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Abstract

Acetaminophen hepatotoxicity is mediated by an initial metabolic activation and covalent binding of drug metabolites to liver proteins.

Acetaminophen metabolites have been shown to affect rat liver microsomal Ca2þ stores, but the mechanism is not well understood. The

aim of the current work was to find out if the metabolism of acetaminophen by CYP2E1 affects ryanodine-sensitive Ca2þ stores in the

endoplasmic reticulum of transduced HepG2 cells. Five millimoles acetaminophen decreased proliferation of CYP2E1-overexpressing

HepG2 cells, increased cytosolic Ca2þ levels and produced significant cytotoxicity, while only little, mostly anti-proliferative effects were

found in HepG2 cells lacking CYP2E1. CYP2E1 inhibitor-4-methylpyrazole decreased drug cytotoxicity in transduced cells and

normalized elevated Ca2þ levels. Acetaminophen cytotoxicity was significantly higher in CYP2E1 expressing cells with depleted

glutathione. In the cells engineered to overexpress CYP2E1, an increased [3H]ryanodine affinity (by 45%) and increased ligand maximal

binding to ryanodine receptors (by 64%) was observed, most probably due to increased association rate of [3H]ryanodine. Ca2þ loading

was decreased by about 53% in microsomal fractions isolated from transduced cells treated with acetaminophen and by 92% in

glutathione depleted transfected cells treated with the drug. Ca2þ/Mg2þ-ATPase activity was unchanged in all microsomal fractions. Such

effects were not observed in cells lacking CYP2E1. Our results confirm significant role of CYP2E1 in metabolic activation of

acetaminophen and indicate that ryanodine receptors located in the liver endoplasmic reticulum are sensitive targets for acetaminophen

metabolites.
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Acetaminophen (APAP; paracetamol; N-acetyl-p-ami-

nophenol) is a relatively safe, widely used analgesic, but

APAP overdose may cause centrilobular hepatic necrosis

[1]. The hepatotoxicity of the drug is believed to result

from its CYP2E1, CYP3A4 and CYP1A2-dependent acti-

vation to reactive N-acetyl-p-aminobenzoquinone imine

(NAPQI) [2–5]. Experiments with 14C-acetaminophen

and immunochemical quantification of 3-(cystein-S-yl)a-

cetaminophen protein adducts have shown the presence of

drug metabolite adducts in cytosolic, mitochondrial and

microsomal fractions of the liver cells [6–8]. NAPQI can

produce a dose-dependent depletion of intracellular glu-

tathione and protein thiols [3,9–11]. There is substantial

evidence that the acetaminophen-dependent alteration of

the cellular thiols is followed by perturbations of the

calcium homeostasis [12–14]. In in vitro experiments, it

was shown, that NAPQI released Ca2þ from intact mito-

chondria [12,15].

Increased cytosolic Ca2þ levels may also result from

activation of the calcium channels of the endoplasmic

reticulum, which are responsible for mobilization of stored

calcium. It was reported, that NAPQI induced Ca2þ release

from rat liver microsomes without affecting the microso-

mal Ca2þ/Mg2þ-ATPase; the releasing process, however,

was paralleled by a pronounced modulation of the ryano-

dine binding to the microsomal membranes [16]. The

skeletal and cardiac isoforms of ryanodine receptors

(RyRs) have cysteine sufhydryls whose alkylation or con-

version to disulfide(s) opens the channels for Ca2þ [17–19]

and it is possible that the liver RyR may share the same

properties.
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In the present study, we evaluated whether the metabo-

lism of APAP affects ryanodine-sensitive calcium stores in

HepG2 cells (C34 cells) and in HepG2 cells, which over-

express CYP2E1 (E47 cells).

1. Experimental procedures

1.1. Cells and reagents

The human hepatoblastoma cell subline-HepG2 stably

transfected with human CYP2E1 (E47 cells) and HepG2

cells transfected with an empty vector (C34 cells) used in

this study were kindly provided by Dr Arthur Cederbaum

of the Department of Pharmacology and Biological Chem-

istry, Mount Sinai School of Medicine. Cells were grown in

minimal essential medium supplemented with 10% Fetal

Bovine Serum, penicillin (100 U/ml) and streptomycin

(100 mg/ml). The cell cultures were incubated at 37 8C
in a humidified atmosphere of 5% CO2. For maintaining

CYP2E1 expression, the medium was additionally supple-

mented with G418-sulfate (200 mg/ml), the antibiotic used

for the selection process.

[3H]ryanodine (61 Ci/mmol) was from New England

Nuclear; Pluronic F-127 and Fura-2AM were obtained

from Molecular Probes (Molecular Probes Inc). All other

reagents were purchased from Sigma Chemical Co.

1.2. CYP2E1 activity

The activity of CYP2E1 in E47 cells determined by

following the oxidation of p-nitrophenol was 230 pmol/

(min mg) microsomal protein. No such activity was

detected in C34 cells.

1.3. APAP treatment

C34 and E47 cells were grown in Coulter flasks in

minimal essential medium supplemented with 5% (v/v)

fetal bovine serum and antibiotics. Forty eight hours prior

to APAP treatment the cells were trypsinized, split and

optimally divided for the particular assays; 24 h before

APAP treatment, the attached cells were switched to an

antibiotics-free media. The cells were grown in the pre-

sence of 5 mM APAP for 48 h. APAP cytotoxicity was

assessed also in cells with depleted glutathione (24 h

pretreatment with 100 mM buthionine sulfoximine

(BSO), [6,20] and in the presence of 5 mM 4-methylpyr-

azole (MP), a CYP2E1 inhibitor.

1.4. Determination of cell viability

APAP cytotoxicity was estimated by flow cytometry

[21] after DNA staining with propidium iodide (PI;

50 mg/ml, 30 min) in Tris buffer (100 mM; pH 7.5), con-

taining potassium cyanide (0.1%), NP-40 (0.01%), RNAse

(40 mg/ml; Type III-A, 4 KU/ml) and NaN3 (0.1%).

Cellular DNA profiles and cell cycle analysis were per-

formed on an aligned Coulter epics profile flow cytometer

equipped with an argon laser operating at 488 nm with

adjusted forward angle- and side light-scatter. PI fluores-

cence was measured in 10,000 cells within a spectral range

from 200 to 800 nm with appropriate dichroic splitting and

bandpass filters. DNA histograms were analyzed by DNA

analysis software (MultiCycle, Phoenix Flow Systems

Inc). The cells were quantified by their relative distribution

in the hypodiploid (early GO/G1 zone of the DNA fluor-

escence histograms), diploid (G0/G1 zone-pre-DNA

synthesis/resting), S-phase (DNA synthesis), and G2/M

(post-DNA synthesis/mitosis) phases of the cell cycle.

1.5. Measurement of intracellular Ca2þ

Cells were loaded with Fura-2 acetoxymethylester

(Fura-2AM; 5 mM; stock solution in DMSO) in a phos-

phate buffer (1 mM; pH 7.4) containing NaCl (139 mM),

KCl (3 mM), MgCl2 (10 mM), HEPES (10 mM), albumin

(0.2%), sucrose (15 mM), glucose (5 mM) and Pluronic

F-127 (0.02% ), [22]. After incubation for 30 min (20 8C),

the cells were washed twice with a Fura-2-free incubation

buffer and the fluorescence was measured on a Perkin-

Elmer fluorimeter using an emission wavelength of 476 nm

and excitation wavelength of 340 nm. The cellular Ca2þ

concentration was quantified using standard Ca-EGTA

solutions [23].

1.6. Isolation of microsomal membranes

Scraped cells were briefly sonicated on ice and micro-

somal membranes were isolated by differential centrifuga-

tion [24].

1.7. Measurement of Ca2þ transport

Ca2þ uptake and release by microsomes isolated from

control and APAP-treated cells was monitored using a

Perkin-Elmer Lambda EZ201 spectrophotometer and dif-

ferential absorption changes of antipyrylazo III (AP III) at

710 and 790 nm (16). In a typical experiment, uptake and

release of Ca2þ was measured in microsomal suspensions

(0.5 mg protein/ml) in 0.1 M phosphate buffer (pH 7.0),

containing KCl (0.1 M), HEPES (20 mM), Mg2þ

(0.5 mM), ATP (0.5 mM) and an ATP-regenerating system

consisting of creatine phosphokinase (30 U/ml) and crea-

tine phosphate (8 mM). Experiments were initiated by the

addition of CaCl2 (final Ca2þ concentration of 0.1 mM)

and changes in absorbance of AP III were plotted against

time.

The ‘‘Ca2þ/Mg2þ-ATPase activity’’ was determined by

measuring the accumulation of inorganic phosphate during

the hydrolysis of ATP [25]. Microsomes (0.025 mg/ml)

were incubated for 20 min at 37 8C in HEPES (0.05 M, pH
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7.0), containing ATP (1 mM), ouabain (0.2 mM), CaCl2
(0.06 mM), alamethacin (0.001 mg/ml) and MgCl2
(0.5 mM). The reaction was stopped by addition of

0.3 ml of 20% (w/v) trichloroacetic acid and, after cen-

trifugation (3 min � 5000 � g), an aliquot of 0.1 ml was

transferred into a solution of 0.034% malachite green

(0.8 ml, in 1 M HCl). The color development was fixed

by addition of 0.1 ml of 1% ammonium molybdate and

absorbance was determined at 640 nm.

[3H]ryanodine binding kinetics: association rate of

[3H]ryanodine (specific activity 61.0 Ci/mmol) to RyRs

was determined with [3H]ryanodine and microsomes

from E47 cells or E47 cells treated with 5 mM APAP

for 48 h. Ligand association was measured using 15 nM

[3H]ryanodine in 20 mM Hepes buffer (pH 7.1) containing

of 250 mM KCl, 15 mM NaCl and 1 mM EGTA. Ligand

dissociation from the equilibrium complex was measured

after 1:100 dilution of equilibrated samples with incuba-

tion buffer. Association and dissociation rate constants

were calculated with Origin 6.1 software (Microcal Inc.)

using non-linear regression.

[3H]ryanodine equilibrium binding was determined

using 5 nM [3H]ryanodine and 1-500 nM [3H]ryanodine

in 20 mM Hepes buffer (pH 7,1) containing of 250 mM

KCl, 15 mM NaCl and 1 mM EGTA to determine non-

specific binding [26]. Samples were incubated in the same

incubation buffer as in triplicate for 180 min in the dark at

37 8C, vacuum filtrated onto polyethyleneimine-treated

Whatman GF/B glass fiber filters, washed twice with

4 ml of ice-cold wash buffer (5 mM Tris–HCl, pH 7.0,

0.5 M KCl, 250 mM CaCl2) and once with ice-cold 70%

ethyl alcohol. The radioactivity remaining on the filters

was quantified in a scintillation counter (Beckman 6500).

The binding data were fitted to a one-site model with

Origin 6.1 software, using non-linear regression and

Scatchard–Rosenthal analysis. The affinity constant of

the [3H]ryanodine–RyR complex (kd) and the maximal

density of binding sites (Bmax) values were obtained from

saturation binding curves.

1.8. Data analysis

Statistical analysis was performed with a statistics pack-

age—Statistica 6.0 software (Statsoft; Cracow, Poland)

using one way ANOVA followed by post tests for selected

pairs of data and regression analysis. Results were

expressed as mean of 5–10 assays � S:D. For equilibrium

binding data non-linear regression Origin 6.1 software was

used and the goodness of fit of the predicted value from

different equations to the data set obtained from three

independent experiments was determined by w2 analysis.

P-values <0.05 were considered statistically significant.

2. Results

Table 1 and Fig. 1 depict the cell cycle changes in C34

and E47 cells in the presence of APAP (5 mM; 48 h), BSO

(pretreatment for 24 h with 100 mM BSO, prior to APAP)

or MP (5 mM; 24 h). In C34 cells (Fig. 1, histograms A-F),

APAP treatment was without any significant effect on cell

cycle (histogram A, control C34 cells; histogram D, C34

cells treated with APAP) but notable alterations in cell

cycle progression were seen in C34 cells pretreated with

BSO and treated with APAP (histogram E). In BSO-pre-

treated C34 cells, APAP increased damaged, early G0/G1

cell numbers, from about 1% (histogram A) to 14% of cells

(histogram C). S-phase cells also increased from about

14% (histogram A) to 29% (histogram C) while G2/M cell

numbers declined from 13% to about 2%. BSO alone was

without significant effect on cell cycle in C34 and E47

cells, although slower cell cycle progression could be

noticed (histograms B and H). In E47 cells APAP increased

hypodiploid cell numbers (histogram G versus histogram J)

from 6 to 42% of total cell numbers (P < 0:001) and

blocked cell division (more than two-fold increase in

S-phase cell numbers; histogram G versus histogram J;

P < 0:01). In BSO-pretreated E47 cells (histogram K)

cytotoxicity of APAP was higher (P < 0:01) than in E47

Table 1

Effect of acetaminophen on cell cycle profiles in HepG2 cells (C34) and HepG2 cells overexpressing CYP2E1 (E47)

A control B BSO C 4-MP D APAP E APAP þ BSO F APAP þ MP

(I) EarlyG0/G1 C34 1.2 � 0.8 3.5 � 1.1 4.4 � 2.1 7.4 � 2.1 15.9 � 5.7 14.4 � 4.5

E47 4.1 � 1.2 5.3 � 2.1 4.3 � 2.2 42.4 � 7.3 65.7 � 11.5 21.1 � 4.9

(II) G0/G1 C34 73.1 � 5.5 71.2 � 8.6 75.1 � 8.3 71.5 � 4.9 70.3 � 7.2 68.9 � 6.8

E47 74.5 � 5.8 73.4 � 9.2 72.8 � 5.8 67.6 � 4.8 58.1 � 9.2 65.8 � 7.8

(III) S C34 13.5 � 4.5 16.4 � 4.8 14.3 � 5.2 19.1 � 4.2 27.3 � 6.2 17.0 � 4.1

E47 12.5 � 3.9 17.9 � 4.6 14.7 � 4.8 27.4 � 7.3 38.8 � 6.7 23.3 � 6.2

(IV) G2/M C34 13,4 � 3.1 12.4 � 4.1 10,6 � 3.3 9.4 � 3.6 2.4 � 2.1 14.1 � 3.7

E47 13.0 � 2.7 8.7 � 3.7 12,5 � 3.8 5.0 � 3.8 3.1 � 2.2 10.9 � 3.8

Chosen statistically significant differences between selected pairs of data in: early G0/G1 cell numbers (C34 cells)—AE���, AF���, BE��, CF��, DE�, DF�;

(E47 cells)—AD���, AE���, AF�, BE���, CF�, DE��, DF��; in S-phase cell numbers (C34 cells)—AE�; E47—AD�, AE���, BE��; in G2/M cell numbers (C34

cells)—AE��, BE ��; (E47 cells)—AE�. Other statistically significant differences were found in early G0/G1 cell numbers of C34 and E47 cells in group D

(���) and E (���), and in S-phase cell numbers in group D (��). (�) P < 0:05; (��) P < 0:01; and (���) P < 0:001; n ¼ 5.
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cells treated with APAP alone (histogram G) or BSO

alone (histogram H; P < 0:001), while cell cycle

progression was lower (two-fold increase in S-phase cell

numbers (P < 0:01) and decreased G2/M cell numbers;

histogram E) than in APAP-treated cells; histogram J).

These results are detailed in Table 1.

Intracellular Ca2þ levels in control and APAP-treated

cells are shown in Fig. 2. APAP induced almost two-fold

Fig. 1. The human hepatoblastoma cell subline-HepG2 (C34) and HepG2 cells stably transfected with human CYP2E1 (E47 cells) were treated with 5 mM

acetaminophen (APAP) for 48 h. The drug cytotoxicity was determined by flow cytometry estimation of the cellular DNA ploidy using propidium iodide (PI)

staining. The cells were quantified by their relative distribution in the hypodiploid (early GO/G1 zone of the DNA fluorescence histograms), diploid (G0/G1

zone—pre-DNA synthesis/resting), S-phase (DNA synthesis), and G2/M (post-DNA synthesis/mitosis) phases of the cell cycle (shown in histogram A).
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Fig. 2. Intracellular Ca2þ levels in HepG2 cells (C34) and HepG2 cells transfected with human CYP2E1 (E47 cells) treated with 5 mM acetaminophen

(APAP) for 48 h. Each bar is a mean of 6 assays � S:D. Statistically significant differences were found in E47 cells, between control and APAP-treated cells
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increase of the intracellular Ca2þ in E47 and even stronger

increase in cells pretreated with BSO. Such effect was not

observed in C34 cells. [Ca2þ] increase in E47 cells was

significantly, but not completely inhibited by MP, indicat-

ing that the CYP2E1-dependent metabolism of APAP

affects the intracellular calcium homeostasis.

Fig. 3 and Table 2 show [3H]ryanodine binding to RyR

in microsomal fractions isolated from C34 or E47 cells

treated with APAP. There was no significant difference in

�max and kd of the ligand in both cell types, but in E47

cells, APAP treatment increased both maximal ryanodine

binding (64% increase) and ligand affinity (45% increase).

Plots of [3H]ryanodine binding to microsomal fractions

isolated from E47 cells as a function of incubation time and

their linear transformations are shown in Fig. 4 A and B.

APAP treatment increased association rate of the ligand

(increased association rate constant by 72%; A, P < 0:05)

without affecting ligand dissociation (B). Kinetic para-

meters are detailed in Table 3.

Fig. 5 shows Ca2þ fluxes in microsomal fractions

obtained from control (plot 1), BSO-treated (plot 2),

APAP-treated (plot 3) and APAP and BSO-treated E47

cells (plot 4). Each plot is a mean of 6–8 Ca2þ load

assays � S:D. No significant alterations in Ca2þ dynamics

were observed in assays with microsomes isolated from

C34 cells (results not shown), while microsomes isolated

from APAP-treated E47 cells (trace 3) and from cells

treated with APAP and pretreated with BSO (trace 4)

had significantly slower initial Ca2þ loads. Initial Ca2þ

pumping velocity in APAP-treated cells was decreased by

about 53% (P < 0:05) while BSO pretreatment with sub-

sequent APAP treatment resulted in significant (92%;

P < 0:01) reduction of net Ca2þ uptake comparing to

control. When cells were treated with BSO only, there

were no alterations in initial (up to sixth min) Ca2þ uptake/

release dynamics. However, it should be noted, that Ca2þ

uptake by microsomes isolated from control or BSO-

treated cells was curvilinear and significantly slower in

late phases of the experiment (6–10 min) than in initial

6 min by 83 and 67%, respectively. Thus, the net Ca2þ

uptake by microsomes isolated from E47 cells treated
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Table 2

The effect of APAP on [3H]ryanodine binding to microsomal fraction

isolated from HepG2 cells (C34) and HepG2 cells overexpressing

CYP2E1 (E47)

Control APAP

Bmax kd Bmax kd

C34 cells 0.202 15.6 0.196 16.9

E47 cells 0.160 13.9 0.263 7.6

Values were determined using nonlinear regression (Origin 6.1) of the data

shown in Fig. 2.

Table 3

The effect of APAP on kinetics of [3H]ryanodine association and dissociation to microsomal fraction isolated from cells overexpressing CYP2E1 (E47)

kobs (min�1) t1/2 (min) koff (min�1) kon (min�1/nM�1) kd (koff/kon)

Control E47 cells 0.00954 72.6 0.00389 0.000259 15.0

E47 cells þAPAP 0.01639 42.3 0.00396 0.000829 4.77

Values were determined using non-linear regression (Origin 6.1) of the data shown in Fig. 4A and B.
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with APAP measured over 10 min of pumping experiments

was not significantly different from control (trace 1 versus

trace 3) or BSO-treated cells (trace 2 versus trace 3).

Ca2þ/Mg2þ-ATPase activity was similar in all micro-

somal fractions (results not shown).

3. Discussion

CYP2E1 is the minor P450 isozyme in human liver and

metabolizes relatively few drugs [27], but it is well docu-

mented that the most popular analgesic—APAP undergoes

a CYP2E1-mediated metabolism to reactive quinones,

which can arylate liver protein thiols and induce necrotic

changes [2,28,29]. APAP may increase cytosolic calcium

levels [13,30–32], however, the mechanism is not well

understood. NAPQI and its metabolites may release

Ca2þ from isolated liver microsomes and modulate

microsomal ryanodine binding [16]. Ryanodine is a plant

alkaloid that is known to specifically interact with the

active, open state of the calcium-gated calcium-releasing

channel—RyR [33], thus, the rate of occupancy of RyR

by the ligand may serve as a measure of functional

alterations of the channel. In contrast to the cardiac and

skeletal isoforms of the RyR, the hepatic ryanodine-sensi-

tive calcium channel is not well characterized, even

if molecular and functional evidence of liver RyRs expres-

sion is well known. Hepatic endoplasmic reticulum con-

tains calcium stores that are sensitive to ryanodine [34–38]

but neither caffeine nor free Ca2þ (potent activators of

cardiac and skeletal RyRs) can release Ca2þ from hepatic

microsomes [33,36]. On the other hand, Ca2þ can be

released from liver microsomes by quinones [39,40],

thiol reagents [18,41] or reactive disulfides [19]. The early
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stage of oxidative modification of the RyRs is character-

ized by an increased ryanodine binding to the microsomal

membranes, a change that reflects the activation (opening)

of the calcium channel; upon further thiol alteration, the

ability of the calcium channel to bind ryanodine declines

[39].

In the present study, we attempted to find out if

CYP2E1-dependent metabolism of APAP influences intra-

cellular Ca2þ homeostasis in hepatoblastoma cells. The

comparison of APAP metabolism by HepG2 and E47 cells

confirmed that CYP2E1 is required to induce cytotoxicity.

At toxicologically relevant concentrations, 2 days of treat-

ment with APAP caused the death of about 42% of the E47-

cell population, with only little effect on non-transfected

HepG2 cells. APAP itself seems to have some anti-pro-

liferative effect, and this observation is in agreement with

the previous data [6,11,42].

We have observed more than two-fold increase of

[Ca2þ]i in Fura-2AM-stained, APAP-treated E47 cells.

Such increase could reflect an increased accumulation of

extracellular Ca2þ, and/or release of Ca2þ from intracel-

lular calcium stores. In previous experiments with pheo-

chromocytoma cells engineered to overexpress CYP2E1,

we could not prevent the APAP-induced increase of

[Ca2þ]i via chelation of the extracellular calcium with

EGTA; plasma membrane Ca2þ channel blockers also

had a very limited protective effect [43–45]. Alternatively,

APAP-derived quinones may affect the intracellular,

microsomal Ca2þ stores [16,39]. It is interesting to spec-

ulate that this mechanism may operate in intact cells as the

CYP450 enzymatic system in hepatocytes is largely loca-

lized in the microsomal membranes and CYP450-derived

APAP metabolites may preferentially react with neighbor-

ing proteins such as those that regulate the microsomal

calcium homeostasis. With regard to the integrity of the

microsomal calcium stores in intact cells, two pools of

NAPQI could be considered as produced during the meta-

bolism of APAP, on the cytosolic surface, which corre-

spond to the localization of the active sites of CYP2E1,

and on the intralumenal surface, where CYP3A4 may be

localized [11].

The microsomal Ca2þ levels are co-regulated by Ca2þ/

Mg2þ-ATPase that transports Ca2þ from the cytosol into

the ER, Ca2þ-binding proteins, inositol-1,4,5-trispho-

sphate and/or ryanodine receptors that release Ca2þ back

to the cytosol and other less known mechanisms. The Ca2þ/

Mg2þ-ATPase and both the inositol-1,4,5-trisphosphate

and ryanodine receptors are thiol-containing proteins

whose functions depend on the red-ox status of their thiol

groups [19,46,47]. A selective modification of the ryano-

dine-binding protein(s), as compared to other thiol-

containing proteins (e.g. the Ca2þ/Mg2þ-ATPase), could

be envisaged if its thiol groups had relatively lower pKa

values [48].

APAP treatment increased maximal ryanodine binding

by 64% and elevated ligand affinity by 45% in E47 cells.

This was probably due to increased association of the

ligand (increased association rate constant by about

72%) since no change in ligand dissociation was observed.

Ca2þ load experiments indicated reduced net Ca2þ uptake

in microsomes isolated from E47 cells treated with APAP

and significantly stronger block of Ca2þ load in micro-

somal fractions obtained from glutathione depleted E47

treated with APAP. Since Ca2þ/Mg2þ-ATPase activity was

unaffected our results most probably reflect modification of

RyRs by APAP metabolites or functional alteration in RyR

thiols. This may suggest that Ca2þ release from the rya-

nodine-sensitive calcium channel may be important target

for certain toxins like for example compounds activated by

CYP45O located in the same cellular compartment to

increase intracellular Ca2þ levels. However precise role

of the hepatic, ryanodine-sensitive calcium channel in drug

toxicity merits systematic studies.
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