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Abstract: Evaluation of the potential antimutagenic activities of new compounds by Ames
assay has been of great interest for the development of novel therapeutics for many diseases
including cancer. Ten novel bichalcophenes with in vitro and in vivo broad spectrum activities
against various microbial strains were investigated throughout the present study for their
cytotoxic, antioxidant, and antimutagenic potential in a Salmonella reverse mutation assay
system against sodium azide (NaN,) and benzo[a]pyrene (B[a]P). At nontoxic concentrations,
all bichalcophenes alone or in combination with NaN, (1 ug/plate) or B[a]P (20 uM) with
S9 mix were not mutagenic. The bichalcophenes significantly reduced NaN,- and B[a]P-induced
mutagenicity under pre-exposure and co-exposure conditions in a concentration-independent
manner. However, the antimutagenic activity of bichalcophenes against B[a]P varied depending
on the exposure regimen, being more effective under pre-exposure conditions. The antimuta-
genic activity was correlated with a high antioxidant activity that could promote the DNA repair
system. Bichalcophenes are least likely to interfere with the microsomal bioactivation of B[a]P.
Monocationic bichalcophenes were superior to the corresponding mononitriles as antimutagenic
agents against both mutagens investigated, possibly due to the higher nucleophilic centers they
have which could bind and protect the bacterial DNA. Three monocationic compounds were
shown to have a strong anticancer activity against the 58 cell line. Based on the results of the
present investigation, monocationic compounds (1, 4, and 5B) will be selected for further time
consuming and costly chemoprevention studies in animal models.

Keywords: bichalcophenes, Salmonella typhimurium, sodium azide, benzo[a]pyrene,

antimutagenicity

Introduction

Human exposure to genotoxic substances present in food and the environment is
inevitable. Therefore, humans are provided with many defenses. The failure of these
defenses could lead to DNA damage and failure of repair systems, leading to cancer.
Novel potential drugs are usually screened for their possible mutagenic/antimutagenic
activities in many systems including the Sa/monella typhimurium microsome assay.
This fruitful assay is very efficient in screening for anticancer activities of novel
compounds and proved a strong relation between the mutagenicity in Salmonella and
the carcinogenicity in animal models.'

Several pentamidine derivatives have antiproliferative activity against several
human cancer cell lines.>? However, these exhibit a number of serious side effects,
toxicity problems, and poor availability. Recently, a series of pentamidine-related
4-substituted phenyl bichalcophenes and aza-analogs (Figure 1) were synthesized,
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Figure | 4-substituted phenyl-2,2’-bichalcophenes and aza-analogs.

and shown to exhibit structurally related broad-spectrum
antimicrobial activities against Gram positive and Gram
negative bacteria.® In addition, these novel bichalcophenes
were not toxic to the mouse hepalclc?7 cells up to 200 uM
and the IC, values were >450 UM suggesting their pos-
sible clinical use. Two of these bichalcophenes (designated
as 1A and 1B in the present study) were found to elevate
the enzymatic and non-enzymatic antioxidants in mice and
caused a conversion of methicillin-resistant bacteria into
methicillin-susceptible bacteria.’”

We pursued an investigation of antimutagenic activi-
ties of novel bichalcophenes and aza-analogs against two
mutagens that act in different ways: (1) sodium azide (NaN,)
which is a powerful direct mutagen that does not require
a metabolic activation; and (2) benzo[a]pyrene (B[a]P),
a known ubiquitous environmental carcinogen, which is
one of the polycyclic aromatic hydrocarbons that needs
metabolic activation mainly by cytochrome P4501A1.%
Benzo[a]pyrenediolepoxide and bibenzo[a,l]pyrene are
the major metabolites of B[a]P responsible for cancer.”!° The
mutagenic activity of NaN, and B[a]P were inhibited by the
addition of several antioxidants.!*'* Therefore, we conducted
this study to evaluate the antimutagenic and antioxidant
activities of novel bichalcophenes using the Salmonella

reverse mutation assay system against NaN, and B[a]P as a
prelude to the time consuming and costly in vivo evaluation
of anticancer properties of these compounds.

Materials and methods

The S. typhimurium TA1535, a histidine-mutant bacterial strain
was obtained from the American Type Culture Collection
(Manassas, VA, USA). NaN_, B[a]P, and nicotinamide adenine
dinucleotide phosphate reduced (NADPH) were obtained from
Sigma-Aldrich (St Louis, MO, USA). Ten bichalcophene
derivatives (Figure 1) were kindly provided by Professor MA
Ismail to be used throughout the present study. The S9 mix
consisted of filter-sterilized NADPH (1.25 mM) and hepatic
S9 fraction (4 mg protein/mL) prepared from male Sprague
Dawley rats treated with a single dose (25 mg/kg, intraperito-
neal in corn oil) of Aroclor 1254 for three days.

Cytotoxicity assays

The cytotoxicity assays were performed using two exposure
conditions: bacterial growth in broth and bacterial colony
growth on nutrient agar plates. In the former, an overnight
growing S. fyphimurium TA1535 was grown in Oxoid Nutri-
ent Broth No 2 in 96-well plates in the presence and absence
of bichalcophenes (12.5-100 uM) for 15 hours at 37°C. The
final optical density of each well was recorded at 570 nm.
In the latter, the experiment was designed with conditions
that mimic those of the revertant mutagenesis/antimuta-
genesis assay. A preliminary experiment was performed to
identify the optimal bacterial dilution using three dilutions
(1076, 107, and 107%). A 1077 dilution was the appropriate
dilution; therefore, it was selected to proceed with. Briefly,
100 pL of 1077 dilution of the overnight growing bacterial
culture in Luria Broth medium was incubated with each of
the bichalcophenes (0, 5, 10, and 20 uM) and mixed with
2.5 mL of warm 0.6% top agar (NaCl/agar). The mix was then
added to nutrient agar plates and the plates were incubated at
37°C for 24 hours. After the incubation period, colonies on
triplicate plates were counted and compared to control plates
containing no bichalcophenes. Concentrations investigated
hereafter for all bichalcophenes were 10 and 20 uM except
for compounds 1B and 5B, in which the concentrations used
were 5 and 10 uM.

Bichalcophenes cytotoxicity

in combination with selected mutagens

To rule out the possible toxic effect exerted by a combination
of the mutagens used and bichalcophene derivatives in the
mutagenicity/antimutagenicity evaluation assays, an evaluation
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of the number of colonies/plate was performed. A 100 UL sample
of 1077 dilution of overnight growing S. typhimurium TA1535
was incubated with each bichalcophene at 37°C for 30 minutes
on a shaking incubator in the presence of 1 pg/plate of NaN,
or 20 uM of B[a]P and S9 mix in 400 UL of phosphate buffer.
Control experiments were carried out simultaneously — the
S9 mix alone had no effect on the bacterial viability. Colonies
on triplicate plates were counted after 24 hours.

Mutagenicity assays

The Ames Salmonella/microsome mutagenicity assay was
performed for screening the mutagenic potential of the
bichalcophenes as described elsewhere.! Briefly, 100 uL of
15-hour overnight growing S. typhimurium TA1535 (1 x 10°
colony forming units/mL) in Luria Broth medium was pre-in-
cubated with each bichalcophene within the non-toxic range
of concentrations at 37°C for 30 minutes in phosphate buffer
(pH 7.4) in the presence of S9 mix. The incubate (0.6 mL)
was then added to top agar containing a growth-initiating
concentration (50 uM) of histidine/biotin, and poured on to
minimal glucose agar plates. Revertant colonies were counted
after incubation at 37°C for 48 hours. Spontaneous revertant
colonies arising on plates containing neither mutagens nor
bichalcophenes were also counted. Revertant colonies seen
with 20 uM BJ[a]P with S9 mix were used as a positive
control. All assays were performed in triplicates.

Antimutagenicity assays

For assessing the antimutagenic properties of bichalcophenes
against NaN, or B[a]P, pre-exposure and co-exposure assays
were carried out simultaneously by a modified method of
Maron and Ames." Under pre-exposure conditions, each bichal-
cophene was incubated with S. typhimurium TA1535 at 37°C
for 30 minutes before the addition of B[a]P (20 uM) or NaN,
(1 nug/plate). Co-exposure assays were performed by incubating
the bacteria, the mutagen, and each bichalcophene together at
37°C for 30 minutes prior to plating on minimal glucose agar
plates. In all assays, positive and negative controls were used. All
antimutagenesis determinations were performed in triplicate.
Revertant colonies were counted after 48 hours of incubation
and the antimutagenic potential of the tested compounds was
expressed as a percentage of reduction in mutagenicity,'* and
calculated according to the following equation:

% reduction in mutagenicity = ((Rm — Rs] — [Ra — Rs]/
[Rm — Rs]) x 100 (1)

where Rm is the number of revertants/plate in the presence of
mutagen; Rs is the number of spontaneous revertants/plate;

and Ra is the number of revertants/plate in the presence of
bichalcophenes.

A 20% or less reduction means no antimutagenic activity,
20%—40% reduction means a moderate activity, and 40% or
more reduction means a strong antimutagenic activity.

The mutant frequency or mutation rate was then cal-
culated from the mutant colonies/viable colonies for both
exposure conditions for the mutagens investigated. All
procedures were approved by the University of King Faisal
Committee of Scientific Research Ethics.

Determination of total

antioxidant activity

The antioxidant capacity of bichalcophenes was measured
spectrophotometrically using a phosphomolybdenum
method,'” based on the reduction of Mo(VI) to Mo(V) and
the subsequent formation of specific green phosphate/Mo(V)
compounds. A 0.3 mL aliquot of sample solution (20 uM
final concentration) was combined with 2.7 mL of the reagent
solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and
4 mM ammonium molybdate). The sample was capped and
incubated in a boiling water bath at 95°C for 90 minutes. After
cooling to room temperature, the absorbance was measured
at 695 nm. Stock solution of ascorbate was freshly prepared
and used as a standard antioxidant.

Assay of reducing power

The reducing power of bichalcophenes was determined
according to the method described by Oyaizu.'® The samples
(20 uM final concentration) were mixed with 2.5 mL of
phosphate buffer (0.2 M, pH 6.6) and potassium ferri-
cyanide (2.5 mL, 10 g/L). The mixtures were incubated at
50°C for 20 minutes. Trichloroacetic acid (2.5 mL, 10%)
was added to each mixture and centrifuged at 3000 g for
3 minutes. Finally, the supernatants (2.5 mL) were mixed
with distilled water (2.5 mL) and FeCl ; (0.5 mL, 0.1%).
The absorbance of the solution was measured at 700 nm.
Ascorbate solution was freshly prepared and used as a
positive control.

Statistical analysis of data

Statistical analyses were performed using ANOVA, followed
by Fisher’s protected least significant difference multiple
range test. Differences were considered significant at P values
of <0.05.

Results and discussion
In the current study, the mutagenic and antimutagenic prop-
erties of novel bichalcophenes against NaN, and B[a]P were
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investigated using the Salmonella reverse bacterial assay.
Since mutation is an early key step in cancer development, the
Salmonella reverse assay is of great importance in the detection
of mutagenic/carcinogenic and antimutagenic/anticarcinogenic
agents in the pipeline of drug discovery and development.

Effect of bichalcophenes on the viability
of S. typhimurium

It was crucial to first examine the effect of bichalcophenes
on the viability of bacteria to validate the antimutagenic
data and be assured that the reduction in the number of
mutant colonies is not due to the inhibition of the growth of
bacteria due to overt toxicity. The non-toxic/non-inhibitory
concentrations of the tested bichalcophene derivatives against
S. typhimurium TA1535 were determined using two indepen-
dent exposure conditions. In the liquid broth method, with
the exception of compounds 1B and 5B, all compounds up
to a 100 uM had no significant toxic effects on the viability
of bacteria (Table 1). Compounds 1B and 5B showed a
concentration-dependent reduction in the bacterial growth.
Compound 1B significantly reduced the viability at 25, 50,
and 100 uM and compound 5B had a significant cytotoxic
effect at 50 and 100 uM. In a previous study,® the minimum
inhibitory concentration (MIC) values of all bichalcophenes
were at 32—-64 UM against Escherichia coli, another Gram
negative bacteria. Compounds 1B and 5B discerned them-
selves and the MIC values for these compounds were 16 and
8 uM, respectively. It was shown that the monoamidines
(B compounds) are more active as antibacterial agents than
the corresponding mononitriles (A compounds) and the

Table | Cytotoxicity of bichalcophenes to Salmonella typhimurium
TAI1535 in liquid medium

Compound® Viability at bichalcophene concentrations

(% of growth)

12.5 uM 25 uM 50 uM 100 pM
1A 100.1 £ 10.1 1055+6.6 1079+t76 1128+114
1B 79.1 £2.6 59.4+£37° 46534 408125
2A 1394£11.2° 1247+10.1 [1113+10.1 101.2+97
2B 123.8+£7.7 101.5£9.0 100.4+89 948+ 48
3A 101.2+6.3 100.0+£8.6 100.0+73 99.1 £87
3B 1044+98 1082+74 1033+52 947 £ 6.5
4A 1346 £ 124 1297+93 127.1 54 116796
4B 1122+£50 101.3+44 925+80 87.6 +87
5A 1.1 +6.1 1105+56 1194+67 1085+73
5B 92.1 +23 80.4 + 3.1 645148 514+38

Notes: *Structures are shown in Figure [; bsignificantly different (P < 0.05) from
bacteria grown in the absence of bichalcophenes. The cytotoxicity assays were
performed in triplicates and are expressed as % control (mean * SEM).
Abbreviation: SEM, standard error of the mean.

presence of thiophene rings as in compound 5B adds more
activity, while the presence of pyridyl rings (as in compounds
2B and 4B) negatively affects activity.® Compound 2A at
12.5 uM was unique in causing a significant elevation (~40%)
in the viability of bacteria; whether it acts as a nutrient to
the bacteria, a source of nitrogen, or promotes the maximal
growth through a different mechanism is unknown. From
the previous data and to avoid any cytotoxicity concerns,
we decided to reduce the concentrations to 10 and 20 uM
for all bichalcophenes and 5 and 10 uM for compounds 1B
and 5B for the following experiments. In the colony/plate
assay, none of the bichalcophene derivatives exhibited any
cytotoxicity (diminution in the number of colonies) at 10 and
20 uM for all compounds and 5 and 10 uM for compounds
1B and 5B (Table 2). On the other hand, a significant increase
in the number of colonies was recorded with compound 2A
(193%) at 10 uM and with compound 4A (139%) at 20 uM.
Compounds 2A and 4A have similar chemical structures —
both are mononitrile aza derivatives of bichalcophenes.

Effect of combination of bichalcophenes
and mutagens on the viability
of S. typhimurium

Two mutagens were selected for antimutagenic studies:
NaN, and B[a]P. Both act through different pathways. NaN,
is a direct mutagen that does not need metabolic activation
and BJ[a]P is a known polycyclic aromatic hydrocarbon that

Table 2 Effect of bichalcophenes on Salmonella typhimurium
TAI535 viability as assessed by colony formation on plate

Compound Viability at bichalcophene concentrations®
(colonies/plate (% of control))
5/10 uyM 10/20 pM
None 45.7 £2.2 (100)
1A 543+33(119) 45.0 +2.5 (98)
1B 61.7£2.7 (135) 553 +3.6 (121)
2A 88.3 £54 (193)° 47.0+4.5 (103)
2B 44.7 + 3.6 (98) 46.7 + 3.2 (102)
3A 46.7 + 4.8 (102) 423+ 1.9 (93)
3B 42.7 +4.8 (93) 43.3+2.5(95)
4A 41.3 £ 6.4 (90) 63.7 £3.8 (139)°
4B 39.7+£ 45 (87) 40.0 + 2.1 (88)
5A 40.3 +2.9 (88) 45.7 £ 3.0 (100)
5B 41.7+1.8 (91) 41.3 +2.8 (90)

Notes: *Concentrations investigated for all compounds were 10 and 20 uM except
for compounds |B and 5B — the concentrations used were 5 and 10 uM; bsignificantly
different (P < 0.05) from the number of colonies/plate (mean + SEM) recorded in
the absence of bichalcophenes. Assays were performed in triplicates with a 107
dilution of an overnight Salmonella typhimurium TA1535.

Abbreviation: SEM, standard error of the mean.
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needs metabolic activation by P4501A 1.8 The S. typhimurium
TA1535 strain contains the base-pair substitution mutation
hisG46,"7 which is known to be more responsive to sodium
azide than other direct mutagens.'

To rule out any possible toxic effects developed from
the concurrent exposure of bacteria to bichalcophenes and
any of the tested mutagens, S. typhimurium TA1535 cells
were grown in the presence of either NaN, (1 pg/plate) or
B[a]P (20 uM) with S9 mix alone or in combination with
non-toxic concentrations of the bichalcophenes. None of
the bichalcophenes were toxic when used in combination
with NaN, (Table 3). A statistically significant increase
in the number of colonies was observed by a combina-
tion of compound 1B with NaN, at 5 uM. When bacteria
were exposed to B[a]P, SO mix and bichalcophenes and
evaluated for colony formation the results were similar to
those seen with bichalcophenes alone and the number of
colonies were not affected reflecting the nontoxic effects
of the combination (Table 4) and validating the results of
the latter experiments.

Mutagenicity of bichalcophenes

On examining the mutagenic activity at or well below the
non-toxic concentrations, none of the bichalcophenes caused
a doubling in the number of colonies over the spontaneous

Table 3 Effect of bichalcophenes and sodium azide (NaN,) on
Salmonella typhimurium TAI1535 viability as assessed by colony
formation on plate

Table 4 Effect of bichalcophenes, benzo[a]pyrene (B[a]P), and
S9 mix on Salmonella typhimurium TA1535 viability as assessed by
colony formation on plate

Compound Viability at B[a]P and bichalcophene

concentrations?®

(colonies/plate (% of control))

5/10 uM 10/20 uM
None 63.0 + 5.9 (100)
B[a]P (20 uM) 67.9+4.7 (108)
IA 623 +4.1(99) 64.7 £ 5.1 (103)
IB 63.0 £ 5.9 (100) 64.3+3.7 (102)
2A 60.0 £ 3.8 (95) 61.0+2.1(97)
2B 65.0 £3.9 (103) 62.0 4.8 (98)
3A 64.7 £ 4.0 (103) 65.0+29 (103)
3B 60.7 £ 4.4 (96) 59.7 + 4.7 (95)
4A 64.7 £ 5.7 (103) 64.3+3.0 (102)
4B 67.3 £5.0 (107) 61.3+£5.0(97)
5A 65.3 4.5 (104) 66.0 + 4.8 (105)
5B 62.7 £2.9 (100) 59.3+4.0 (%94)

Notes: *Concentrations investigated for all compounds were [0 and 20 uM
except for compounds |B and 5B — the concentrations used were 5 and 10 uM.
No significant changes in the viability of Salmonella typhimurium TA1535 treated
with bichalcophenes, B[a]P, and S9 mix when compared to non-treated bacteria.
Assays were performed in triplicates with a 107 dilution of an overnight
bacteria.

number in the presence of S9 mix (Table 5); ie, all of the
bichalcophenes were not mutagenic. The experiment was
repeated in the absence of S9 mix and very similar results
were obtained (data not shown). Similar compounds such
as pentamidine derivatives, in spite of their binding to DNA

Table 5 Determination of mutagenic activity of bichalcophenes
in Salmonella typhimurium TAI1535 in presence of S9 mix

Compound Viability at NaN, and bichalcophene
concentrations® Compound® Bichalcophene mutagenicity
(colonies/plate (% of control)) (revertant colonies/plate; mean + SEM)
5/10 uM 10/20 pM 5/10 uM 10/20 uM
None 35.0 3.1 (100) None (spontaneous) 27.7+23
NaN, (I ug/plate) 36.9 £ 4.3 (105) B[a]P (20 uM) 347.7 £33.9°
IA 33.3£3.0 (95) 36.0 £ 1.8 (103) IA 133115 23.7+25
B 53.0£ 1.9 (I51)" 48.7 £ 4.0 (139) IB 140+2.0 11.3£1.0
2A 36.7 £ 3.2 (105) 443+37(127) 2A 297 +3.2 23.7+25
2B 33.0+£2.5 (94) 37.7+27(108) 2B 143 +2.1 167+ 1.9
3A 49.3+£2.8 (141) 477+3.0(136) 3A 153142 247 £2.5
3B 30.7 £2.7 (88) 327 £3.1 (93) 3B 117115 137+ 1.5
4A 29.7 £2.6 (85) 34.3£29 (98) 4A 28.7 £ 3.1 340+3.0
4B 40.0 3.7 (114) 387+35(111) 4B 303+£35 24.0+£2.7
5A 42.0 £ 4.0 (120) 437+39(125) 5A 153+ 1.5 26.7 £2.1
5B 34.3 +£3.3 (98) 303+ 1.7 (87) 5B 157+2.0 13.0+2.0

Notes: *Concentrations

investigated for all

compounds were 10 and

20 uM except for compounds |B and 5B — the concentrations used were 5 and
10 uM; bsignificantly different (P < 0.05) from the number of colonies/plate
(mean * SEM) recorded in the absence of bichalcophenes and NaN,. Assays were
performed in triplicates with a 10~ dilution of an overnight Salmonella typhimurium
TAI1535.

Abbreviation: SEM, standard error of the mean.

Notes: *Concentrations investigated for all compounds were 10 and 20 UM except
for compounds |B and 5B, the concentrations used were 5 and 10 uM; ®significantly
different (P < 0.05) from non-treated bacteria (spontaneous mutations). No
mutagenic activity of bichalcophenes/S9 mix recorded in Salmonella typhimurium
TAI535 when compared to non-treated or B[a]P-treated bacteria. Assays were
performed in triplicate.

Abbreviation: SEM, standard error of the mean.
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minor grooves, have been shown to cause no mutagenic
activity in S. typhimurium strains TA98 and TA100 with and
without metabolic activation.'$

Antimutagenic activity of bichalcophenes
against NaN, and B[a]P

The potential antimutagenic activity of bichalcophenes was
evaluated using a modified Ames assay in pre-exposure and
co-exposure treatments. All bichalcophenes showed strong
(>40%) antimutagenic activity against the NaN-induced
mutagenicity (Table 6). In a few instances, the reduction in
mutagenicity was concentration-dependent. The absence of
concentration dependency could reflect a saturation effect.
The monocationic bichalcophenes were more effective in
reducing the azide-induced mutagenicity than the correspond-
ing mononitriles (3B > 3A and 5B > 5A). Compound 4B
was superior to 4A only at the pre-exposure regimen while
4A was better than 4B in reducing the azide-induced muta-
genicity at the co-exposure treatment (Table 6).

Upon evaluation of the antimutagenic potential of
bichalcophenes against B[a]P-induced mutagenicity,
compounds 1B and 5B resulted in significant reductions
in the mutagenicity induced by B[a]P in pre-exposure and
co-exposure treatments at 5 and 10 uM (Table 7). How-
ever, Compounds 3A and 5A failed to reduce the induced
mutagenicity and caused no significant reduction in the
number of revertant colonies. Pre-exposure was much
more effective than the co-exposure protocol. Some of the

bichalcophenes were effective only under pre-exposure
conditions (2A, 4A, 2B, and 4B) at 10 and 20 uM. The
reductions in mutagenicity were concentration-independent.
Compound 1A significantly reduced the mutagenicity in
pretreatment experiments only at 20 uM. Compound 3B
significantly reduced the mutagenicity in pre-exposure at
10 and 20 puM and in co-exposure only at 20 uM. Again,
monocationic bichalcophenes (1B, 3B, and 5B) were more
effective than the corresponding mononitriles (1A, 3A, and
5A) in reducing B[a]P-induced mutagenicity (Table 7).
Bichalcophenes could exert their antimutagenic activities
through various mechanisms. One such mechanism is the
direct binding and protection of DNA from the electrophilic
mutagens or metabolites,”® given that bichalcophenes are
nucleophilic. The monocationic bichalcophenes provide
more nucleophilic centers than mononitriles which could
explain their superior antimutagenic activity. Another
mechanism could be the elevation in the antioxidant milieu
of the cells thus, promoting the DNA repair systems.?' The
total antioxidant activity and reducing power of bichalco-
phenes showed that compounds 1B, 3B, and 5B are in the
lead with antioxidant activity of ~30%-50% (Figure 2)
of that of ascorbic acid at the same concentration. In
our previous study, compound 1B showed a noticeable
antioxidant activity in vivo and elevated the hepatic activi-
ties of glutathione reductase and glutathione peroxidase and
reduced the elevated hepatic malondialdehyde and serum
interleukin-6 in mice infected with methicillin-resistant

Table 6 Determination of anti-mutagenic activity of bichalcophenes in Salmonella typhimurium TAI535 against sodium azide

(NaN; | ug/plate)

Co-exposure

5/10 uM 10/20 pM

384.7 + 147 (0)

59.7 +9.0 (93)°
35.0 + 3.0 (100)°
393 +7.6 (99
63.0+7.6 (92)°
95.0 + 4.0 (83)°
26.7 + 6.7 (102)>¢
32.3+42 (101)
803 £ 6.1 (87)>¢
47.0 £3.5 (96)°

Compound® NaN, mutagenicity at bichalcophene concentrations
(revertant colonies/plate; mean + SEM (% reduction in NaN, mutagenicity))
Pre-exposure
5/10 yM 10/20 M

NaN,

1A 47.0 £ 3.5 (96)° 48.3 + 6.8 (96)°

1B 56.7 £8.6 (94)° 61.7£11.4 (92"

2A 53.0 £9.8 (95)° 70.7 £12.9 (90)°

2B 43.7£104 (97)° 51.0+7.8 (95)°

3A 47.7 £3.5 (96)° 52.0+5.0 (95)°

3B 37.3+£2.1 (99)° 33.7 £ 3.5 (100)>¢

4A 186.3 £ 14.2 (57)° 103.0 £ 9.2 (80)><

4B 35.0 4.0 (100)>¢ 35.0 £ 4.5 (100)*>¢

5A 61.3+8.1(92)° 97.7 +10.2 (82)*<

5B 357 3.1 (100)° 37.0£5.3 (99)"

21.3 £ 6.4 (104)>

283 £ 3.1 (102)>
27.3+9.3 (102)°
473+ 6.0 (96)°
19.3 4 1.5 (104)><
423 +9.1 (98)<
173 £2.1 (105)°
39.7 £6.0 (98)°
733 +7.9 (89)
32325 (101)
15.3 +3.2 (105)°

Notes: *Concentrations investigated for all compounds were 10 and 20 UM except for compounds IB and 5B — the concentrations used were 5 and 10 uM. Assays were
performed in triplicate. The spontaneous revertant colonies were 34.3 + 4.0; ’significant (P < 0.05) reduction (% of inhibition of mutagenicity indicated in parentheses) from
revertant colonies seen with NaN,, 40% or more reduction means strong antimutagenic activity; “significant difference (P < 0.05) between bichalcophene concentrations;
dsignificant difference (P < 0.05) between mononitril (A compounds) versus corresponding monocationic (B compounds).
Abbreviation: SEM, standard error of the mean.
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Table 7 Determination of anti-mutagenic activity of bichalcophenes in Salmonella typhimurium TA1535 against benzo[a]pyrene (B[a]P;

20 uM) in presence of S9 mix

Co-exposure

5/10 pM

10/20 uM

Compound® B[a]P mutagenicity at bichalcophene concentrations
(revertant colonies/plate; mean + SEM (% reduction in B[a]P mutagenicity))
Pre-exposure
5/10 pM 10/20 pM

B[a]P

1A 270.0 £25.9 (9) 239.3 £22.8 (24)°

1B 194.7 £ 16.6 (44)° 153.3 £ 5.9 (64)"<

2A 1127 £21.1 (82)° 120.0 £ 17.4 (79)°

2B 101.7 £ 12.1 (87)° 100.0 + 8.2 (88)°

3A 264.0 £ 6.1 (12) 250.0 £ 16.5 (19)

3B 228.0 +25.2 (29)° 227.7 £16.3 (29)°

4A 148.7 £ 16.3 (66)° 120.3 = 10.1 (79)*

4B 119.7 £ 12.7 (79)° 108.0 £ 9.5 (85)°

5A 256.7 £ 14.6 (16) 256.0 £ 15.7 (16)

5B 109.0 £ 10.8 (84)°< 95.7 £ 14.1 (90)><

290.3 +21.0 (0)

27404252 (8)
207.3+ 17.9 (38)
261.0 £ 42.7 (14)
256.3 + 142 (16)
267.0+215 (1)
239.7+29.5 (23)
254.7 £ 19.6 (17)
249.7 + 354 (19)
257.7 4 16.0 (15)
171.7 + 272 (55)><

240.3 +27.7 (23)
174.3 +21.4 (54)°
264.0 +30.4 (12)
230.7 + 17.6 (28)
255.7 +27.0 (16)
2163+ 16.5 (34)°
224.7 +30.7 (30)
231.7+237 (27)
255.7 + 134 (16)
1193+ 11.6 (79)><

Notes: *“Concentrations investigated for all compounds were 10 and 20 UM except for compounds |B and 5B — the concentrations used were 5 and 10 uM. Assays were
performed in triplicate. The spontaneous revertant colonies were 74.7 + 5.5; ®significant (P < 0.05) reduction (% of inhibition of mutagenicity indicated in parentheses) from
revertant colonies seen with B[a]P, 20% or less means no activity, 20%—40% indicates moderate activity, and 40% or more reduction means strong antimutagenic activity;

ssignificant difference (P < 0.05) between mononitril (A compounds) versus corresponding monocationic (B compounds).

Abbreviation: SEM, standard error of the mean.

Staphylococcus aureus.” A third mechanism could be
the direct interaction with the mutagens/metabolites and
preventing their damaging effects.? Since B[a]P is activated
by CYP4501A1, one of the possible mechanisms would
be the inhibition of this bioactivation. The antimutagenic
activity of some heterocyclic aromatic amines was attrib-
uted to this mechanism.?* However, if this is the scenario,

we would expect to see no difference between the two
exposure regimens (pre-exposure and co-exposure) but most
bichalcophenes exerted their antimutagenic activity against
B[a]P under pre-exposure conditions. In the pre-exposure
protocol, bichalcophenes were incubated with the bacteria
30 minutes before the addition of B[a]P. Therefore, it is
possible that the antimutagenic efficiency of bichalcophenes
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Figure 2 The reducing power and total antioxidant activity of bichalcophenes at 25 LM compared to ascorbate at the same concentration.
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Table 8 Effects of bichalcophenes on sodium azide (NaN,)
mutant frequency

Compound*  Mutant frequency and (% of NaN,)"

Pre-exposure Co-exposure

5/10 uM 10/20pM  5/10 uM 10/20 pM
NaN, 10.43 (100)
1A 1.41 (14) 1.34 (13) 1.79 (17 079 (8)"
1B 1.07 (10)* 1.27 (12) 0.66 (6)* 0.56 (5)
2A 1.44 (14) 1.60 (15)* 1.07 (10)*  1.07 (10)*
2B 1.32 (13) 1.35 (13) 191 (18  0.51 (5
3A 0.97 (9 1.09 (10) 1.93 (18  0.89 (9
3B 1.21 (12) 1.03 (10) 0.87 (8)* 0.53 (5)
4A 6.27 (60)* 3.00 (29)° 1.09 (10)*  L.16(I1)
4B 0.88 (8) 0.90 (9) 201 (19 1.89 (18)
5A 1.46 (14) 224 (21) 12 (11 0747y
5B 1.04 (10)* 1.22 (12) 0.62 (6) 0.50 (5)

Notes: “Concentrations investigated for all compounds were 10 and 20 UM except
for compounds |B and 5B — the concentrations used were 5 and 10 uM; 3significant
(P < 0.05) reduction from mutant frequency seen with NaN,; calculated from
mutant colonies (Table 6é)/viable colonies (Table 3).

against B[a]P is due to the effects on the bacteria, not on
the mutagen or mutagen metabolism.

Mutation frequency is highly correlated to mutation rate. All
bichalcophenes reduced the mutant frequency caused by NaN,
by 40%—-95%. Monocationic bichalcophenes were superior to
the corresponding mononitriles resulting in a 95% reduction
in NaN,-mutant frequency at the higher concentration investi-
gated under the co-exposure protocol (Table 8). However, the
antimutagenic activity of bichalcophenes against B[a]P muta-
genicity was less evident. Most of bichalcophenes were more
effective only in the pre-exposure treatment and compounds
2A, 2B, and 4B were only effective under this treatment. Under

Table 9 Effects of bichalcophenes on benzo[a]pyrene (B[a]P)
mutant frequency

Compound?*  Mutant frequency and (% of B[a]P)®

Pre-exposure Co-exposure

5/10pM  10/20pM  5/10pM  10/20 pM
B[a]P 4.28 (100)
IA 433 (101)  3.70 (86) 440 (103)  3.71 (87)
IB 3.09 (720 238(56¢ 329 (777 271 (63)
2A 1.88 (44 1.97 (46  435(102) 433 (101)
2B 1.56 (37) 1.61 (38) 3.94 (92) 3.72 (87)
3A 4.08 (95) 3.85 (90) 4.13 (96) 3.93 (92)
3B 3.76 (88) 3.81 (89) 3.95 (92) 3.62 (85)°
4A 230 (547 1.87 (44¢  3.94(92)  3.49 (82)
4B 178 (42 176 (41  371(87)  3.78(88)
5A 3.93 (92) 3.88 (91) 3.95 (92) 3.87 (91)
5B 174 (417 161 (387 274 (64} 201 (47)

Notes: “Concentrations investigated for all compounds were 10 and 20 UM except
for compounds |B and 5B — the concentrations used were 5 and 10 uM; significant
(P < 0.05) reduction from mutant frequency seen with B[a]P; °calculated from
mutant colonies (Table 7)/viable colonies (Table 4).

these conditions, compounds 1B, 2B, 4B, and 5B, in addition
to 2A and 4A, reduced the mutant frequency by 28%—63%;
while in the co-exposure protocol, compounds 1B, 3B, 4B,
and 5B reduced the frequency by 15%—-53% (Table 9). Again
monocationic (B compounds) derivatives were more effective
than the analogous mononitriles (Table 9).

Conclusion
At non-toxic concentrations, bichalcophenes were not
mutagenic to S. typhimurium. All bichalcophenes exerted
strong antimutagenic activity against NaN, and many
showed antimutagenic activity against B[a]P, especially in
the pre-exposure conditions. This activity is most likely due
to the direct effect of bichalcophenes on the bacterial DNA
or the antioxidant activity of bichalcophenes rather than
the interference in the bioactivation and metabolism of the
mutagens. Although there are some differences in specificity
between the human and bacterial systems in the response
to B[a]P mutagenic effects and in the processing of DNA
adducts formed, this survey in the Sa/monella system is of
essential help as a platform to select compounds for further
investigations. Monocationic B compounds were superior
to the equivalent mononitrile A compounds. Out of the ten
bichalcophenes, it is important to select the prime compounds
for the time consuming and costly chemoprevention studies
in animal models. The National Cancer Institute (Develop-
mental Therapeutics Program) has recently examined these
bichalcophenes for anticancer activity in the 58 cell line in
the concentration range defined in the present study and found
that the most active compounds we identify in the present
study (1, 4, and 5B) were the most active compounds in the
NCI study (unpublished data).

Based on the results of the present investigation, monoca-
tionic compounds (1, 4, and 5B) will be selected for further
in vivo anticancer studies.
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