E1-expressing cells, suggest-
ing that interactions between CYP2E1, iron, and polyunsat-
urated fatty acids may lower the threshold concentrations for
these reactive nutrients for inducing a state of oxidative
stress, which may play a role in the development of alcohol-
induced liver injury.
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