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Quinone Toxicity in DT-Diaphorase-Efficient
and -Deficient Colon Carcinoma Cell Lines
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ABSTRACT. The human colon carcinoma cell lines Caco-2 and HT-29 were exposed to three structurally
related naphthoquinones. Menadione (MEN), 1,4-naphthoquinone (NQ), and 2,3-dimethoxy-1,4-naphthoqui-
none (DIM) redoxcycle at similar rates, NQ is a stronger arylator than MEN, and DIM does not arylate thiols.
The Caco-2 cell line was particularly vulnerable to NQ and MEN and displayed moderate toxic effects of DIM.
The HT-29 cell line was only vulnerable to NQ and MEN after inhibition of DT-diaphorase (DTD) with
dicoumarol, whereas dicoumarol did not affect the toxicity of quinones to Caco-2 cells. DTD activity in the
HT-29 and Caco-2 cell lines, as estimated by the dicoumarol-sensitive reduction of 2,6-dichlorophenolindo-
phenol, was 393.7 = 46.9 and 6.4 + 2.2 nmol NADPH.min~'.mg protein™!, respectively. MEN depleted
glutathione to a small extent in the HT-29 cell line, but a rapid depletion similar to Caco-2 cells was achieved
when dicoumarol was added. The data demonstrated that the DTD-deficient Caco-2 cell line was more
vulnerable to arylating or redoxcycling quinones than DTD-expressing cell lines. Exposure of the Caco-2 cell
line to quinones produced a rapid rise in protein disulphides and oxidised glutathione. In contrast to NQ and
DIM, no intracellular GSSG was observed with MEN. The relatively higher levels of ATP in MEN-exposed cells
may account for the efficient extrusion of intracellular GSSG. The reductive potential of the cell as measured
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide reduction was only increased by MEN and not
with NQ and DIM. We conclude that arylation is a major contributing factor in the toxicity of quinones. For
this reason, NQ was the most toxic quinone, followed by MEN, and the pure redoxcycler DIM elicited modest
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toxicity in Caco-2 cells.
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Quinones such as streptonigrin, mitomycine, and diazi-
quone are widely used in the treatment of gastrointestinal
malignancies. Drug resistance, either intrinsic or acquired,
severely limits the effectiveness of chemotherapy. Research
has been focused on increased detoxification by glutathione
and glutathione-dependent enzymes such as glutathione
S-transferases [1-3] and the expression of mdr-1/P-glyco-
protein [4]. Antitumour quinones require enzymatic reduc-
tion prior to eliciting their antitumour activity. One of the
major reducing enzymes is DTDt and the level of this
enzyme varies between different tumour tissues [5, 6]. The
majority of DTD activity in human tissues is the product of
the dioxine-inducible gene NQO, [7]. DTD exclusively
catalyses the 2-electron reduction of quinones which is
necessary for the activation of streptonigrin, mitomycine,
and the more novel drug EO9 [5, 8, 9]. After possible
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rearrangement reactions, the hydroquinone may become a
reactive alkylating agent or autoxidise, leading to reactive
oxygen species and toxicity.

MEN is a vitamin K; analogue and has been used in
antitumour therapy [8]. MEN and other naphthoquinones
can undergo a one- and two-electron reduction which gives
rise to the semiquinone and the hydroquinone, respec-
tively. Both can reduce molecular oxygen to the superoxide
anion radical, thereby regenerating the parent quinone
[10].

Besides redoxcycling, quinones can arylate to nucleo-
philic moieties of the cell but this process depends on the
substituents of the molecule [11, 12]. In this study, we used
the related quinones NQ, MEN, DIM which were all able
to redox cycle and cause oxidative stress and thiol oxida-
tion in hepatocytes [11-13]. However, the quinones differ
in their ability to arylate. NQ is a strong arylator compared
to MEN while DIM is not capable of arylation due to its
substituents at the C, and Cs. In contrast to streptonigrin,
mitomycine, and EQ9, the hydroquinone of naphthoqui-
nones is more stable than the semiquinone and is a target
for detoxification reactions such as glucuronidation or
sulphatation [10, 14, 15]. For these reasons, the DTD-
mediated two-electron reduction is generally considered to
be a detoxification reaction.
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MEN has a wide range of effects on cells. Exposure of
hepatocytes to MEN perturbs the cytoskeleton of the cell,
which can be recognised as membrane blebbing [10]. The
bleb formation is associated with an altered thiol and Ca**
homeostasis [10, 16-20]. The semiquinone of MEN and the
reactive oxygen species generated by MEN were found to
interact with the DNA of hepatocytes [20-23], Chinese
hamster ovary cells [24] and leukemic K562 cells [25].
Further, quinones interfere with the energy production of
the cell. Redegeld et al. [26] showed a loss of ATP preceding
cell death in MEN-treated hepatocytes.

Most studies on naphthoquinone toxicity have been
performed in rat hepatocytes and nothing is known about
the toxic response of human intestinal tissue. In this report,
we show that two human colon carcinoma cell lines differ
in sensitivity to naphthoquinones due to differences in
expression of DTD. The DTD-deficient Caco-2 cell line
proved to be vulnerable to all quinones in contrast to the
DTD-efficient HT-29 cell line, in which toxicity and
glutathione depletion only occurred after inhibition of
DTD with dicoumarol. A comparison between glutathione
status, ATP, protein thiol, and MTT reduction in Caco-2
cells was made to study the behaviour of arylation and/or
redox cycling quinones. We conclude that arylation is a
major contributing factor in the toxicity of these quinones.
For this reason, NQ was the most toxic quinone, followed
by MEN;, and the pure redoxcycler DIM was only modestly
toxic to Caco-2 cells.

MATERIALS AND METHODS
Chemicals

NQ and menadione were purchased from Aldrich. DIM was
prepared according to [13]. The identity was checked with
mass spectrometry. mBBr was from Calbiochem. Other
chemicals and enzymes were obtained from Sigma. All
chemicals were of analytical grade. All cell culture materi-
als were purchased from ICN, except for flasks and tissue
culture plates (Greiner) and gentamicine (Centrafarm).

Cell Culture and Incubation

The Caco-2 and HT-29 cell lines were kindly provided by
Dr. W. Peters (Dept. of Gastroenterology, University Hos-
pital Nijmegen, Nijmegen, the Netherlands). Caco-2 and
HT-29 cells were maintained at 37° in Dulbecco’s modified
Eagle’s medium, containing 10% (v/v) fetal bovine serum,
10 mM of HEPES, 1% nonessential amino acids, 5 mM of
L-glutamine, and 5 pg/mL of gentamicine in an atmosphere
containing 5% CO,. Cells (1 X 10°) were seeded in 24-well
culture plates and became confluent after 4 days. Cell
cultures were supplied with medium every second day and
used on day 7 of culture. Incubations with menadione were
performed in 24-well tissue plates in an atmosphere as

described above. Cells were washed with Krebs—Henseleit
buffer (KH, formulation in mM: 1.2 MgSO,.7TH,0, 2.5
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CaCl,.2H,0, 4.7 KCI, 94 NaCl, 11.6 p-glucose, 25
NaHCO;, 1.2 KH,PO,, and 5 L-glutamine, pH 7.4) and
supplied with 0.5 mL of KH. MEN, NQ, and DIM were
dissolved in dimethylsulfoxide and control cells were
treated with equal volumes of the solvent (0.3% of final
volume).

Neutral Red Uptake Assay

Viability was determined according to [27]. Briefly, after
incubation the monolayer was washed with KH. Fresh
complete Dulbecco’s modified Eagle’s medium with 50
pg/mL of neutral red was added to the wells. After 30 min
of incubation at 37°, cells were washed rapidly with 40%
formaldehyde-10% CaCl, to remove extraneously adher-
ing, unincorporated dye. Neutral red was extracted with
500 pL of 1% acetic acid-50% ethanol and 150 pL was
transferred to a 96-well titreplate. The plate was measured
on a Thermomax microplate reader (Molecular Devices)
equipped with a 550 nm filter. The readings were expressed
as percentages of the nonexposed cells.

DTD Activity

Activity of DTD was determined according to [28]. Briefly,
100 pL of cell homogenate was added to 800 wL of PBS pH
7.4 containing 50 uM 2,6-dichlorophenolindophenol, 0.23
mg of BSA/mL and 0.01% Tween 20. The reaction was
started by adding 100 pL of 2 mM NADPH. The reaction
rate was monitored for 2 min at 37° in a Perkin Elmer
Lambda 15 UV/VIS spectrophotometer (Perkin Elmer) by
measuring the decrease in absorbance at 600 nm due to
reduction of the substrate and of NADPH at 340 nm. DTD
activity was determined in the absence and presence of 50
pM dicoumarol, a highly potent inhibitor of DTD. The cell
homogenates were incubated with dicoumarol for 2 min
prior to the enzyme assay.

Cellular ATP Content

Cells were treated with 300 wL of 5% (v/v) perchloric acid
and neutralised with 700 pL of 0.8 M potassium phosphate
buffer. Insoluble material was removed by centrifugation (5
min, 13,000 g) and stored at —80° until use. ATP was
separated using a Spectra-Physics HPLC system consisting
of an SP8800 ternary pump, an SP8875 autosampler, an
SP4600 integrator, and a Merck 100 RP-18 column (Li-
chroCART 125-4 Lichrospher). Twenty wL of supernatant
was injected on the column at 40° and separated at a flow
of 1 mL/min. The elution buffer was a 0.1 M potassium
phosphate buffer, pH 6.0 that was filtered through a 0.45
mm filter before use. ATP was detected by a Kratos
Spectroflow 773 UV detector at 260 nm. ATP content was
expressed as nmol/mg protein.
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GSH and Extracellular (GSH + GSSG)

GSH was determined by HPLC after derivatisation with
mBBr as described in [29]. After incubation, cells were
washed with KH and 100 pL of aqua pure was added to the
well. GSH was derivatised by adding 100 pL of 2 mBBr
dissolved in 50 mM N-ethylmorpholine and incubating this
mixture for 5 min in the dark. Protein was denatured by
inclusion of 25 pL of 40% TCA and removed by centrif-
ugation (5 min, 13,000 g). For determination of RSSG, 500
pL of cell material was precipitated with 25 pL of 40%
TCA and separated by centrifugation. The pellet was
washed 3 times with 500 pL of 5% TCA and resuspended
in 100 L of 1% SDS in PBS. After neutralisation with 10
pL of saturated NaHCOj5, mixed disulphides were reduced
with 5 wL of 25 mM DTT. After 45 min incubation, GSH
was labelled with 100 pL of 5 mM mBBr and measured as
described. In order to measure total GSH (GSH +
GSSG + RSSG), 100 wL of cell material was treated with
10 pL of 20% TCA to inactivate GSH-metabolising
enzymes. After buffering with 100 wL of 1 M phosphate,
100 pL of sample was reduced with 10 pL of 25 mM DTT
and labelled with 100 pL of 10 mM mBBr. GSSG was
calculated with the formula: GSSG = TGSH — GSH —
RSSG. For the determination of extracellular and total
extracellular glutathione (GSH + GSSG), 250 wL aliquots
of KH buffer were taken at the appropriate time from the
culture plate. For the estimation of total extracellular GSH,
100 pL of KH was reduced with 10 L of 25 mM DTT for
45 minutes at room temperature. The mixture was labelled
with 100 pL of 5 mM mBBr and deproteinised with 10 L
of 40% TCA.

Twenty pL samples of glutathione derivatives were
separated by HPLC using a Merck 100 RP-18 column at 40°
and a flow rate of 1 mL/min. Buffer A was 128 mL of
methanol and 2.5 mL of acetic acid diluted to 1 L with aqua
pure, adjusted to pH 3.9 with 5 N of NaOH. Buffer B was
900 mL of methanol and 2.5 mL of acetic acid, diluted to 1
L with aqua pure. A linear gradient from 0% B at O min,
50% B at 8 min to 0% B at 17 min was used to elute the
glutathione derivatives that were detected using a Shi-
madzu RF-530 fluorescence detector at A, = 385 nm and
New = 480 nm. Glutathione content was expressed as
nmole/mg protein.

Protein thiols

Protein thiols were determined using Ellman’s reagent [30]
according to [31] and modified by [32]. Briefly, 500 pL of
cell lysate was precipitated with 100 wL of 3.5% HCIO,
and pelleted (5 min, 500 g). The pellet was washed twice
with 500 pL of 5% TCA and resuspended in 1 mL of
PBS/EDTA (5 mM)/SDS (0.5% w/v). Ten pL of 1 N
NaOH was added to clarify the mixture. Sample or gluta-
thione standard (150 L) was incubated with 20 pL of
Ellman’s reagent for 30 min at 37° and the optical density
of the mixture was measured at 405 nm. A correction for
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the background was performed by inclusion of 30 wL of 100
nM NEM. The data was expressed as nmol SH/mg protein.

MTT Reduction Assay

After incubations with quinones, cells were washed twice
with KH and 500 wL of PBS containing 1 mg/mL of MTT
was added to each well. After 1 hr incubation at 37° and
5% CO,, cells were washed again with KH and the formed
formazan was extracted from the cells with 500 pwL of
isopropanol. The optical density of the extract was deter-
mined in a microtitre plate at 550 nm. The data were
expressed as percentages of the values of the controls at t =

0 hr.

Cellular Protein

Cellular protein was quantified with the Bradford method
[33] using BSA as a standard.

Statistical Analysis

Results are expressed as means = SD of three to six
independent experiments. Statistical significance between
two groups was determined by means of an unpaired
Student’s t-test. Statistical differences between groups were
determined by means of a one-way analysis of variance
(ANOVA), followed by Dunnett’s multiple-comparison
test. A probability of P = 0.05 was considered significant.

RESULTS

Caco-2 and HT-29 colon carcinoma cells reached conflu-
ence after 5-6 days and were used on day 7 and 8 of culture.
No significant differences in neutral red uptake, intracellu-
lar ATP and glutathione levels, MTT reduction, and DTD
activity were observed between cells on day 7 and day 8 of
culture. Caco-2 and HT-29 cells were exposed to 50 uM of
NQ, 100 uM of MEN, and 300 uM of DIM for 2 and 4 hr
with or without 100 uM of dicoumarol, a potent inhibitor
of DTD. Dicoumarol alone had no effect on Caco-2 cells,
but the HT-29 cell line displayed a higher neutral red
uptake compared to the control cells (Fig. 1). NQ caused an
sharp drop in viability of Caco-2 cells, while this effect was
not observed with HT-29 cells. Dicoumarol had no effect
on the viability of NQ-exposed Caco-2 cells but had a
deteriorating effect on the viability of NQ-treated HT-29
cells. Menadione displayed a similar effect on the viability
of both cell lines. The effect of the inhibitor dicoumarol
was in accordance with the effect observed with NQ. DIM,
which is unable to arylate due to the substituents at the 3’
and 4’ position, was not toxic to HT-29 cells and moder-
ately toxic to Caco-2 cells. Again, no effect of dicoumarol
was observed in combination with DIM in the Caco-2 cell
line. Dicoumarol combined with DIM resulted in increased
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FIG. 1. Effect of quinones on the viability of colon carcinoma cells. Caco-2 and HT-29 cells were untreated (A) or exposed to 50 pM
of NQ (B), 100 pM of MEN (C), or 300 pM of DIM (D) without (E&) or with 100 pM of dicoumarol (E=3). Shown are the means *
SD of three independent experiments (*: P =< 0.05, **: P < 0.01, effect of dicoumarol on quinone-exposed cells compared to treatment
with quinone only; #: P < 0.05, ##: P =< 0.01, effect of quinone on cells compared to untreated cells).

neutral red uptake compared to DIM-exposed HT-29 cells.
Exposure to dicoumarol alone did not have an effect on the
viability of cells (data not shown).

Since dicoumarol had no effect on the toxic action of
NQ or MEN in Caco-2 cells, the activity of DTD was
examined in both cell lines using 2,6-dichlorophenolindo-
phenol as substrate. The HT-29 cell line was reported to
contain a functional gene and normal expression of DTD
[5, 6]. Table 1 shows that the greater part of the NADPH-
oxidising activity in the HT-29 cell line was dicoumarol-
sensitive. This is in contrast to the Caco-2 cell line, where
very low levels of 2,6-dichlorophenolindophenol-reducing
activity were observed. The reducing activity in the Caco-2
cell line was for the most part not inhibited by dicoumarol,
which is a strong indication that DTD is not functional in
the Caco-2 cell line.

Since the cell lines differed in dicoumarol-sensitive DTD
activity, the effect of dicoumarol on menadione-induced
glutathione depletion was determined in the Caco-2 and

HT-29 cell lines. Figure 2A shows a gradual decline in
levels of reduced GSH in the HT-29 cell line, probably due
to intracellular consuming processes. Some of these pro-
cesses seemed to be dicoumarol-sensitive, since dicoumarol-
treated cells contained more reduced GSH than did control
cells. Although MEN was not able to induce a decrease in
viability, the quinone clearly decreased the intracellular
levels of glutathione. This decrease was strongly enhanced

TABLE 1. Comparison of DTD activity between colon
carcinoma cell lines

Without With Dicoumarol-
Cell line dicoumarol  dicoumarol inhibitable activity
HT-29  445.7=41.7 520*58 393.7 = 46.9
Caco-2 29.9 = 1.1%¥% 235 + 1.9%x* 6.4 + 2.2%*

DTD activity was expressed in the oxidation of nmol NADPH.min ™~ !.mg protein™ .

Experiments were performed in quadruplicate.
** P =< 0.01 when the Caco-2 cell line was compared to the HT-29 cell line.
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FIG. 2. Effect of menadione and dicoumarol on the glutathione content of HT-29 (A) and Caco-2 cells (B). HT-29 and Caco-2 cells
were untreated ((J) or exposed to 100 pM of dicoumarol (O), 100 pM of MEN (m), or to a combination of MEN and dicoumarol (@).
Glutathione was extracted and measured as described in Materials and Methods. Shown are the means = SD of three independent
experiments (*: P =< 0.05, **: P =< 0.01 compared to untreated cells; ##: P < 0.01: compared to menadione-exposed cells).

in the presence of dicoumarol. Figure 2B shows that MEN
rapidly depleted the levels of reduced GSH in the Caco-2
cell line. Dicoumarol did not increase this depletion nor
affect the levels of GSH in control cells.

HT-29 cells seem to metabolise quinones primarily via
two-electron reduction pathways without being really af-
fected. In the Caco-2 cell line, quinones enter redoxcycling
primarily via one-electron reduction. Based on the results
achieved with the Caco-2 cell line, it was concluded that
quinones elicit toxicity via the parent quinone and its
corresponding semiquinone. To investigate whether qui-
nones are toxic to cells via arylation or redoxcycling, the
distribution of glutathione was determined in NQ-, MEN-,
and DIM-treated Caco-2 cells.

Control Caco-2 cells display high levels of reduced
glutathione and small amounts of intracellular oxidised free
glutathione (Fig. 3A). All quinones affected the distribu-
tion of glutathione, but in different manners (Fig. 3B, C
and D). Exposure to NQ and MEN rapidly depleted cells of
reduced glutathione, while DIM caused a more gradual
decline. Formation of mixed disulphides in Caco-2 cells
occurred with all three quinones. All quinones in this study
induced the formation of free oxidised glutathione. With
MEN, only a small amount of free oxidised glutathione was
found within the cell at t = 1 hr, the greater part of GSSG
being retrieved in the incubation buffer. In contrast to
MEN, free intracellular GSSG was found in cells exposed to
NQ and DIM. No extracellular glutathione was found with
DIM, but large amounts of extracellular GSSG were ob-
served in incubations with NQ and MEN. In these exper-
iments, only oxidised glutathione was found in the incuba-
tion buffer of quinone-treated cells. GSSG appeared at t =
1 hr in the incubation buffer with MEN and somewhat later
with NQ. Both NQ and MEN caused an initial decrease in
the total amount of glutathione. Excessive formation of

intracellular GSSG is accompanied by formation of pro-
tein-associated disulphides using all three quinones (Fig. 3).
Further, arylating quinones like NQ and MEN can bind
directly to cellular protein thiols. Both mechanisms lead to
depletion of cellular thiols and may have deteriorating
effects on the viability of cells. Figure 4A shows that both
NQ and MEN rapidly depleted cellular protein thiols and
that DIM had only a significant effect on protein thiols
after 4 hr of exposure. Figure 4B shows that protein thiols
were arylated at a similar rate by the NQ and MEN.

The viability of cells is closely related to the cellular
content of energy-rich components like ATP. Enzymes of
energy-producing pathways such as glycolysis and the TCA
cycle contain crucial thiols and are particularly vulnerable
to the actions of quinones [26, 34]. To investigate the
involvement of ATP in the toxicity of the three quinones,
ATP was measured throughout the incubation. Figure 6
shows that NQ caused a fast drop in cellular ATP with as
much as 16% left after 4 hr. MEN showed a more gradual
loss of ATP with the depletion after 4 hr being comparable
with NQ. The moderately toxic quinone DIM showed a
small depletion of ATP after 4 hr of incubation.

Although MEN showed a similar depletion of protein
thiol to NQ (Fig. 4), MEN-treated cells contained more
ATP than the NQ-exposed cells. The MTT assay is
associated with the activity of mitochondrial enzyme suc-
cinate dehydrogenase and was used to estimate the activity
of mitochondria during exposure to quinones. As expected,
control cells displayed an unaltered reduction of MTT
during incubation. Exposure to DIM had no effect on the
cellular reduction of MTT when compared to controls. NQ,
however, caused a sharp drop in MTT reduction after 2 hr
of incubation. Interestingly, incubation with MEN resulted
in an initial rise in MTT reduction and then a decline to
50% of the controls.



32

DISCUSSION

The behaviour of quinones with regard to their toxicity is
strongly related to the biochemical constitution of the
exposed cell and the chemical structure of the quinone.
Naphthoquinones such as MEN have been studied exten-
sively for their ability to induce oxidative stress in hepato-
cytes [10, 26, 32], cardiomyocytes [35], and isolated intes-
tinal cells [36]. Quinones exert their toxic effect by redox-
cycling and arylation. Redoxcycling involves one-electron
reduction pathways catalysed by microsomal NADPH cy-
tochrome P450 reductase, microsomal NADH cytochrome
bs; reductase, mitochondrial NADH ubiquinone oxi-
doreductase and gives rise to a semiquinone. Cytosolic
DTD reduces the quinone to a hydroquinone via a two-
electron reduction. Superoxide anion radical and singlet
oxygen are formed during the oxidation process of the
hydroquinone and semiquinone [8]. The arylation reaction
between quinones and nucleophiles such as GSH is a
1,4-reductive addition of the Michael type which reduces

J. M. Karczewski et al.
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FIG. 3. Effect of quinones on the distribution of glutathione in the Caco-2 cell line. Caco-2 cells were exposed to KH buffer alone or
exposed to KH containing 50 pM of NQ (B), 100 pM of MEN (C), or 300 uM of DIM (D). Depicted are reduced glutathione (EZ),
protein-bound glutathione ((3), oxidised glutathione (EZH), and extracellular oxidised glutathione (EA]). Shown are the means + SD

of four independent experiments (*: P < 0.05, **: P =< 0.01, effect of exposure to quinones on cells compared to control cells; #: P <
0.05, ##: P = 0.01, effect of incubation on control cells).

the quinone to its corresponding glutathionyl hydroqui-
none [37].

The quinones MEN, NQ, and DIM were used in this
study because of their differences in eliciting toxicity. NQ
and MEN are both capable of arylation, although MEN is a
lesser arylator than NQ due to its methyl substituent in the
quinoid ring [38]. Because of this methyl substituent, MEN
(E(Q/Q™ = —203 mV) has a lower redox potential than
NQ (E(Q/Q™ = —140 mV) and is for this reason a better
redoxcycler [8]. The one-electron reduction potential of
DIM was estimated at —183 mV [39], signifying that it has
similar redoxcycling capabilities as menadione as confirmed
in studies using hepatocytes [13].

Two human colon carcinoma cell lines were used in this
comparative study in which the three quinones caused
different effects on viability. None of the quinones had any
effect on the viability of HT-29 cells, whereas MEN and
especially NQ caused a rapid decrease in viability of the
Caco-2 cell line. In the HT-29 cell line, the two quinones
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FIG. 4. Effect of quinones on protein thiols of Caco-2 cells. Caco-2 cells were untreated ([J) or exposed to 50 pM of NQ (m), 100
M of MEN (@), or 300 puM of DIM (A). Graph A shows the actual cellular protein thiols that were determined as described in
Materials and Methods. Shown are the means * SD of three independent experiments (*: P < 0.05, **: P < 0.01 compared to
untreated cells). The percentages of alkylated thiols presented in graph B were calculated by subtracting the nmol of protein-associated

glutathione (Fig. 3) from the data in graph A.

were only toxic when DTD was inhibited by dicoumarol,
which indicates a difference in DTD activity between the
two cell lines. Naphthoquinones are a substrate for human
DTD. A comparative study between human and rat hepa-
toma cells showed no difference in activity between species
[40]. Another study compared the MEN-reducing activity
of purified rat and human DTD. The DTD was purified
from rat liver cytosol and from Escherichia coli in which rat
and human lung tumour diaphorase complementary DNA
was expressed. The enzyme kinetics of MEN reduction were
similar for the three enzyme preparations [41]. Measure-
ment of DTD confirmed a very low activity in Caco-2 cells
in comparison with HT-29 cells. Loss of DTD activity has
been documented in several studies with tumour material.
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FIG. 5. Effect of quinones on intracellular ATP content of
Caco-2 cells. Caco-2 cells were untreated ((]) or exposed to 50
M of NQ (m), 100 pM of MEN (@), or 300 pM of DIM (A).
ATP was extracted and measured as described in Materials and
Methods. Shown are the means *= SD of four independent
experiments (*: P =< 0.05, **: P < 0.01 compared to untreated

cells).

A study with 10 human colon carcinoma cell lines shows
that seven lines expressed lower or no DTD activity
compared to the HT-29 cell line [6]. HT-29 cells seem to
metabolise quinones primarily via two-electron reduction
pathways which convert quinones to hydroquinones. Su-
peroxide dismutase prevents the hydroquinone from autoxi-
dising and thus stabilises the hydroquinone. [39, 42—44].
The manganese-containing form of superoxide dismutase
was detected in HT-29 cells [45] while CuZn superoxide
dismutase was demonstrated in the Caco-2 cell line [46].
The hydroquinone is excreted from the cell after glucu-
ronidation or sulphation reactions [14, 15]. Caco-2 cells
appeared to be deprived of DTD activity and quinones
redoxcycle only via one-electron reduction. The absence or
inhibition of DTD activity had a detrimental effect on the
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FIG. 6. Effect of quinones on cellular MTT reduction of Caco-2
cells. Caco-2 cells were untreated ([J) or exposed to 50 pM of
NQ (m), 100 pM of MEN (@), or 300 pM of DIM (A). Shown
are the means = SD of three independent experiments (*: P <
0.05, #*: P < 0.01 compared to untreated cells).
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cellular GSH content of quinone-exposed cells. MEN
caused a moderate depletion of glutathione in the absence
of dicoumarol, but induced an intensive exhaustion in
combination with dicoumarol in HT-29 cells. Since a
hydroquinone does not conjugate to GSH or arylate to
protein thiols [44], a large amount of MEN is not able to
form conjugates with GSH in HT-29 cells. The inactiva-
tion of DTD allows MEN to enter the one-electron reduc-
tion pathways with consequent consumption of GSH by
both arylation and redoxcycling as occurred in Caco-2 cells.
Some information does exist on the one-electron reduction
pathway capabilities of both cell lines. The HT-29 cell line
has a cytochrome P450 reductase activity of 3 nmol/min/mg
[5, 47]. Schiemdlin-Ren et al. [48] demonstrated the pres-
ence of cytochrome P450 reductase with immunoblots of
Caco-2 homogenates. Rossi et al. [49] found a cytochrome
P450 reductase activity of 5.01 * 0.61 nmol/min/10° cells
in the Caco-2 cell line. Based on our protein measurements
(1.86 + 0.05 mg/10° Caco-2 cells), the cell lines are
expected to have similar cytochrome P450 reductase activ-
ities. Some caution must be exercised concerning the use of
dicoumarol, since this inhibitor was found to inhibit several
other enzymes (e.g. glutathione transferase) and has a
disturbing effect on mitochondrial oxidative phosphoryla-
tion [40]. The Caco-2 cell line was reported to have an
activity 0.6-5.4 pmol/min/mg [50]. The transferase activity
of HT-29 cells is 0.3 nmol/min/mg [47], 100 nmol/min/mg
[5, 51], and 200 nmol/min/mg [52-54]. The glutathione
levels in dicoumarol-treated HT-29 cells were higher than
in control cells, and this may indicate the inhibitory effect
of dicoumarol on the glutathione transferases, although this
effect was not visible in the Caco-2 cell line. The dicou-
marol-induced increased depletion of GSH in MEN-treated
HT-29 cells cannot be explained by this inhibiting effect,
since dicoumarol did not affect the rate of MEN-induced
GSH depletion in Caco-2 cells.

The toxicity of the different arylation and redoxcycling
quinones was studied in more detail with the Caco-2 cell
line. Formation of mixed disulphides and intra- and extra-
cellular GSSG is an indication of oxidative stress. Exposure
to the three quinones resulted in different patterns of
glutathione distribution. NQ and MEN rapidly depleted
the reduced GSH pool while DIM showed a more gradual
decrease, indicating that arylation is a major factor in the
quinone-mediated decrease of GSH. During the first period
of exposure, a decrease in the total amount of glutathione
with a subsequent restoration to its initial levels occurred
only with the arylating quinones. Since the conjugation of
GSH to quinones is irreversible, the supplement of total
GSH must be the result of de novo synthesis of GSH. In all
cases, protein-associated glutathione appeared within 30
min of exposure. Similar observations were made with
menadione- and t-butyl hydroperoxide-treated hepatocytes
[55, 56]. Birge et al. [57] suggested that thiolation of protein
thiols is a protective mechanism, since the same proteins
arylated by paracetamol are thiolated by glutathione during
paracetanol-induced oxidative stress. However, it is more
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likely that the thiolation of proteins occurred as the result
of increased GSSG formation, since with the nonarylating
quinone DIM similar high levels of protein disulphides were
observed. Extracellular GSSG was found after 1 hr of MEN
exposure, but no intracellular GSSG was observed; this is in
contrast to NQ where relatively high levels of intracellular
GSSG were found. The translocation of GSSG in hepato-
cytes was found to be ATP-dependent [58, 59] and this
transport could be blocked with the thiol-alkylating agent
NEM, indicating that the translocator possesses thiol
groups essential for its activity [60]. NQ did not irreversibly
block GSSG export but only delayed the process. NQ
induced a more rapid depletion of cellular ATP than MEN,
and the lack of ATP after NQ treatment may contribute to
the stronger accumulation of intracellular GSSG. Another
explanation comes from the finding that glutathione-S-
conjugates are responsible for the accumulation of GSSG
by inhibiting GSSG reductase [15, 61]. Further, MEN has
been shown to directly inhibit glutathione reductase [55].
Since NQ is stronger arylator than MEN); it is conceivable
that direct and indirect inhibition of glutathione reductase
occurred earlier with NQ. Although MEN and DIM have
similar redoxcycling capabilities, the higher rate of GSSG
formation and stronger toxicity observed with MEN may be
ascribed to the MEN-induced inhibition of glutathione
reductase.

NQ and MEN rapidly depleted the cellular ATP content
of Caco-2 cells. Quinones and activated oxygen species are
able to interfere with cellular energy-producing enzymes.
Hyslop et al. [34] showed that hydrogen peroxide inacti-
vates both the glycolytic and mitochondrial pathways by
interfering with GAPDH and ATP-ases, respectively. Re-
degeld et al. [26] have shown that GAPDH was 80%
inhibited by menadione (150-200 pM). The differences
between ATP depletion by NQ and MEN are not simply
attributable to the differences in arylation of protein thiols.
The percentage of arylated protein thiols did not differ
during exposure to NQ and MEN. The higher levels of
ATP in MEN-treated cells corresponded with an initial
increase of MTT reduction. Although the mechanism of
MTT reduction is still unclear, several cellular reductive
pathways are involved. Earlier work showed the role of
mitochondrial succinate dehydrogenase [62] and in HelLa
cells, MTT was reduced by superoxide anion radicals
derived from mitochondria or xanthine oxidase [63]. The
initial rise of MTT reduction in the presence of menadione
may reflect the ability of menadione to interfere with the
electron current in the electron transport chain in mito-
chondria [64]. Berridge and Tan [65] showed that most
cellular MTT reduction occurs outside the mitochondrial
inner membrane and involves NADH- and NADPH-
dependent mechanisms. A further alternative explanation
may be an increased production of NADPH as the result of
the activation of glucose-6-phosphate dehydrogenase. En-
zymes which are involved in the hexose monophoshate
shunt (HMPS) such as glucose-6-phosphate dehydrogenase
are upregulated upon S-thiolation [66, 67]. This can explain
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the 600% rise in HMPS activity in 50 pM of MEN-exposed
Caco-2 cells in the experiments of Baker and Baker [68]. This
increased reductive potential may have beneficial effects on
the elimination of GSSG and semiquinones.

Our results confirm that the arylation capacity is a
determining factor in the cytotoxic potential of quinones
[12]. The redoxcycling and arylating quinones NQ and
MEN were more toxic than the redoxcycler DIM. Whether
a quinone can elicit toxicity is dependent on the presence
of reducing enzymes like DTD. The Caco-2 cell line
displays a very low DTD activity and was therefore more
susceptible to quinone toxicity than the HT-29 cell line.
The presence of DTD is of interest for cancer therapy. The
cytotoxicity and DNA cross-linking ability of mitomycin C
and diaziquone are dependent on a two-electron reduction
by DTD, and the HT-29 cell line was found to be more
sensitive than the DTD-deficient or low-level-expressing
colon carcinoma cell line BE [5, 6]. On the other hand, this
paper shows that redoxcycling and arylating naphthoqui-
nones were toxic to cells when DTD activity was inhibited
or missing. The determination of the enzymatic capabilities
of a tumour may provide an indication for the choice of an
anticancer drug.

This work was supported by a grant from the Dutch Organization for
Scientific Research (NWO), The Hague, The Netherlands (Grant no.
902-22-112).
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