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A b-lapachone analogue (3,4-dihydro-2,2-dimethyl-9-chloro-2H-naphtho[1,2b]pyran-5,6-dione) (9-
chloro b-lapachone), named CGQ, with antitumoral, antiviral and antitrypanocidal activities was assayed
for cytotoxic effects on isolated rat hepatocytes. The incubation of hepatocytes with this o-naphthoqui-
none showed (a) decreased adenylate energy charge, as a result of a decrease in ATP, and an increase in
AMP levels; (b) increased NADP+ content, with a concomitant decrease of NADPH, NADH and NAD+ con-
tent; (c) decreased GSH content, accompanied by an increase in GSSG formation; (d) stimulated oxygen
uptake as well as increased superoxide anion production and hydrogen peroxide formation; (e) inhibited
lipid peroxidation; (f) hepatocyte viability was not reduced unless the NQO1 inhibitor dicoumarol was
present. We hypothesize that the cytotoxicity of CGQ in dicoumarol-treated hepatocytes was the result
of inhibition of the NQO1 detoxification pathway, thus allowing more quinone to be metabolized towards
the one-electron pathway to form reactive semiquinones and/or reactive oxygen species. The results
obtained indicate a protective role of NQO1 in preventing CGQ cytotoxicity in isolated rat hepatocytes.

� 2012 Published by Elsevier Ireland Ltd.
1. Introduction

Quinones are widely distributed in nature and many clinically
important drugs contain the quinone nucleus [1,2]. In cells, naph-
thoquinones can undergo metabolism either via one-electron
reduction to form the semiquinone [3,4], a reaction catalysed by
NADPH–cytochrome P-450 reductase, NADH–cytochrome b5

reductase or NADH–ubiquinone reductase, or via a two-electron
reduction to form the hydroquinone [5], a reaction catalysed by
the cytosolic flavoprotein DT-diaphorase (NAD(P)H (quinone
acceptor) oxido-reductase), NQO1. The consequences of these
reductions are physiologically important since the semiquinone re-
dox-cycle generates reactive oxygen species (ROS) [1,6]. In addi-
tion to these reactions, some naphthoquinones arylate
intracellular thiols or other nucleophils, including thiol proteins,
an effect that contributes to their cytotoxicity [7,8].
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Although the metabolism of several p-naphthoquinones has
been extensively studied in isolated cell systems and in sub-cellu-
lar fractions [9,10] little is known about the biological fate of o-
naphthoquinones. These compounds are interesting because of
their electronic structure, which makes them more reactive than
p-naphthoquinones in biological systems [11,12]. Among o-naph-
thoquinones stand b-lapachone and analogous compounds with
modifications at position 2 of the pyran ring or at position 8 of
the benzene ring (the CGQ quinones) [13,14]. These quinones in-
duce the semiquinone, superoxide anion and hydrogen peroxide
production by redox-cycle in the presence of adequate electron
donors [13,15,16]. Studies on b-lapachone in cancer chemother-
apy revealed topoisomerases I and II in apoptosis as its biochem-
ical targets [17–19] and NQO1 overexpression in pancreatic
cancer as an active mechanism for ROS production in the pres-
ence of this quinone [20]. In addition, b-lapachone inhibited
RNA-dependent DNA polymerase and replication of Rauscher
leukemia virus [14] and myeloblastosis virus as well as the
expression of HIV gene long repeat [21] and the growth of try-
panosomatids, including Trypanosoma cruzi, the agent of Chagas’
disease [1,22,23].

It was reported that o-naphthoquinonoid compounds represent
a group of substances with great potential for screening against
cancer cell lines and some infectious diseases like trypanosomiasis.
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Fig. 1. Chemical structure of CGQ: 3,4-dihydro-2,2-dimethyl-9-chloro-2H-
naphtho[1,2-b]pyran-5,6-dione.
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On these grounds, b-lapachone has been proposed for clinical use
in cancer therapy [18]. However, o-naphthoquinones cytotoxicity
on tumor cells might be associated with adverse effects for the hu-
man host. Since chemotherapeutic activity of lipophilic o-naphtho-
quinones would depend on the quinone toxicity, it seemed of
interest to investigate the effect of a single lipophilic o-naphtho-
quinone on a suitable biological target such as rat hepatocytes.
For this reason, we investigated the action of a b-lapachone
analogue (Fig. 1) (3,4-dihydro-2,2-dimethyl-9-chloro-2H-naph-
tho[1,2b]pyran-5,6-dione) (9-chloro b-lapachone) CGQ, which
proved in our laboratory to be very active in inducing oxidative
damage in trypanosomatids [13,24] and in inhibiting the growth
rate of T. cruzi in vitro (unpublished results). Accordingly, in the
present study we have investigated the action of CGQ on several
metabolic parameters in isolated rat hepatocytes: (a) the cellular
content of adenine nucleotides and pyridine nucleotides, (b) the
cellular content of thiol compounds, especially GSH, (c) lipid per-
oxidation and (d) cell viability. In this context we analyzed the role
of the enzyme NQO1 in normal hepatocytes and the competition
between the activating and detoxifying pathways in the presence
of the quinone CGQ.
2. Materials and methods

2.1. Animals

Male Wistar rats (220–250 g) were used in the experiments.
Animals were fed a Purina-like rat chow. The protein content of
the diet was 23% and included all the essential aminoacids.
2.2. Chemicals

CGQ was obtained from Novartis, Basle, Switzerland. Collage-
nase A from Clostridium hystolyticum was purchased from Boehrin-
ger Mannheim GmbH, Germany. D-glucose, sucrose, NAD+, NADH,
NADP+, NADPH, ATP, ADP, AMP, potassium phosphoenolpyruvate,
pyruvate kinase, adenylate kinase, luciferase–luciferin, DMFA,
HEPES, bovine serum albumin (A-4503), 3-aminobenzamide, TCA,
EDTA, EGTA, menadione, glucose oxidase, glucose 6-phosphate
dehydrogenase, alcohol dehydrogenase, dicoumarol, GSH, o-
phthaldialdehyde, trizma base, acetylated cytochrome c and Try-
pan blue were purchased from the Sigma Chemical Co., St. Louis
MO, USA. Other reagents were obtained from the suppliers indi-
cated and were of the highest purity available.
2.3. Hepatocytes isolation and incubation

Hepatocytes were isolated from the liver of fed rats, which were
anesthetized i.p. with 20 lmol sodium pentobarbital (5 mg/100 g
body weight). The liver cells were isolated by the method of Seglen
[25]. Briefly, after isolation and filtration on Nytrel TI 500 (Ets Des-
jobert, Paris, France), the suspension obtained from one liver was
incubated for 4 min at 37 �C and filtered on nylon (150 lm, Filtra-
tion Armentières, Paris, France). The suspension was diluted in
medium C containing (mM): 130 NaCl; 5.2 KCl; 0.9 MgSO4; 0.12
CaCl2.2H2O; 20 Tris–HCl, and 3.0 Na2HPO4–KH2PO4; pH 7.4, satu-
rated with O2 and centrifuged at 50 g for 90 s. The cells were resus-
pended in 50 ml of medium C, allowed to settle for 10 min at 0 �C,
and resuspended in the same medium to make a suspension of
approximately 5 � 106 hepatocytes/ml. The subsequent steps of
the isolation–purification procedure were performed as described
before [26]. Cells were counted under the microscope with a haem-
ocytometer. Hepatocyte viability was estimated by the Trypan blue
exclusion method. Hepatocytes showing an initial viability greater
than 95% were used for the experiments for no more than 4 h after
isolation and were kept under 95% O2 and 5% CO2. The Trypan blue
exclusion assay was used also for determining the effects of CGQ
and dicoumarol on hepatocyte viability (3x106 cells/ml).

Hepatocyte suspensions were diluted with Krebs–Henseleit
buffer-5.0 mM glucose solution (pH 7.4) to a concentration of
about 3 � 106 cells/ml. Duplicate samples were incubated in Erlen-
meyer flasks, with additions as indicated under results. Incubations
were performed in a New Brunswick Gyrotory Water Bath Shaker,
model G76, at 37 �C, at a rate of 90 strokes/min, under carbogen
atmosphere. CGQ, dissolved in DMFA, was added at zero-time.
Controls received the same volume of solvent (DMFA), the concen-
tration of which did not exceeded 1% (v/v). For measuring bio-
chemical parameters, aliquots of incubation mixtures were taken
as indicated in results.

2.4. Analytical methods

2.4.1. Adenine nucleotide assay
Adenine nucleotide levels in hepatocytes were measured by the

Luciferase–Luciferin method [27], using a Packard Pico-Lite Lumi-
nometer. Samples (0.2 ml) of the incubation mixture (6 � 105 -
hepatocytes) were used in these experiments.

2.4.2. Pyridine nucleotide assay
Pyridine nucleotides levels in hepatocytes were assayed essen-

tially as described by Bernofsky and Swan [28]. Pure nucleotides
were added to control samples in order to establish that recovery
was greater than 95%.

2.4.3. GSH and GSSG assay
Aliquots of the cell suspension (2 � 106 cells/ml) were removed

and diluted 1:2 in 1 M TCA/10 mM EDTA. Proteins were removed
by centrifugation and the supernatant fraction diluted 1:100 was
assayed for GSH and GSSG by the fluorometric o-phthaldialdehyde
method of Hissin and Hilf [29]. Results are expressed as GSH
equivalents.

HPLC analysis of adduct production from CGQ and GSH was per-
formed using a Spherorb C18 250 � 4 mm reverse phase C18 column
(Pharmacia LKB, Piscataway, NJ, USA) attached to a Pharmacia LKB
system consisting of UV detector VWM 214, HPLC pump 2248 and
LKB 2221 Integrator. The mobile phase was 10 mM, KH2PO4–
K2HPO4, pH 6.0, 60% (v/v) methanol degassed with He, and the flow
rate was 0.5 ml/min, at 2000–2300 psi. Absorbance was measured
at 258 nm. The analyzed reaction mixture consisted of CGQ and
GSH (2:1) which was examined during a 1 h period, at 10 min
intervals, either under air or under helium.
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2.4.4. Superoxide anion assay and oxygen uptake
Superoxide anion formation in hepatocytes was measured

employing acetylated cytochrome c. Hepatocytes were suspended
in Hanks’-Hepes buffer (106 cells/ml) containing acetylated cyto-
chrome c (3–4 mg/ml). The reaction was started by CGQ addition
and the change in absorbance values/min was measured. The rate
of cytochrome c reduction sensitive to addition of 100 U/ml SOD
was considered rate of O��2 production [13]. Oxygen uptake was
measured polarographically, with a model 5/6 Oxygraph (Gilson
Medical Electronics, Middleton, WI, USA) fitted with a Clark oxygen
electrode, and thermostatized at 30 �C. Oxygen uptake in hepato-
cytes (2 � 106 cells/ml) in Krebs–Henseleit buffer mixture supple-
mented with 12.5 mM Hepes pH 7.4, was measured in a 1.8 ml
closed and magnetically stirred glass chamber in the presence or
in the absence of 25 lM antimycin.

2.4.5. Catalase and glutathione peroxidase assay
Catalase and glutathione peroxidase were measured spectro-

photometrically at 240 nm and 340 nm, respectively, as described
in the corresponding references [30,31].

2.4.6. Lipid peroxidation assay
NADPH-dependent lipid peroxidation in hepatocytes (3 � 106 -

cells/ml) was determined by measuring the in vitro formation of
TBA-reactants, essentially as described by Dubin et al. [15].

2.4.7. Hydrogen peroxide assay
Hydrogen peroxide production was measured by p-hydroxyl-

phenyl acetate peroxidation in the presence of horseradish
peroxidase (HRP) [32]. The reaction mixture contained 3 � 106

hepatocytes/ml in Hanks’-HEPES medium, pH 7.4, 100 lM CGQ,
12 U/ml HRP and 2.5 mM p-hydroxyphenyl acetic acid. Fluores-
cence was measured at 317 nm and 414 nm (excitation and emis-
sion, respectively), using an SRSLM Aminco spectrofluorometer.

2.5. Statistical analysis

Unless stated otherwise, CGQ effect was calculated by taking as
control value that of the DMFA-containing sample, at the same
incubation time. GraphPad Prism version 4.00 (GraphPad Software,
San Diego, CA, USA) was used to calculate standard error of inde-
pendent experiments involving duplicate analyses for each sample
condition. Statistical analysis was performed using two-way anal-
ysis of variance (ANOVA) test and Bonferroni post-tests. Signifi-
cance was accepted at p < 0.05.
Table 1
Effect of CGQ and glucose oxidase on the levels of ATP, ADP and AMP in hepatocytes.

Sample Incubation time (min)

5 1

Control ATP 16.90 ± 0.76 1
ADP 3.60 ± 0.20
AMP 0.71 ± 0.05
AC 0.88 ± 0.03

CGQ ATP 15.88 ± 0.24⁄ 1
ADP 3.62 ± 0.12
AMP 0.75 ± 0.04
AC 0.87 ± 0.02

Glu + GOx ATP 14.46 ± 0.37⁄⁄ 1
ADP 3.46 ± 0.13
AMP 0.77 ± 0.04
AC 0.87 ± 0.04

Experimental conditions are described in Section 2. Values are expressed in nmol nucl
duplicate. Nucleotide levels at time 0 min: ATP: 17.19 ± 0.98, ADP: 3.55 ± 0.14, AMP:
5 mM + glucose oxidase 5 U/ml. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, as compared to th
[(ATP) + (ADP) + (AMP)]. AC at time 0 min: 0.88 ± 0.03.
3. Results

3.1. Effect of CGQ on hepatocyte adenylate charge

Hepatocytes contain adenine nucleotide pools characterized by
(a) a relatively high level of ATP, as compared with ADP and AMP,
and (b) relatively constant nucleotide levels in samples incubated
for no longer than 1 h in the absence of oxidizable substrates. Ta-
ble 1 shows the time dependence of the effects of CGQ on ATP,
ADP and AMP levels in hepatocytes. Under the given experimental
conditions, it can be seen that (a) in control hepatocytes, nucleo-
tide levels did not significantly change with time; (b) in the pres-
ence of 100 lM CGQ, ATP level decreased progressively over the
time, reaching a reduction by 39% at 60 min of incubation. Simi-
larly, the well-known ROS generating system glucose-glucose oxi-
dase decreased ATP by 14.4%, 20.0%, 27.6% and 44.3%, after 5, 15, 30
and 60 min of incubation, respectively. In contrast to ATP, CGQ did
not change ADP level, whereas the AMP level also increased in a
time-dependent manner up to twofold of the initial value after
60 min of incubation. Accordingly, the adenylate energy charge
(AC, the ratio [ATP + 0.5ADP]/[ATP + ADP + AMP]) of control hepa-
tocytes was not modified during the incubation period, whereas
in CGQ-treated cells, this parameter significantly decreased after
30 and 60 min of incubation. Similar results were observed with
the glucose–glucose oxidase system.
3.2. Effect of CGQ on pyridine nucleotide levels

Table 2 illustrates the effect on NAD(P)(H) levels in rat hepato-
cytes after 15 min exposure to 100 lM CGQ. The NADP+ level in-
creased about fourfold and significantly exceeded NADPH
depletion (6.15 vs. 2.70 nmol/106 cells, respectively). NAD+ and
NADH levels decreased by about 34.5% and 54.5%, respectively.
NAD+ depletion was not prevented by 3-aminobenzamide, a
known PARP inhibitor (data not shown). The net increase in NADP+

was very close to the sum of decreases in NADPH, NAD+ and NADH.
In this way, there was little or no change in the total content of
pyridine nucleotides.
3.3. Effect of CGQ on hepatocyte thiols

Exposure of hepatocytes to CGQ caused a significant decrease of
the GSH level (Fig. 2). It can be seen that after 5-min incubation
with the quinone, GSH fell by about 75% as compared to its initial
level, and the depletion was followed by a slow recovery to reach a
5 30 60

6.75 ± 0.67 16.90 ± 0.38 16.98 ± 0.28
3.58 ± 0.21 3.60 ± 0.12 3.57 ± 0.14
0.83 ± 0.04 0.92 ± 0.05 0.91 ± 0.05
0.86 ± 0.02 0.87 ± 0.03 0.87 ± 0.02
3.91 ± 0.51⁄⁄⁄ 13.32 ± 0.28⁄⁄⁄ 10.47 ± 0.36⁄⁄⁄

3.61 ± 0.17 3.59 ± 0.22 3.71 ± 0.16
1.10 ± 0.12⁄⁄ 1.56 ± 0.08⁄⁄⁄ 2.05 ± 0.11⁄⁄⁄

0.84 ± 0.02 0.82 ± 0.02⁄ 0.76 ± 0.02⁄⁄⁄

3.39 ± 0.32⁄⁄⁄ 12.23 ± 0.14⁄⁄⁄ 9.45 ± 0.13⁄⁄⁄

3.71 ± 0.10 3.69 ± 0.12 3.77 ± 0.15
1.25 ± 0.05⁄⁄⁄ 1.80 ± 0.31⁄⁄⁄ 2.22 ± 0.11⁄⁄⁄

0.83 ± 0.02 0.79 ± 0.03⁄⁄⁄ 0.73 ± 0.03⁄⁄⁄

eotide/106 cells and are the mean ± SEM of 4 independent determinations, each in
0.74 ± 0.04. Control: sample containing DMFA, CGQ: 100 lM; Glu + GOx: glucose
e control sample at the same time. AC: adenylate charge [(ATP) + 0.5(ADP)]/



Table 2
Effect of CGQ (100 lM) on pyridine nucleotides balance in rat hepatocytes.

Incubation time (min) Pyridine nucleotides (nmol/106cells)

NADP+ NADPH NAD+ NADH

0 1.49 ± 0.17 3.85 ± 0.60 5.74 ± 0.45 1.12 ± 0.15
15 7.64 ± 1.44⁄⁄⁄ 1.15 ± 0.15⁄⁄ 3.76 ± 0.38⁄⁄ 0.51 ± 0.06⁄

Net change +6.15 �2.70 �1.98 �0.61

Initial total pyridine nucleotides 12.20 nmol/106 cells
Total after 15 min 13.06 nmol/106 cells
Increase in NADP+ 6.15 nmol/106 cells
Loss of NADPH + NADH + NAD+ 5.29 nmol/106 cells

Experimental conditions are described in Sections 2 and 3. Values are the mean ± SEM of 4 independent determinations, each in duplicate.⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, as
compared to respective sample at 0 min.
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final level of about 41% of the initial one after 60 min incubation. In
control hepatocytes the GSH level changed to a lesser extent, the
maximal depletion observed being 20% of the initial value. On
the other hand, in CGQ treated hepatocytes, intracellular GSSG
content showed an increase in a time-dependent manner. HPLC
analysis of mixtures of CGQ with GSH (100 lM, 20 mM, respec-
tively) for the presence of GS-quinone adducts yielded negative
results as expected from this quinone structure. Absorption spec-
trum of the solution containing GSH and CGQ (both at 2 mM) in
the 400–500 nm range did not change during a 60 min incubation.
3.4. Effect of CGQ on oxygen uptake in hepatocytes

Fig. 3 shows the concentration-dependent effect of CGQ on anti-
mycin-sensitive and insensitive hepatocyte respiration. Antimycin
A is an inhibitor of complex III in the mitochondrial electron trans-
port chain. Both activities were increased by CGQ, but the effect
was greater in antimycin A-inhibited hepatocytes as expressed
by the ratio of control and quinone-treated hepatocytes. These
results suggest a CGQ redox-cycle operating in this system. More-
over, the addition of 25 lM dicoumarol, a well-known inhibitor of
NQO1[33], significantly stimulated antimycin A-independent
Fig. 2. Time course of GSH and GSSG levels (GSH equivalents) in isolated
hepatocytes exposed to CGQ. Hepatocytes (2x106 cells/ml) were incubated in the
absence (GSH: –h–; GSSG: __s__) or in the presence (GSH:–j–; GSSG: __d__) of CGQ
100 lM. Aliquots were taken at the indicated times. GSH and GSSG were
determined as described in Section 2. Results are the means ± SEM of 5 independent
experiments. Significantly different from respective control; ⁄⁄⁄p < 0.001.
oxygen consumption by 100 lM CGQ-treated hepatocytes
(69.2 ± 4.5 to 99.1 ± 3.2 nanoatoms O/min/106 cells).

We also studied O��2 production in cells incubated with 100 lM
CGQ, and observed an increase in superoxide anion generation
(0.17 ± 0.05 to 2.69 ± 0.60 nmoles O��2 /min/106 cells), measured as
acetylated cytochrome c reduction.
3.5. Hydrogen peroxide production as affected by CGQ in isolated
hepatocytes

Since spontaneous dismutation of O��2 yields small amounts of
hydrogen peroxide, we studied H2O2 production in hepatocytes
incubated with CGQ. Fig. 4 shows that hepatocytes incubation with
100 lM CGQ caused a time-dependent increase in H2O2 produc-
tion. Hydrogen peroxide production was confirmed by adding
sodium azide, an inhibitor of catalase, to the hepatocyte suspen-
sion. It should be noted that azide is also a known inhibitor of cyto-
chrome c oxidase [34], thus H2O2 produced when azide was added
to the reaction mixture could not only be due to catalase inhibition
but also due to inhibition of mitochondrial respiration, or both. Re-
sults obtained for DMFA control were subtracted from the respec-
tive sample. In close agreement with its function, azide increased
hydrogen peroxide production in hepatocytes, reaching after
Fig. 3. Effect of CGQ on the respiration of hepatocytes. Hepatocyte respiration was
measured polarographically as described in Section 2 either in the presence (__j__)
or in the absence (__h__) of antimycin 25 lM. Values are the mean ± SEM of 4
independent experiments. Significantly different from control; ⁄⁄⁄p < 0.001.
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5 min of incubation a highly significant level, compared to the
respective sample incubated in the absence of sodium azide.
3.6. Lipid peroxidation

Lipid peroxidation processes play an important role in liver
damage produced by many toxic agents. Accordingly, the effect
of CGQ on MDA production by hepatocytes was investigated. The
results presented in Fig. 5 indicate that the NADPH-initiated lipid
Fig. 4. Time course of H2O2 level in isolated hepatocytes suspension exposed to
CGQ. Hepatocytes (3x106 cells/ml) were incubated with 100 lM CGQ in the absence
(__h__) or in the presence (__j__) of 1 mM sodium azide. Aliquots were taken at the
indicated times. Extracellular H2O2 was measured as described in Section 2. Sample
values, from which the DMFA control values have been subtracted, are given as the
mean ± SEM of 4 independent experiments. Significantly different from each
sample incubated in the absence of sodium azide; ⁄p < 0.05 and ⁄⁄⁄p < 0.001.

Fig. 5. Effect of CGQ on MDA production in hepatocytes. Experimental conditions
were as indicated under Section 2.Values are the means ± SEM of 5 independent
experiments. Significantly different from control; ⁄⁄p < 0.01 and ⁄⁄⁄p < 0.001.
peroxidation was significantly inhibited in a CGQ concentration-
dependent manner (25 to 100 lM).
3.7. Viability

The effect of CGQ on cell viability is shown in Table 3. Under our
experimental conditions neither control conditions nor dicoumarol
addition, induced significant changes in cell viability, as deter-
mined by the Trypan blue exclusion assay. CGQ addition induced
no significant cell death up to 4 h. However, addition of dicoumarol
(20 lM) to CGQ-treated hepatocytes caused a marked decrease of
cell viability in a concentration and time-dependent manner, with
60% and 64% loss of viability, compared to control, incubated for
4 h with 50 and 100 lM CGQ, respectively.
4. Discussion

It is well-known that o-naphthoquinones produce oxidative
stress [6,13,17,22,35–38] and that there are activating and detoxi-
fying pathways regulating the effects caused by quinonoid drugs.
However, the metabolic pathway of the o-naphthoquinone CGQ
in hepatocytes remains unclear. Changes in the levels of pyridine
nucleotides, ATP, GSH and viability are closely related phenomena
in hepatocytes [39]. One of the most important parameters in the
intracellular homeostasis is the adenylate energy charge, as calcu-
lated by the Atkinson relationship [40]. The observed changes in
ATP and AMP levels over 1 h in the presence of CGQ 100 lM (Ta-
ble 1) were not sufficient to cause cell death. A reduction of the en-
ergy charge to a value below approximately 0.25 was reported to
be inevitably followed by the induction of cell death [39].

The CGQ-induced changes in the levels of NADPH, NADP+,
NADH and NAD+ did not lead to cell death up to four hours. Similar
results were observed by other authors [41] in cultured rat hepato-
cytes treated with tert-butyl hydroperoxide or menadione [42].
The increase in NADP+ exceeded the loss of NADPH and equaled
the sum of the losses of other pyridine nucleotides namely NADPH,
NADH and NAD+. The conversion of NADH to NAD+ and then NAD+

to NADP+ probably accounts for the increase in NADP+ over the one
resulting from the oxidation of NADPH. It was reported that NAD+

kinase is inhibited by NADPH [42]. In this way, as under our exper-
imental conditions NADPH was depleted, activation of NAD+ kinase
remains as a good possibility. The reduction of NADP+ to NADPH
was not detected since NADPH might have been used up by other
NADPH-dependent flavoenzymes in an important attempt to coun-
teract the effects of quinone-induced oxidative stress [43]. The
depletion of NAD+ was not prevented by 3-aminobenzamide, sug-
gesting that the NAD+ hydrolysis was not mediated by PARP activa-
tion [44] and supporting the postulated pyridine nucleotide
interconvertion.

Naphthoquinone-dependent depletion of hepatocellular gluta-
thione may be due to several mechanisms including (a) direct con-
jugation [45], or (b) redox cycle-generated ROS such as superoxide
anion and hydrogen peroxide, which can be detoxified by glutathi-
one peroxidase, with concomitant formation of oxidized glutathi-
one. Our investigation of GS-quinone adducts by HPLC analysis
and absorption spectrum of CGQ–GSH mixtures in the 400–
500 nm range yielded negative results (data not shown), as ex-
pected from this quinone structure, in which the two electrophilic
positions on the quinonoid nucleus are blocked by C@O and pyran
[46]. Similar results were found by other authors [45] using 2,3-di-
methyl-1,4-naphthoquinone. Under our experimental conditions,
the lost GSH was almost completely recovered as GSSG, suggesting
that almost all the depleted glutathione is oxidized and not arylat-
ed or conjugated [47].



Table 3
Effect of dicoumarol on cell viability of hepatocytes exposed to CGQ.

Sample Incubation time (h)

1 2 3 4

Control 87.74 ± 2.26 87.67 ± 1.45 87.41 ± 2.97 86.45 ± 4.06
Control + Dic 85.87 ± 2.07 84.47 ± 1.44 87.00 ± 2.00 87.67 ± 2.33
CGQ 5 lM 87.98 ± 1.97 85.67 ± 2.33 86.56 ± 2.65 86.68 ± 4.09
CGQ 5 lM + Dic 84.00 ± 0.58 81.00 ± 0.58⁄(4) 78.00 ± 0.58⁄⁄⁄(10) 66.33 ± 1.20⁄⁄⁄(24)
CGQ 10 lM 88.26 ± 1.28 87.33 ± 1.45 88.65 ± 0.97 84.37 ± 0.95
CGQ 10 lM + Dic 81.00 ± 0.58⁄(6) 77.00 ± 0.58⁄⁄⁄(9) 66.33 ± 1.20⁄⁄⁄(24) 61.00 ± 0.58⁄⁄⁄(30)
CGQ 25 lM 89.72 ± 3.45 88.33 ± 3.28 87.19 ± 2.91 86.38 ± 1.87
CGQ 25 lM + Dic 76.73 ± 0.89⁄⁄⁄(11) 67.63 ± 0.34⁄⁄⁄(20) 54.36 ± 1.21⁄⁄⁄(37) 43.97 ± 0.99⁄⁄⁄(50)
CGQ 50 lM 89.26 ± 1.41 87.33 ± 1.45 86.43 ± 1.46 82.29 ± 3.24
CGQ 50 lM + Dic 72.40 ± 0.55⁄⁄⁄(16) 54.43 ± 1.64⁄⁄⁄(36) 47.80 ± 1.25⁄⁄⁄(45) 35.13 ± 1.05⁄⁄⁄(60)
CGQ 100 lM 89.83 ± 1.74 81.43 ± 1.79 81.33 ± 0.88 80.23 ± 0.54
CGQ 100 lM + Dic 71.03 ± 0.64⁄⁄⁄(17) 49.43 ± 0.43⁄⁄⁄(41) 39.47 ± 0.32⁄⁄⁄(55) 31.90 ± 1.35⁄⁄⁄(64)

Experimental conditions are described in Sections 2 and 3. Dic: dicoumarol (20 lM). Values are expressed as percentage of viable cells and represent the mean ± SEM of 5
independent experiments, each in duplicate. Control viability at time 0 min: 93.98 ± 0.95. Significantly different from the respective control sample; ⁄p < 0.05 and ⁄⁄⁄p < 0.001.
Percent inhibition of viability is given in parentheses.
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Although some quinones can be reduced directly by intracellu-
lar reductants, such as ascorbate and GSH, quinones can undergo
either (a) enzymatic one-electron reduction catalyzed by micro-
somal NADPH–cytochrome P-450 reductase to the semiquinone
radical which, in the presence of molecular oxygen, can transfer
an electron and form the superoxide anion radical O��2
[5,9,13,24,48–51]; or (b) two-electron reduction to the hydroqui-
none, catalyzed by cytosolic NQO1, (Fig. 6) [5,7]. Unlike most other
cellular reductases, NQO1 reduces quinones bypassing the unsta-
ble and highly reactive semiquinone intermediate. In the present
study, we have shown that CGQ increased extracellular oxygen up-
take, superoxide anion generation and hydrogen peroxide forma-
tion in isolated rat hepatocytes, confirming the participation of a
redox-cycle in this o-naphthoquinone metabolism. The mechanism
involving GSH, one-electron reduction of the o-naphthoquinone or
the semiquinone, could not be dismissed. One-electron reduction
of CGQ yields the semiquinone that may react with GSH, or with
other thiols, yielding the corresponding thiyl radicals. The radical
character is transferred according to reactions 1–4 and, finally,
via disproportionation to a non radical product [7].

Q �� þ GS�ðHþÞ ! QH2 þ GS� ð1Þ

GS� þ GS� ! GSSG�� ð2Þ

GSSG�� þ O2 ! GSSGþ O��2 ð3Þ

O��2 þ O��2 þ 2Hþ !SOD
H2O2 ð4Þ

These reactions fit in well with GSH depletion and GSSG pro-
duction observed after incubation of hepatocytes with CGQ. More-
over, NADPH depletion and NADP+ production under the same
experimental conditions are easily understood considering the
pyridine nucleotide specificity of both NQO1 and NADPH–cyto-
chrome P-450 reductase. As result of the different reactions previ-
ously described for CGQ in hepatocytes, O��2 and H2O2 are produced
and, therefore, cell damage by oxidative stress could be possible.
Nevertheless, hepatocytes contain powerful antioxidant systems
such as the glutathione peroxidase system and catalase, which re-
mained unaffected under our experimental conditions (data not
shown), and thus able to limit the quinone-generated reactive spe-
cies so they do not reach the level to induce cell death. It is worth
mentioning that after a 4 h-incubation with CGQ no significant de-
crease of cell viability was observed, which, however, does not ex-
clude that cell death by apoptosis could be starting [52]. Since CGQ
inhibited lipid peroxidation, no significant role could be attributed
to lipid peroxidation products as intermediates of CGQ action. Sim-
ilar results were reported in rat liver microsomes incubated with
CGQ [15].

The obligatory two-electron reducing cytosolic NQO1 can re-
duce a wide spectrum O��2 quinones and thereby compete with
the one-electron reductases for the quinone substrate. However,
this will depend upon the relative affinity of quinones for the dif-
ferent flavoenzymes. Evidence for this phenomenon has been well
demonstrated in menadione-treated hepatocytes [51]. On the
other hand, NQO1 may either prevent or promote the redox cycling
of quinones [7]. Which process is applied will depend upon the ra-
tio between the level of NQO1and the concentration of quinone
within the tissue, upon the rate of reduction of the particular qui-
none by the enzyme, and upon the stability of the hydroquinone
that is produced. If the hydroquinone is stable, it will remain avail-
able for conjugation. However, if it is easily autoxidized, the effi-
ciency of conjugation will be compromised, and quinone
reduction may constitute an activation process rather than detox-
ification with formation of semiquinone and ROS [53]. It was estab-
lished that NQO1 activity is an important determinant of b-
lapachone cytotoxicity in breast cancer cells, NQO1-overexpressing
cells, suggesting that the hydroquinone form of b-lapachone is
unstable and rapidly undergoes autoxidation to the parent qui-
none, which can again serve as substrate for reduction by NQO1
[49]. Furthermore, previous observations with b-lapachone and re-
lated o-naphthoquinones in cytosol preparations indicate that the
corresponding hydroquinones may act as redox-labile [13]. Under
our experimental conditions, in spite of the fact that hydroqui-
nones can be unstable substances, a redox-stable CGQ-hydroqui-
none could be formed and detoxification could be promoted by
factors that might stabilize the naphthohydroquinone, thus pre-
venting its autoxidation [7,54,55].

We observed that oxygen consumption and cell death signifi-
cantly increased in the combined presence of CGQ and dicoumarol.
In this context, we conclude that the cytotoxicity by CGQ, in dic-
oumarol-treated hepatocytes, is the result of the inhibition of the
NQO1 detoxification pathway, thus allowing more quinone to be
metabolized via the one-electron toxic pathway to form reactive
semiquinones and/or reactive oxygen species (Fig. 6). The results
here obtained show a protective role of NQO1 in preventing CGQ
cytotoxicity in isolated hepatocytes and demonstrate the impor-
tance of competition between activating and detoxifying pathways
to regulate the oxidative stress caused by this o-naphthoquinone.

It is possible that in vitro experiments on NQO1-induced redox
cycling could provide a useful screen for identification of potential
anti-tumor quinones [56,57]. It is interesting to note that promo-



Fig. 6. A schematic representation of CGQ metabolism in isolated hepatocytes. Q:
CGQ; Q��: semiquinone; QH2: hydroquinone; QH�: ionized hydroquinone.
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tion of redox cycling by NQO1 is a common feature of certain anti-
cancer drugs such as b-lapachone and streptonigrin [35]. On the
basis of structural similarities, this behavior is also to be expected
from CGQ.
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