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Abstract

We examined the effects of amiloride derivatives, especially 5-(N-ethyl-N-isopropyl)amiloride (EIPA), on the activity of cytochrome
P450 (CYP) 1 isoforms, known to metabolize carcinogenic polycyclic aromatic hydrocarbons (PAHs), such as benzo(a)pyrene (BP), into
mutagenic metabolites and whose cellular expression can be induced through interaction of PAHs with the arylhydrocarbon receptor. EIPA
was found to cause a potent and dose-dependent inhibition of CYP1-related ethoxyresorufine O-deethylase (EROD) activity in both liver
cells and microsomes. It also markedly reduced activity of human recombinant CYP1A1l enzyme through a competitive mechanism;
activities of other human CYP1 isoforms, i.e. CYP1A2 and CYP1B1, were also decreased. However, EIPA did not affect BP-mediated
induction of CYP1A1 mRNA and protein levels in rat liver cells, likely indicating that EIPA does not block activation of the arylhydrocarbon
receptor by PAHs. Inhibition of CYP1 activity by EIPA was associated with a decreased metabolism of BP, a reduced formation of BP-
derived DNA adducts and a diminished BP-induced apoptosis in liver cells. The present data suggest that amiloride derivatives, such as
EIPA, may be useful for preventing toxicity of chemical carcinogens, such as PAHs, through inhibition of CYP1 enzyme activity.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Most chemicals must be activated to exert their carcino-
genic effects. This is the case for benzo(a)pyrene (BP), an
important environmental polycyclic aromatic hydrocarbon
(PAH) considered as a procarcinogen for various organs,
including lung and skin [1]. Indeed, metabolism of BP via
drug-metabolizing enzymes, such as cytochromes P450
(CYPs), especially those of CYPI family (CYPI1Al,
CYPIA2 and CYPIBI1), can produce genotoxic electro-
phile intermediates that can covalently bind DNA to form
mutagenic DNA adducts and hence might be involved in the
initial events of carcinogenesis [2]. Interestingly, BP usually

Abbreviations: BP, benzo(a)pyrene; CYP, cytochrome P450; EIPA, 5-
(N-ethyl-N-isopropyl)amiloride; EROD, ethoxyresorufine O-deethylase;
MIA, 5-(N-methyl-N-isobutyl)amiloride; PAH, polycyclic aromatic hydro-
carbon; PBS, phosphate-buffered saline; TCDD, 2,3,5,7-tetrachlorodiben-
z0-p-dioxin
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strongly up-regulates CYP1 expression by interacting with
the aryl hydrocarbon receptor, therefore, increasing its own
metabolic activation in various cell types [3].

Various natural and synthetic compounds are capable of
reducing CYP1-mediated bioactivation of PAHs and thus
may protect against carcinogenic potential of these chemi-
cals. They usually act through inhibition of PAH-mediated
CYP1 up-regulation and/or direct inhibition of CYP1 activ-
ity [4,5]. They belong to different chemical classes and, for
example, coumarins, such as imperatorin or isopimpinellin
[6], anthraquinones, such as purpurin or alizarin [7], some
flavonoids [8] and the dithiolethione oltipraz [9] have been
reported to decrease activity of CYP1 enzymes.

The diuretic drug amiloride and its chemical analogues,
such as 5-(N-ethyl-N-isopropyl)amiloride (EIPA), are
well-known inhibitors of the Na*/H" exchanger, a plasma
membrane protein involved in intracellular pH regulation,
cell metabolism and cell proliferation [10]. In this context,
amiloride has been reported to inhibit tumor growth both in
vivo and in vitro [11,12]. More recently, this compound has
also been demonstrated to afford some protection against
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carcinogenesis induced by N-methyl-N -nitro-N-nitroso-
guanidine in rodents [13]. This indicates that the use of
amiloride may contribute to chemoprevention although the
molecular and cellular bases for this effect remain mainly
to be determined. As amiloride and its analogues display
some structural similarities with the chemopreventive
agent oltipraz, i.e. the presence of a pyrazinyl group
(Fig. 1), they may share some of the oltipraz properties
putatively contributing to its chemopreventive action,
especially its inhibitory effects towards CYP1 activity
[9]. To test such an hypothesis, we have presently studied
the effects of amiloride derivatives, especially EIPA, on
CYP1 activity. EIPA was found to reduce the activity of
different CYP1 isoforms, namely, CYP1A1l, CYP1A2 and
CYPI1BI, thereby preventing BP bioactivation and toxicity
in cultured liver cells.

2. Materials and methods

2.1. Chemicals

BP, amiloride, EIPA, 5-(N-methyl-N-isobutyl)amiloride
(MIA), Hoechst 33342 and ethoxyresorufin were supplied
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from Sigma Chemicals Co; the chemical structures of
amiloride and EIPA are depicted on Fig. 1. 2,3,5,7-Tetra-
chlorodibenzo-p-dioxin (TCDD) was provided by Cam-
bridge Isotopes Laboratories, whereas [PH]BP (specific
activity 50 Ci/mmol) was obtained from Isobio. Cariporide
was kindly provided by Aventis. Microsomes from human
B lymphoblastoid cells co-expressing NADPH-CYP
reductase and human recombinant CYP1A1l, CYP1A2,
CYPI1BI1, CYP2A6, CYP2B6, CYP2EI or CYP3A4 were
purchased from Gentest. All other compounds were com-
mercial products of the highest purity available.

2.2. Cell isolation and culture

Hepatocytes from adult male Sprague—Dawley rats
weighing 150-200 g were isolated by perfusion of the
liver and then cultured as previously described [14].
Human hepatoma Hep3B cells were cultured in Williams’
E medium containing 10% fetal calf serum, 0.2 mg/ml
bovine serum albumin, 10 pg/ml bovine insulin, 2 mM L-
glutamine, 100 U/ml penicillin, 10 pg/ml streptomycin
and 0.25 pg/ml hydrocortisone hemisuccinate. The F258
rat liver epithelial cell line was cultured in the same
Williams® E medium as previously described [15].

pyrazinyl (0] NH,
Cl N H l\
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£ PR NH
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Fig. 1. Chemical structures of amiloride, EIPA and oltipraz.
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Chemicals were used as stock solutions in dimethylsulf-
oxide; the final concentration of this solvent in culture
medium was always less than 0.2% (v/v) and control
cultures received the same dose of vehicle as treated
cultures.

2.3. Isolation of total RNAs and Northern blot analysis

Total RNAs were extracted from cultured hepatocytes
by the guanidinium thiocyanate/cesium chloride method
of Chirgwin et al. [16], as modified by Raymondjean et al.
[17]. For Northern blotting, 10 pg of total RNAs were
subjected to electrophoresis in a denaturing formalde-
hyde/agarose gel and transferred onto Hybond N+ sheets
(Amersham). The sheets were prehybridized and then
hybridized with a 32P-labeled CYPI1A1 probe [18],
washed, dried and autoradiographed at —80 °C. Equal
RNA loading onto the gel and efficiency of the transfer
were checked by rehybridizing the blot with an 18S rRNA
probe.

2.4. Preparation of microsomal fractions

Microsomal fractions were prepared from PAH-treated
rat liver cells by differential centrifugation in 50 mM Tris—
HCI buffer, pH 7.4, containing 0.25 M sucrose and 1 mM
EDTA as previously described [19]; they were stored at
—80 °C in 0.1 M phosphate-buffered saline (PBS), pH 7.4,
containing 10% glycerol. Protein contents were deter-
mined using the Bradford method [20].

2.5. Western blotting immunoassays

Microsomal proteins were separated on a 10% polya-
crylamide gel and electrophoretically transferred onto
nitrocellulose sheets (Amersham). Sheets were blocked
for 1 h with PBS containing 5% skimmed milk and were
then incubated with a goat anti-human CYP1A1 antibody
(Daiichi Pure Chemicals Co). A peroxidase-conjugated
antibody was next used as secondary antibody and blots
were developed by chemoluminescence using the Amer-
sham ECL detection system (Amersham).

2.6. CYP activities in cultured cells and microsomes

Ethoxyresorufine O-deethylase (EROD) activity was
used as a measurement of CYPIAl, CYPIA2 and
CYP1B1 activities [21] in PAH-treated liver cells and
microsomal fractions as previously described [22]. Resor-
ufin formation was monitored using a SpectraMax Gemini
spectrofluorimeter (Molecular Devices); excitation and
emission wavelengths were 544 and 590 nm, respectively.
Reaction rates were determined under linear conditions
with various incubation times and protein concentrations.

CYP2A6-related coumarin 7-hydroxylase and CYP2B6-
related 7-benzoxyresorufin O-deethylase activities were

quantified in human recombinant CYP isoforms using a
fluorimetric assay [23]; excitation and emission wave-
lengths were 355 and 460 nm for CYP2A6 activity and
544 and 590 nm for CYP2B6 activity. CYP2E]-related
chlorzoxazone 6-hydroxylase and CYP3A4-related testos-
terone 6B-hydroxylase activities were determined using
the corresponding recombinant CYP enzymes by HPLC
(Hewlett Packard Series 1100 and Waters system) as
previously described [23].

To characterize the potential inhibitory effects of EIPA
towards CYP1Al-mediated EROD activity, EROD assay
was conducted at EROD concentrations ranging from 1.5
to 15 uM, in the presence of various EIPA concentrations
(020 pM), wusing recombinant CYP1Al-containing
microsomes. Kinetic enzymatic parameters were esti-
mated using a computer program designed for non-linear
regression analysis (GraphPad Software, Prism 3.02),
according to the Michaelis—Menten equation. The appar-
ent Michaelis—Menten constant (K,,) and the maximal
velocity (Vi.x) were obtained by non-linear regression
analysis of enzymatic velocity versus different EIPA
concentrations. Inhibition constant (K;) was determined
from secondary plot of K. /V.x versus 1/[EIPA]. To
determine the mode of inhibition, Lineweaver—Burk
linear regression was used for graphic plot of 1/V versus
1/[ethoxyresorufin].

2.7. BP metabolism

Confluent cultures of Hep3B cells, previously exposed
to 10nM TCDD for 24 h in order to induce CYP1Al
expression [24], were treated by 0.1 ug/ml [*H]BP in the
absence or presence of 20 M EIPA for 4 h. Water-soluble
BP metabolites were then extracted as described by Huber-
man et al. [25] and further quantified by scintillation
counting.

2.8. Measurement of BP-derived DNA adducts

Confluent cultured F258 cells, previously exposed to
10 nM TCCD for 24 h in order to induce CYP1A1 expres-
sion [24], were treated by 0.1 pg/ml [*H]BP in the absence
or presence of 5 or 20 uM EIPA for 1 h. After two PBS
washes, DNA was extracted as previously reported [4].
Amounts of [*H]BP covalently bound to DNA were then
determined by scintillation counting and normalized to
amounts of DNA quantified by its absorbance at 260 nm.

2.9. Light microscopic detection of apoptosis

Light microscopic detection of apoptosis was performed
in both floating and adherent cells using Hoechst 33342
labeling. Briefly, F258 cells, growing in exponential phase,
were treated by 5 uM BP in the absence or presence of
20 uM EIPA for 24 h. Culture media and trypsinized-
adherent cells were collected, washed with PBS, stained
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with Hoechst 33342 (0.5 pg/ml) and then examined using a
fluorescence Olympus BX60 microscope. Cells with apop-
totic nuclei, i.e. nuclei with condensed or fragmented
chromatin, were then counted in comparison with total
population (n > 200 nuclei).

2.10. Statistical analysis

Data were analyzed using the paired Student’s ¢ test. For
the variations of EROD activity measured in the absence or
presence of EIPA, an analysis of variance followed by a
multirange Dunnett’s ¢ test was used. The level of sig-
nificance was P < 0.05.

3. Results

3.1. Inhibition of CYPI-related EROD activity by the
amiloride derivative EIPA

To determine whether amiloride and its derivatives had
an effect on catalytic activities of CYP1 enzymes, CYP1-
related EROD activity was quantified in primary rat hepa-
tocyte cultures previously exposed to 5 pM BP for 24 h in
the presence of increasing concentrations of amiloride (0—
100 uM), EIPA (0-20 uM) and MIA (0-20 uM). These
concentrations were used since they are in the range of
those found to inhibit Na™/H" exchanger [26]. Fig. 2
shows that amiloride decreased BP-induced EROD activity
in primary rat hepatocytes in a dose-dependent manner; a
marked inhibitory effect was seen only with 100 uM, a
concentration found to alter cell viability using the 3-(4-5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
colorimetric viability assay (data not shown), whereas
doses of 10 and 50 uM were inactive. Synthetic amiloride
analogues EIPA and MIA, none of them affecting cell
viability at the concentrations used (data not shown), also
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decreased BP-induced EROD activity in rat hepatocytes in
a concentration-dependent manner; the inhibitory effect
began at a concentration as low as 1 pM and was almost
total at 20 uM (Fig. 2). On the other hand, the benzoyl-
guanidine derivative cariporide, a Na'/H" exchanger
blocker that does not share structural similarities with
amiloride and its derivatives, failed to alter EROD activity
in primary rat hepatocytes when used at concentrations
(30-60 uM) affecting Na*/H" exchanger [26] (Fig. 2).

EIPA, which decreased EROD activity at low concen-
trations (1-20 pM) in both primary rat hepatocytes (Fig. 2)
and cultured human Hep3B liver cells (data not shown),
was retained for the following experiments of this study. It
was found to directly inhibit CYP1-related EROD activity
in isolated microsomes from liver cells in a dose-dependent
manner (Fig. 3).

To investigate whether EIPA affected the catalytic activity
of different human isoforms of the CYP1 family, namely,
CYP1Al, CYP1A2 and CYPI1BI, the EROD assay was
conducted with microsomes containing the different corre-
sponding recombinant CYP1 enzymes in the presence of
various concentrations of EIPA (0-20 pM). As shown in
Fig. 4, EIPA decreased CYP1A1l, CYP1A2 and CYPIBI1
catalytic activities in a concentration-dependent manner
with a potent inhibitory effect on CYP1Al (ICsg =
0.5uM) and to a lesser extent on CYPIA2 (IC5y =
6 uM) and CYPIB1 (ICsy = 7 uM). By contrast, 20 uM
EIPA failed to obviously alter human CYP2A6, CYP2B6,
CYP2EI and CYP3A4 catalytic activities in recombinant
human CYP-containing microsomes (Fig. 5).

To further characterize the inhibition of CYP1AI cat-
alytic activity by EIPA, enzyme kinetic experiments
were performed with different substrate concentrations
(1.5-15 uM) in the presence of increasing EIPA concen-
trations (0-20 uM). Lineweaver—Burk plot of enzyme
kinetic data (Fig. 6A) was consistent with a competitive
inhibitory effect of EIPA with a K; of 2.85 uM (Fig. 6B).

1 10 20 30 50 60

amiloride (uM)

MIA (uM)

EIPA (nM) cariporide (uM)

Fig. 2. Effects of amiloride, MIA, EIPA and cariporide on EROD activity in primary rat hepatocytes. Primary rat hepatocytes were treated with 5 uM BP in
the absence or presence of increasing concentrations of amiloride (0-100 uM), MIA (0-20 pM), EIPA (0-20 pM) or cariporide (0—60 pM) for 24 h. EROD
activity was then determined as described in Section 2. Data are expressed as the percentages of control EROD values measured in BP-treated cells not co-
exposed to amiloride derivatives (443 £ 128 pmol resorufin/min/mg proteins) and are the means & S.D. of three independent experiments performed in

triplicate. “P < 0.05 when compared to amiloride derivatives-untreated cells.
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Fig. 3. Effects of EIPA on EROD activity in isolated microsomes. EROD activity in microsomes isolated from PAH-treated rat liver cells was determined in
the presence of various concentrations of EIPA (0-20 uM) as described in Section 2. Data are expressed as the percentages of control EROD values measured
in the absence of EIPA (3358 + 234 pmol resorufin/min/mg protein) and are the means £ S.D. of three independent experiments performed in triplicate.

*P < 0.05 when compared to EIPA-untreated cells.

3.2. Lack of effects of EIPA on BP-mediated induction of
CYPIAI expression

Since several blockers of CYP1 activity also alter CYP1
up-regulation by aryl hydrocarbon receptor agonists, such
as PAHs [4,5], we next examined the effects of EIPA on
BP-mediated induction of CYP1Al in primary rat hepa-
tocytes. Northern blotting indicated that 20 pM EIPA
failed to alter up-regulation of CYP1Al mRNA levels
occurring in response to a 24-h exposure to BP
(Fig. 7A). Likewise, it did not decrease CYP1A1 amounts
in BP-treated primary hepatocytes as assessed by Western
blotting (Fig. 7B).

3.3. Inhibition of BP metabolism by EIPA

The ability of EIPA to inhibit CYP1 enzymes known to
bioactivate carcinogens, such as PAHs, led us to examine
its effect on the formation of BP-derived metabolites in
human Hep3B liver cells. Such cells, previously exposed to
TCDD in order to up-regulate CYP1A1 expression, were
found to produce water-soluble BP metabolites over a 4-h
exposure time to 0.1 pg/ml [*H]BP; this production was
not observed in culture medium incubated in parallel with
[*H]BP in the absence of cells, indicating it to reflect
specifically cell metabolism of BP and not spontaneous
conversion of BP into water-soluble metabolites in culture

100
E_ ——CYPIAL
=g —=— CYPIA2
S E 504 ——C
g YPIBI
8=
g X
2
- —e
0 : : : )
0 5 10 15 20
EIPA (M)

Fig. 4. Effects of EIPA on catalytic activities of human CYP1A1, CYP1A2 and CYP1BI. CYP1AI-, CYPIA2- and CYP1BI-related EROD activities
were determined in the presence of various concentrations of EIPA (0-20 uM) as described in Section 2. Data are expressed as the percentages
of control EROD values measured in the absence of EIPA (236 + 23 pmol resorufin/min/mg protein for CYP1A1, 38 £ 11 pmol resorufin/min/mg
protein for CYP1A2 and 38 £ 3 pmol resorufin/min/mg protein for CYP1B1) and represent the mean of two independent experiments performed in

duplicate.
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Fig. 5. Effects of EIPA on catalytic activities of human CYP2A6, CYP2B6, CYP2EI and CYP3A4. CYP2A6-related coumarin 7-hydroxylation, CYP2B6-
related 7-benzoxyresorufin O-deethylation, CYP2El-related chlorzoxazone 6-hydroxylation and CYP3A4-related testosterone 6f-hydroxylation were
determined in the absence or presence of 20 pM EIPA. Data are expressed as the percentages of control CYP values measured in the absence of EIPA
(242 £ 16 pmol 7-hydroxycoumarin/min/mg protein for CYP2A6, 22 + 5 pmol resorufin/min/mg protein for CYP2B6, 74 £ 18 pmol 6-hydroxychlorzox-
azone/min/mg protein for CYP2E1, 22 + 0.2 pmol 6B-hydroxytestosterone/min/mg protein for CYP3A4) and represent the mean of two independent

experiments performed in duplicate.
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Fig. 6. Inhibition kinetics of human CYPIAl-mediated EROD activity by EIPA. Recombinant CYP1Al-containing microsomes were incubated with
increasing concentrations of ethoxyresorufin (1.5-15 uM) in the presence of various EIPA concentrations (0-20 pM) and EROD activity was determined as
described in Section 2. (A) Representation of Lineweaver—Burk linear regression was generated from one representative out of two different experiments;
correlation coefficients were 0.86 (0 pM EIPA), 0.99 (1 uM EIPA), 0.99 (5 uM EIPA), 0.99 (10 uM EIPA) and 0.99 (20 uM EIPA) (B) Plot of K.,/Vinax Vs.
EIPA concentrations was obtained from Michaelis—Menten non-linear regression; K; calculated as the negative value of X-axis intercept was 2.85 pM. Each
point represents the mean of two independent experiments performed in duplicate.



L. Sparfel et al./Biochemical Pharmacology 67 (2004) 1711-1719 1717

=

=

< =

= +

z B

- ; 5] -]
' CYP1A1

<

[-¥

=i

E =+

Z e B o

5 =B B =
CYP1A1

(B)

Fig. 7. Effects of EIPA on CYPIA mRNA (A) and protein (B) levels in
primary rat hepatocytes. Cultured hepatocytes were either untreated
(UNT), treated by 5 pM BP or 20 uM EIPA or co-exposed to BP and EIPA
for 24 h. Levels of mRNA (A) and protein (B) were then determined by
Northern and Western blotting, respectively. Data are representative of
three independent experiments.

medium (Fig. 8). Addition of 20 uM EIPA significantly
decreased the amounts of BP converted to water-soluble
metabolites (Fig. 8).

3.4. Inhibition of BP-derived DNA adduct formation
and BP-induced apoptosis by EIPA

We finally determined whether EIPA could prevent
CYPl-related toxic effects of BP in liver cells. For this
purpose, we used F258 rat liver cells previously shown to
be targets for PAHs [15,27]. In such cells, EIPA used at
20 pM significantly decreased the amounts of BP-derived
DNA adducts formed over a 1-h exposure time to 0.1 pg/ml

(cpm x 10~ /well)
(98]
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=
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(A) - EIPA + EIPA
121 *
g\°, 10
2 e
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24
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N |
0
B UNT BP BP + EIPA

Fig. 9. Effects of EIPA on the formation of BP-derived DNA adducts (A)
and BP-induced apoptosis (B) in liver epithelial F258 cells. (A) TCDD-
pretreated F258 cells were exposed to 0.1 pug/ml [*H]BP for 1 h in the
absence or presence of EIPA. DNA was then purified and BP-derived
DNA adducts were measured by scintillation counting and normalized to
amounts of recovered DNA. The results are expressed as cpm/pg
DNA and are the means+S.D. of three independent experiments
performed in duplicate. *P < 0.05 when compared to EIPA-untreated
cells. (B) F258 cells were either untreated (UNT) or treated by 5 uM BP
in the absence or presence of 20 tM EIPA for 24 h. Apoptotic cells were
then detected by fluorescence microscopy after Hoechst 33342 staining
of nuclei as described in Section 2. Data are expressed as the percentages
of apoptotic cells and are the means +S.D. of three independent
experiments performed in duplicate. “P < 0.05 when compared to
BP-untreated cells.

Water-soluble [*’H]|BP metablolites

- cells

- EIPA + EIPA

+ cells

Fig. 8. Effect of EIPA on BP metabolism in liver cells. Liver Hep3B cells cultured in 24-well plates and pretreated by 10 nM TCDD were exposed to 0.1 pg/
ml [3H]BP for 4 h in the absence or presence of 20 uM EIPA. The amount of water-soluble [ZH]BP metabolites generated was then measured by scintillation
counting as described in Section 2. As a control, water-soluble [PH]BP metabolites were also evaluated in culture medium not incubated with cells. The
results are expressed as cpm/well and are the means + S.D. of three independent experiments performed in duplicate. “P < 0.05 when compared to EIPA-

untreated cells.
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[*HIBP (Fig. 9A). It also prevented the induction of
apoptosis triggered by a 24-h treatment by 5 uM BP;
indeed, the number of apoptotic cells, i.e. cells exhibiting
Hoechst 33342-labeled nuclei, in BP-treated cultures, was
greatly reduced in the presence of 20 uM EIPA (Fig. 9B).

4. Discussion

In the present study, we report for the first time to the best
of our knowledge that amiloride derivatives, such as EIPA,
constitute potent inhibitors of drug-metabolizing CYPI
enzymes. Indeed, EIPA was found to inhibit CYP1-related
EROD activity in both primary rat hepatocytes- and CYP1-
containing microsomes. Using human recombinant CYP1
isoforms, EIPA was furthermore demonstrated to block the
activity of CYP1Al, CYP1A2 and CYP1B1, CYP1Al
being the most sensitive to the inhibitory effect of EIPA.
EIPA, however, failed to alter activity of other CYPs, such
as human CYP2A6, CYP2B6, CYP2E1 and CYP3A4 iso-
forms; in addition, it also failed to inhibit CYP2B-mediated
pentoxyresorufin dealkylation in both primary rat hepato-
cytes and isolated microsomes from rat liver cells (data not
shown). These data discard a general inhibitory action of
amiloride derivative towards CYP. Analysis of kinetic
parameters of CYP1Al-related EROD activity at various
concentrations of substrates and EIPA revealed that EIPA
behaves as a competitive inhibitor of human CYP1A1, with
an estimated K; of 2.85 pM. Similarly, other CYP1 inhibi-
tors, such as oltipraz [9], primaquine [28] and resveratrol
[5], act as competitive inhibitors with Kj in the uM range.
By contrast, galangin blocks CYP1A1 activity in a non-
competitive manner [4], whereas the food pigment purpurin
seems to be a mixed-type (competitive and non-competi-
tive) CYP1B1 inhibitor [7].

The inhibition of CYP1-related activity by amiloride
derivatives did not occur in response to cariporide, a Na™/
H™ exchanger blocker that does not share structural simila-
rities with amiloride derivatives [26], thus indicating that the
inhibitory effects of the latter compounds towards CYPI
activity were not explained by an alteration of Na*/H™"
exchanger. This also favors the idea that specific structural
elements exhibited by amiloride and its analogues are likely
to be required for interaction with CYP1 isoforms. In line
with this, it seems plausible that the pyrazinyl group found in
amiloride derivatives but also in some distinct CYP1 inhi-
bitors, such as the dithiolethione oltipraz, may be important
to consider. The fact that dithiolethiones lacking such a
pyrazinyl group failed to interact with CYP1 isoforms fully
supports this hypothesis [9]. Interestingly, the two amiloride
analogues with a side alkyl chain, i.e. EIPA and MIA, were
more active than amiloride for inhibiting EROD activity,
suggesting that the presence of such a structural element was
also a critical parameter for CYP1 blockage.

CYPI inhibition by EIPA was not associated with a
reduction of BP-mediated up-regulation of CYP1Al

expression, indicating that EIPA lacks arylhydrocarbon
receptor antagonist properties. By contrast, several
CYP1 inhibitors, such as a-naphtoflavone [29], resveratrol
[5] or galangin [4], block arylhydrocarbon receptor activa-
tion by PAHs and therefore inhibit both activity of
CYP1Al and induction of its expression. Through inter-
acting with the arylhydrocarbon receptor, such compounds
may also alter other arylhydocarbon receptor-regulated
functions, which may limit the use of such compounds
as specific inhibitors of CYPI enzymes.

Inhibition of CYP1-related EROD activity by EIPA was
found to be associated with a marked reduction of CYP1-
dependent conversion of BP into water-soluble metabo-
lites. EIPA also concomitantly decreased BP-derived
DNA adducts formation and BP-induced apoptosis in liver
epithelial cells. Such data suggest that amiloride deriva-
tives may counteract toxic effects of carcinogens, such as
BP, and therefore may present an interest for chemopre-
vention studies like other CYP1 inhibitors, such as cur-
cumin [30] or resveratrol [31]. Interestingly, EIPA was
found to block the two major CYP1 isoforms involved in
bioactivation of PAHs, i.e. CYP1A1 and CYP1B1 [32],
likely indicating a major inhibition of PAH bioactivation
pathways. In addition, the fact that amiloride and its
derivatives have been reported to decrease cell prolifera-
tion and to inhibit tumor growth may also contribute to
potential chemopreventive properties of these compounds
[11,12]. Nevertheless, before considering them as chemo-
preventive agents, effective protective effects of amiloride
and derivatives should also be demonstrated in experi-
mental carcinogenesis models. Regarding this point, it is
worth noting that administration of amiloride to rats has
been shown to significantly reduce the incidence of colon
tumors experimentally induced by azoxymethane [33];
it also inhibited gastric carcinogenesis triggered by
N-methyl-N'-nitro-N-nitrosoguanidine [13]. Interestingly,
the inhibition of CYPI activity by amiloride and its
derivatives occurs at concentrations that may be reached
in vivo; indeed, amiloride concentrations on airway sur-
faces after nebulization corresponded to 160 uM in
humans [34] and EIPA concentrations higher than 1 pM
have been observed in mouse tissues after intraperitoneal
injection [35].

In conclusion, amiloride derivatives, especially EIPA,
were identified as constituting a new chemical class of
CYP1 inhibitors. Through this action, EIPA was able to
prevent toxic effects of procarcinogens, such as BP, requir-
ing CYP1-related bioactivation, suggesting that the use of
amiloride derivatives may be interesting to consider for
chemoprevention studies.
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