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Methotrexate (MTX), a chemotherapeutic agent used to treat cancer, produces cyto-
genetic damage and has a cytostatic effect in a variety of test systems. Several
antigenotoxic agents have been studied in various in vitro and in vivo systems. How-
ever, data are limited regarding their ability to modulate MTX-induced genotoxicity.

In the present study, vanillin (VA) and chlorophyllin (CHL) were used as antigenotoxic
agents to study their ability to minimize the DNA damage caused by MTX. Expo-
nentially growing V79 Chinese hamster lung cells were treated with MTX at five
different concentrations (5-100g/ml) with S9 activation for 6 h and post-treated
with two concentrations of either VA (50 or 1¢@/ml) or CHL (50 or 100ug/ml)

for 40 h. Cytochalasin B was added for the micronucleus (MN) assay along with
antigenotoxic agents to evaluate MN in binucleated cells. Chromosomal aberrations
were also evaluated in parallel cultures. Results indicate that MTX alone induced a
dose-dependent decrease in the nuclear division index (NDI) and the mitotic index
(MI). A significant increase in percent micronucleated binucleated cells (MNBN)
and percent aberrant cells (Abs) was observed. Studies using VA as an antigenotoxic
agent showed a decrease in the number of MNBN (26.3-83.1%) and Abs (16.0—
87.5%) with the addition of either 50 or 1Q@ VA/ml. The addition of CHL also
significantly reduced the number of MNBN (53.0-91.5%) at both concentrations
tested. Chromosomal aberrations were also significantly reduced (41.0-83.0). These
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studies indicate that both VA and CHL are capable of effectively minimizing MTX-
induced chromosomal damag@&eratogenesis Carcinog. Mutagen. 17:313-326,
1997/98. © 1998 Wiley-Liss, Inc.
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INTRODUCTION

Cytotoxicity of methotrexate (MTX) is generally thought to be related to the
inhibition of DNA synthesis, although the precise mechanism of cell death is not
known. MTX restricts the synthesis of thymidylate and of purine nucleotides by
inhibiting the enzyme dihydrofolate reductase (DHFR) and, to a lesser extent,
thymidylate synthetase. In cells treated with MTX, a progressive accumulation of
strand breaks in mature DNA (post-replicative DNA) was detected by Li and
Kaminskas [1]. They postulated that strand breaks arising from spontaneous and nor-
mally repaired DNA lesions are not repaired due to a shortage of dTTP and purine
nucleotides. In vitro cytogenetic as well as cytostatic activity of MTX has been stud-
ied in a variety of test systems. MTX was found to be a clastogenic agent in tumor
cells and in cultured mammalian cells and a micronucleus (MN) inducer in human
bone marrow erythroblasts [2-5]. MTX competitively binds to the enzyme DHFR
thereby preventing its normal function of reducing dihydrofolate to tetrahydrofolate,
an essential cofactor for nucleic acid synthesis. MTX is also a mitotic inhibitor that
arrests the cell cycle in interphase and leads to prolongation of metaphase. Studies
by Dalen et al. [6] have shown that the mitotic index (MI) was reduced drastically in
Chang cells when MTX was administered at OL@#ml or higher. In vivo studies
indicate that MTX-induced MN and the MN induction were enhanced after repeated
treatments compared to single treatment in male mice [7,8]. Similar studies were
conducted in bone marrow and peripheral blood cells and MN induction was en-
hanced by multiple treatments of MTX [9-11].

Vanillin (VA) is used as a flavoring agent in foodstuffs and has been demon-
strated to inhibit mutagenesis in both bacterial and mammalian cell systems [12,13].
It has been suggested that VA modifies DNA replicative and/or DNA repair systems
by enhancing the error-free repair leading to suppression of mutatiescherichia
coli. Imanishi et al. [14] have demonstrated the antimutagefectedf VA in cul-
tured Chinese hamster V79 cells in vitro. The frequency of 6-thioguanine (6-TG)-
resistant mutations decreased by treatment with VA. This decrease was not due to
cytotoxic effects on cellular growth or killing effects on damaged cells. Inouye et al.
[15] have shown that MN induced by mitomycin C (MMC) were suppressed by
post-treatment with VA. It has also been shown that the suppressing effect does not
represent a delay in the formation of micronucleated polychromatic erythrocytes
(MNPCESs) by the cytotoxic action of VA but rather its anticlastogenic effect in vivo.
When VA was given to mice from 6 to 9 h after the injection of MMC, a significant
reduction in the frequency of MNPCEs was observed. Sasaki et al. [16] have shown
that induction of structural chromosomal aberrations (SCASs), especially the break-
age types of aberrations, provoked by MMC was significantly suppressed by post-
treatment with VA in cultured Chinese hamster ovary (CHO) cells. VA suppressed
the cytotoxicity induced by 0, when cells were post-treated with VA afteyCH
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treatment. It also suppressed the chromosomal aberrations induce@® pby1H.
Thus VA acted as an antigenotoxic agent in mammalian cells both in vitro and in vivo.

During the last decade there has been an increasing interest in chlorophyllin
(CHL) as an antimutagenic agent. It is antimutagenic to a wide variety of individual
mutagens, including aflatoxin,Bpolycyclic aromatic hydrocarbons, direct-acting
compounds, and complex mixtures, e.g., cigarette smoke condensate [18]. CHL, a
sodium-copper salt of chlorophyll, is known to be an antigenotoxic agent in several
in vitro and in vivo test systems [19]. In the Salmonella test, chlorophyll was sug-
gested to be the major component accounting for antimutagenicity. CHL was a strong
antimutagen irDrosophila melanogastegsuppressing the somatic cell mutations in-
duced by Trp-P-2There are studies from many laboratories on the antimutagenic
properties of CHL against individual mutagens as well as against mutagenic com-
plex mixtures [20]. Our earlier studies have shown CHL to be a potential antimutagen
in environmental and dietary complex mixtures [21] and antitransforming agents [22].
Studies by Sugiyama et al. [23] have shown the suppressive effect of CHL on the genotoxic
action of the polycyclic mutagen MelQx. It is thought that CHL inhibits the mutagenicity
of promutagens through formation of a chemical complex with these agents.

Although there are several studies indicating that MTX can be used for cancer
therapy, limited knowledge is available on its induction of cytogenetic damage in
V79 cells. Despite a substantial body of data on the protective properties of VA and
CHL against a wide variety of mutagens, little is known about the role of VA and
CHL in MTX-induced cytogenetic damage. As a part of our study directed toward
assessment of the cytogenetic effect of MTX and the antigenotoxic potential of VA
and CHL, we investigated the protectivéeet of VA and CHL on MTX-induced
chromosomal damage concurrently using MN and SCA assays in V79 cell cultures.

MATERIALS AND METHODS
Cell Line

V79 Chinese hamster lung fibroblast cell line was obtained from Dr. C.C. Chang
(Michigan State University, East Lansing). The cell line was tested and confirmed to
be negative for mycoplasma. The cells were grown in 75Fatton tissue culture
flasks containing 15 ml Eagle’s minimum essential medium (MEM; Gibco, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U peni-
cillin/ml medium, and 10Qug streptomycin/ml medium (Gibco). Cells were main-
tained at 37°C in a humidified atmosphere containing 5% &0 were subcultured
using trypsin-EDTA solution (Gibco) in phosphate-buffered saline (PBS).

Chemicals

MTX (Sigma, St. Louis, MO) was dissolved in 0.05 M NaOH and a 2.5 mg/ml
stock solution was prepared. The stock was diluted immediately prior to use. Con-
centrations of 5, 10, 25, 50, or 10§ MTX/ml medium were used in this study. The
cell cultures, in duplicate, were treated with MTX for 6 h. These concentrations
were based upon our preliminary findings as well as those previously published [24].

VA (Sigma) was dissolved in distilled water at a concentration of 4 mg/ml,
stored at room temperature, and diluted with distilled water immediately prior to
use. The concentration selection for VA (50 or 1Q@/ml) was based on studies
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conducted by Sasaki et al. [16] and Inoye et al. [15]. After exposure to MTX, the
cultures were post-treated with VA for 40 h, a post-treatment time established by our
preliminary findings, to obtain a reasonable number of binucleated (BN) cells.

CHL (Sigma) was dissolved in distilled water at a concentration of 4 mg/ml and
stored at 4°C. It was diluted with distilled water immediately prior to use. The con-
centration selection of 50 or 1@y CHL/mI of medium was based on the studies
conducted by Abraham et al. [25]. After exposure to MTX, cell cultures were post-
treated with CHL for 40 h.

Cytochalasin B (CYB; Sigma) was dissolved in dimethyl sulfoxide (DMSO) at
a concentration of 2 mg/ml, stored at —20°C, and diluted with PBS immediately
prior to use. A final concentration of g CYB/mI culture medium [26,27] was
used. CYB was added simultaneously with the post-treatment of \@Hbr To
arrest cells at metaphase for chromosomal aberration studies, Colcemid (Gibco), at a
concentration of 0.02ag/ml culture medium, was prepared in Hank’s balanced salt
solution with phenol red (1@g/ml) and was added 2 h prior to harvesting cells.

The S9 microsomal fraction was prepared according to the method of Ames et
al. [28], from the liver tissue of adult male rats (Sprague-Dawley) pretreated with
Aroclor 1254. The S9 mix was prepared immediately before use from 30% S9 frac-
tion and appropriate cofactors. To each flask containing 5 ml culture medium, 0.5 ml
of the S9 mix was added.

MN Assay

The MN assay was performed according to the procedure described by Krishna
et al. [29]. Briefly, 1-2 million cells were seeded in each 25tisaue culture flask
with 5 ml culture medium. The cells were allowed to attach and grow for approxi-
mately 24 h. Duplicate cultures were included for each treatment group. MTX, at
varying concentrations, along with S9 mix was added to the cultures and incubated
for 6 h. Following treatment, the medium with S9 mix and MTX was aspirated and
flasks were rinsed twice with PBS. VA or CHL, and CYB were added simultaneously
to each culture flask and incubated for an additional 40 h. After post-treatment incu-
bation, the medium was removed, flasks were rinsed with PBS, and cells, dislodged
with trypsin-EDTA solution at 37°Cyere collected and centrifuged at 1,000 rpm
for 5 min. The supernatant was removed and the pellet resuspended in the re-
maining solution. The cells were treated with 5 ml hypotonic solution (75 mM
KCI, dropwise) at 37°C for 3—5 min and recentrifuged. The supernatant was re-
moved, the pellet was resuspended, and two drops of cell suspension per slide
were carefully dropped onto prelabeled clean dry slides angled at 45° and air
dried for 5 min. The slides were then dipped in absolute methanol and air dried
to fix the cells. The time between hypotonic treatment and fixing is very critical,
as cells continue to swell and may burst if they are not fixed in a timely fashion.
The slides were stained with Diff-Quik (Mcgaw Park, IL). For scoring, a Carl
Zeiss (Oberkochen, Germany) microscope was used. For cell cycle analysis, 400
cells per treatment group were scored for the presence of one, two, or more than
two nuclei per cell and the nuclear division index (NDI) was calculated. For the
MN analysis, 1,000 BN cells per treatment group were analyzed. The morpho-
logical criteria for MN scoring in BN cells were similar to those reported by
Countryman and Heddle [30] and Roberts et al. [31].
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SCA Analysis

The SCA assay was performed according to the procedure of Galloway et al.
[32]. Initial chemical treatments were similar to those for the MN assay. After 40 h
post-treatment of VA or CHL, 0.025g of Colcemid/ml culture medium was added
to each flask to arrest cells at metaphase. Cells were harvested 2 h after addition of
Colcemid and collected into 15 ml conical tubes. Five milliliters of hypotonic solu-
tion (75 mM KCI) was added dropwise to each tube and the cells were incubated for
15 min at 37°C.Approximately five drops of freshly prepared fixative (3:1
methanol:acetic acid) were added to each tube. The cells were then centrifuged for 5
min at 1,000 rpm. The supernatant was decanted and the pellet was resuspended
with the remaining solution. Five milliliters of fixative was added to each tube and
incubated for 20 min at 4°C, then the cells were spun for 5 min at 1,000 rpm. This
step was repeated twice. Two to four drops of cell suspension were dropped onto a
cold, wet slide. Following air drying at room temperature for approximately 24 h (or
overnight), cells were stained with 10% Gurr’'s Giemsa in Gurr’s phosphate buffer
(pH 6.8) and 100 metaphase cells in each treatment group were analyzed for SCAs.
The types of SCAs were classified according to standard cytogenetic procedures.
The following types of SCAs were recorded: chromatid gaps, chromatid breaks, chro-
matid deletions, fragments, minutes, triradials, quadriradials, complex rearrangements,
chromosome gaps, chromosome breaks, acentric fragments, double minutes, dicen-
trics, and rings. For cytotoxicity, the MI was calculated based on the number of
metaphase cells present in a total of 1,000 cells per treatment group. All slides were
coded blindly before being scored.

Statistical Analysis

The MN and SCA data were analyzed by jidest. Asequential linear dose-
trend test was also performed to compare the test groups with their respective con-
trols. Correlation coefficients (r) were calculated for MN, SCA, NDI, and M.

RESULTS
MTX-Induced Chromosomal Damage and Its Inhibition by VA

Studies were conducted using VA as an antigenotoxic agent to modulate MTX-
induced genotoxicity. Two concentrations of VA (50 or 1@@ml) were used in this
study. Five different concentrations of MTX (5, 10, 25, 50, or d@¥nl) were cho-
sen to analyze the genotoxic effects of MTX using MN and SCA assays. The results
of this study indicate that there was a significant decrease in NDI when the cells
were exposed to MTX alone (Fig. 1A). NDI decreased from 3.4 in the control to 1.3
in the 100ug MTX treatment group (r = —0.79). The multinucleated cells decreased
dramatically with increase in MTX concentration as indicated by cell cycle kinetics
(Table 1). Percent micronucleated binucleated (MNBN) cells increased significantly
as the concentration of MTX increased (Fig. 1B, r = 0.94).

Inhibition studies using VA showed that NDI slightly increased with the addi-
tion of VA both at 50 and 10Qug/ml at selected MTX concentrations. The total
number of MNBN cells decreased in experiments in which cells were treated with
50 ug of VA; the decrease was significant at concentrations of 10, 50, andgl00
MTX/ml. With 100 ug VA/ml, a statistically significantR < 0.01) decrease was
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Fig. 1. Effect of MTX on cytogenetic damage in V79 Chinese hamster lung &ellSytotoxicity as
measured by NDI and MB: Clastogenicity as measured by percent MNBN and percent aberrant cells.

found in all concentrations of MTX tested. The percent MNBN inhibition ranged
from 26.8 to 76.1% (r = —0.87) for %@ and from 48.7 to 83.1% (r = —0.87) for 100
Hg of VA tested (Fig. 2A).

The SCA analysis showed that there was a significant decrease in Ml with in-
crease in MTX concentration (Table Il, Fig. 1A). The correlation coefficient was
—0.87. The MI decreased from 8.7 in the control to 2.1 a0 TX/ml treatment.

The total number of aberrant cells also increased significantly. There were more min-
utes and chromatid breaks compared to other types of aberrations. Percent aberrant
cells also increased significantll € 0.0001) in a concentration-dependent manner

(r = 0.93). The percent aberrant cells ranged from 4 in the control to 39 in cultures
treated with 10Qug MTX/ml (Table II).

Addition of VA to the MTX-treated cultures at two different concentrations
decreased aberrationgvhen 50 ug VA/ml was added, significant results were
obtained at higher concentrations of MTX (50 or 10¢/ml). However, when



MTX-Induced Chromosomal Damage 319
TABLE I. MN Induced by MTX and Their Inhibition by VA in V79 Cells '

Concentration Cell cycle MNBN cells/

(ng/ml) kinetics/400 cells 1,000 BN cells % MNBN % MNBN
MTX + VA IN 2N >2N  NDI* 1IMN 2MN >2MN Total cells  inhibition
0 + 0 37 73 290 3.36 13 5 3 21 2.1 —

0 + 50 130 128 142 2.39 12 3 1 16 1.6 23.8
0 + 100 102 141 157 2.53 9 1 0 10* 1.0 52.4
5 + 0 152 124 124 2.24 28 4 3 35 35 —
5 + 50 107 114 179 2.63 15 5 3 23 2.3 34.3
5 + 100 107 136 157 2.52 11 1 2 14%* 1.4%* 60.0
10 + 0 98 152 150 2.51 30 3 4 37 3.7 —
10 + 50 129 123 148 2.42 19 2 0 21* 2.1* 43.2
10 + 100 120 116 164 2.52 16 3 0 19* 1.9% 48.7
25 + 0 166 220 14 1.66 33 6 2 41 4.1 —
25 + 50 185 209 6 1.57 23 5 2 30 3.0 26.8
25 + 100 187 205 8 1.57 12 1 0 13** 1.3** 68.3
50 + 0 257 134 9 1.40 46 10 5 61 6.1 —
50 + 50 205 184 11 1.54 18 3 1 22%* 2.2%* 63.9
50 + 100 180 214 6 1.58 17 3 1 21%* 2.1%* 65.6
100 + 0 292 103 5 1.30 51 11 9 71 7.1 —
100 + 50 266 129 5 1.36 15 1 1 17** 1.7** 76.1
100 + 100 242 150 8 1.44 10 1 1 12%* 1.2%* 83.1

N = number of nucleus; BN = binucleated cells; MN = micronucleus; MNBN = micronucleated
binucleated cells.

®NDI = {IN + (2 x 2N) + (4 x >2N)}/400 cells scored.
*P < 0.05, **P < 0.01, significant values compared with their respective MTX concentrationsxdi$asg.

100 pg VA/ml was added, the number of aberrant cells significantly decreased
for all MTX concentrations. Percent inhibition ranged from 16.0 to 53.8% in
cells treated with 5ug VA/ml and from 56.0 to 87.5% in cells treated with 100
png VA/mI (Fig. 2B). These results clearly suggest that VA inhibits MTX-induced
chromosomal damage.

MTX-Induced Chromosomal Damage and Its Inhibition by CHL

In the MN assay, MTX induced a concentration-dependent decrease in NDI
(r =-0.98) (Table IllI). The NDI values decreased from 3.14 in the control to 1.9
at the highest concentration of MTX tested. The number of multinucleated cells
decreased drastically as the concentration increased. The number of MNBN cells
also increased with increase in MTX concentrations. Results of studies with CHL
as an antimutagenic agent to MTX-induced damage indicated that the NDI de-
creased when compared to their respective MTX-treated groups. The number of
multinucleated cells decreased dramatically and the number of mononucleated
cells increased. However, CHL decreased the amount of chromosomal damage
measured by MN formation at both concentrations tested (Table IlI, Fig. 3A). At
50 nug CHL/mI, a significant P < 0.01) reduction in percent MNBN cells was
found in all MTX concentrations tested. Results were similar for the addition of
100pug CHL/mI. The percent inhibition of MNBN ranged from 53.1 to 83.7 when
50 pg CHL/ml was added and from 75.0 to 91.6 with the addition of g0
CHL/ml. Percent inhibition was concentration dependent.

Results of SCA assay with MTX alone showed a concentration-related de-
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Fig. 2. Protective effect of VA on MTX-induced chromosomal damage in V79 Chinese hamster lung
cells.A: Percent inhibition of MNBN celldB: Percent inhibition of aberrant cells.

crease in Ml (Table 1V) (r = 3:45). Total aberrations/100 metaphase cells in-
creased with increase in MTX concentration (r = 0.98). There were more min-
utes and chromatid breaks than other types of aberrations. Percent aberrant cells
also increased significantly with increase in concentration. There were 8 aber-
rant cells/100 metaphases in the control, and this number increased to 33 in cells
treated with 10Qug MTX/ml.

Ml increased slightly at 10 and 19@ MTX/ml when treated with CHL at both
concentrations. dtal aberrations decreased in all concentrations of MTX tested
coupled with both concentrations of CHL. Percent reduction was significant at all
concentrations (exceptig) of MTX with the addition of 10Q.g CHL/ml (Table IV,

Fig. 3B). These data clearly show the protective effect of CHL on MTX-induced
chromosomal damage.
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TABLE Il. Chromosomal Aberrations Induced by MTX and Their Inhibition by VA in V79 Cells

. Aberrations/100 metaphase clls
Concentration , Aberrations/100 Abs
(ug/ml) Chromatid type Chromosome typ€ataphase cells Absnhibition
MTX + CHLMI® tg tb td f m tr gr cr sg sb af dm d r (without gaps) (%) (%)

0O + 087 02001000 200 100 4 4 —
0O + 5062 1 1002000 0O O0O0OO0O 3 2 50.0
0O +100 34 1. 100 1000 00O O O OO 2 2 50.0
5 + 063 15101000 0O0O0O0O01 8 8 —
5 +5041 11002000 21 0010 5 5 37.5
5 +100 23 2 000 100 0 OO O O OO 1 01 87.5
10 + 049 1 5103000 21 0 410 15 13 —
10 + 50 36 3 200 2000 21 0 1 10 7 6 53.8
10 +100 34 1 300 1000 2 1 0 1 00 8 05 61.5
25 + 052 824328231 96 1100 51 25 —
25 + 5036 71223 9201 41 1 3 13 38 21 16.0
25 +100 35 2 43 2101 00 1 0 O 4 00 21 11 56.0
50 + 043 553220000 2 4 0 5 73 49 29 —
50 + 5033 2 21014000 111 2 20 23 17 414
50 +100 34 2 201 60 00 2 0 O 3 10 13 M 62.1
100 + 02121286 2184 0 0 11 6 2 5 62 79 39 —
100 + 5029121301 9101 7 2 0 2 20 31 1o 51.3
100 +100 27 4 410 40 00 3 1 0 O 30 13 14 64.1

®MI, number of metaphase cells x 100/1,000 cells scored.

°tg, chromatid gap; th, chromatid break; td, chromatid deletion; f, fragment; m, minute; tr, triradial; qr,
quadriradial; cr, complex rearrangements; sg, chromosome gap; sb, chromosome break; af, acentric
fragment; dm, double minute; d, dicentric; r, ring.

‘Abs = aberrant cells.

*P < 0.05, **P < 0.01, significant values compared with their respective MTX concentrationsxfisirs.

DISCUSSION
Studies on MTX-Induced Genotoxicity

Significant reduction in NDI was observed in MTX-treated cells. This reduc-
tion can be explained by the fact that MTX inhibits synthesis of thymidylate, pu-
rines, and glycine due to its inhibitory effect on the enzyme DHFR in vivo [4].
Induction of MN by MTX has been observed in several studies. Kasahara et al. [10]
have shown that the frequencies of micronucleated reticulocytes increased in a dose-
dependent manner. The present study produced similar results with V79 cell lines.
Single treatment of MTX increased MN slightly and multiple injections of MTX not
only induced more MN but also severely reduced the percentage of polychromatic
erythrocytes when compared to single injection [9]. It is reasonable to assume that
the reduction of DHFR activity occurred due to intracellular accumulation of MTX.

It has been suggested that MTX enters bone marrow cells, binds to DHFR, and com-
pletely inhibits the activity of this enzyme. The continuous inhibition of DHFR ac-
tivity might cause an imbalance in the dNTP pools due to the storage of thymidylate
and purine nucleotides and, as a consequence lead to DNA lesions [1]. Another pos-
sible mechanism, especially in the case of a single dose of MTX, may be that the
decrease in the deoxyribonucleotide triphosphate (dNTP) pool is supplemented by a
salvage pathway. However, because insufficient dNTP pool remains, the DNA le-
sions induced by MTX genotoxicity present themselves as MN. Several in vivo studies
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TABLE Ill. MN Induced by MTX and Their Inhibition by CHL in V79 Cells '

Concentration Cell cycle MNBN cells/

(ng/ml) kinetics/400 cells 1,000 BN cells % MNBN % MNBN
MTX + CHL 1IN 2N >2N NDI 1IMN 2MN >2MN Total cells inhibition
0 + 0 57 86 257 3.14 22 4 2 28 2.8 —

0O + 50 117 152 131 2.36 11 2 0 13 1.3 53.6
0 + 100 110 141 149 2.47 9 1 1 ulx 1.10 60.7
5 + 0 86 69 145 3.01 44 13 7 64 6.4 —
5 + 50 109 143 148 2.47 20 7 3 3o 3.00 53.1
5 + 100 121 138 141 2.40 12 2 2 16 1.6d 75.0
10 + 0 89 71 240 2.97 61 20 7 88 8.8 —
10 + 50 140 167 93 2.12 15 4 0 m 1.9J 78.4
10 + 100 311 81 8 1.26 9 1 0 o 1.00 88.6
25  + 0 88 87 225 2.90 66 17 9 92 9.2 —
25 + 50 170 131 99 2.07 10 1 4 o5 1.50 83.7
25 + 100 304 80 9 1.29 6 2 1 9 0.90 90.2
50 + 0 119 76 205 2.73 69 19 7 95 9.5 —
50 + 50 165 165 70 1.94 15 3 0 m8 1.80 81.1
50 + 100 291 96 13 1.34 6 2 0 B 0.80 91.6
100 + 0 136 216 48 1.90 48 18 33 99 9.9 —
100 + 50 154 159 87 2.05 18 1 2 21 2.10 78.8
100 + 100 352 48 0 1.12 9 1 0 1o 1.00 89.9

TAbbreviations are defined in Table I.
*P < 0.01, significant values compared with their respective MTX concentrationsy@i$asy.

have shown that multiple doses of MTX-induced a dose-related increase in MN [7—
11]. The multiple-dose effect on the induction of MN by MTX might be explained
by the intracellular accumulation of the drug resulting in an imbalance or decrease in
the dNTP pool generated by DHFR enzyme inhibition.

It is well established that MTX is a mitotic inhibitor which arrests cell cycle in
interphase and leads to prolongation of metaphase in several cell types. Prolongation
or complete block of the metaphase stage of the cell cycle was demonstrated after
the addition of three different concentrations of MTX, namely 0.05, 3.2, andd04
to Chang cells in vitro [6]. In growing cells which enter the S phase of the cell cycle,
deoxyribonucleoside triphosphate is needed for both DNA replication and DNA re-
pair. Thus, strand breaks most likely occurred in mature DNA molecules as a result
of defective repair caused by the restriction of supply of dTTP and of purine nucle-
otides. The need for constant repair in mature DNA molecules arises from a rela-
tively frequent occurrence of DNA lesions. It should not be surprising that insufficient
DNA repair due to decreased availability of deoxyribonucleoside triphosphates would
result in DNA strand breaks.

Studies using VA as an antigenotoxic agent showed thasigfificantly re-
duced both MN and SCA induced by MTX. These results are in agreement with
other studies [16,17]. Similar studies were conducted using folinic acid and VA as
antigenotoxic agents to prevent the chromosomal damage induced by radiation [33,34].
Although the exact mechanism of anticlastogenicity of VA is still unknown, Sasaki
et al. [35] have suggested that the anticlastogemméctedf VA may be due to en-
hanced repair of DNA strand breaks. Ultraviolet light (UV)-induced breakage type
aberrations were suppressed by VA in G2 phase, which may support the correlation
between anticlastogenicity of VA and post-replicational repair. DNA strand breaks
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Fig. 3. Protective effect of CHL on MTX-induced chromosomal damage in V79 Chinese hamster
lung cells.A: Percent inhibition of MNBN cellsB: Percent inhibition of aberrant cells.

appear to be poorly repaired by MTX-treated cells. Imanishi et al. [14] reported that
the frequency of 6-TG-resistant mutations was decreased by post-treatment with 0.1
mM VA during the expression time in cultured Chinese hamster V79 cells. VA has
also been shown to inhibit the genotoxic effect of chemicals. These studies are in
agreement with the present study where there is a significant decrease in both MN
and SCA.

The anticlastogenic effect of VA may be due to its ability to promote the rejoin-
ing process of DNA strand breaks in which DNA polymer@smay act [17]. In
mammalian cells, key enzymes involved in DNA repair are polymerasa [3.
Polymerasd acts throughout the cell cycle and the anticlastogenic activity of VA is
correlated with pre- and post-replicational repair of double strand breaks and single
strand breaks. A reduction in frequencies of MN and SCA seen in the present study
by VA, therefore, may be due to the promotion of DNA rejoining.

The mechanisms by which CHL and other porphyrins exert their antimutagenic
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TABLE IV. Chromosomal Aberrations Induced by MTX and Their Inhibition by CHL in
V79 Cells

: Aberrations/100 metaphase cells
Conce/ntrlatlon ch id ¢ ch ypdberrations/100 Abs
(kg/ml) romatid type romosome yPyetaphase cells Abs inhibition
MTX + CHL MI tgtbtd f m tr gr sg sb af dm d r (without gaps) (%) (%)

0O + 0 98 00O0O01000 0 0 0 301 14 8 —

0O + 50 54 2400400 0 00 2 11 12 10 25.0

0O +100 1.3 00 OO0 20O 02 0 001 5 5 37.5
5 + 060 12011400 000 410 22 11 —
5 + 50 31 10 00 400 0 0 0 00O 4 m 727

5 +100 1.3 81 00 6 0O 2 0 0 100 8 6 45.5
10 + 0 50 120016 0 O 2 0 0 310 22 12 —
10 + 50 54 41 00 100 0 00 0 22 6 04 66.7
10 + 100 57 3 0 00 3 0 O 1 0 0 00O 3 02 83.3
25 + 050 34011900 2 0 0 6 10 31 17 —
25 + 50 40 73 00 400 1 0 0 2 22 13 10 41.2
25 + 100 31 40 00 6 0O 4 0 0 0 02 8 03 824
50 + 0 49 24 0018 0 0 3 00 2 30 27 19 —
50 + 50 50 6 4 40 200 7 0 0 0 20 12 10 47.4
50 + 100 46 40 01 700 3 00 100 9 08 57.9
100 + O 48 1838 6 312 2 1 11 3 3 3 32 76 33 —
100 + 50 69 43 00 701 01 0 00O 12 m 727
100 + 100 47 4 2 10 7 0 O 1 0 0 0 0O 10 18 75.8

TAbbreviations are defined in Table II.
*P < 0.05, **P < 0.01, significant values compared with their respective MTX concentrationsxdisesg.

activities are not entirely clear at present. Scavenging of radicals or suppression of
metabolic activation has been suggested as two possible mechanisms [18]. CHL is
known to inhibit the mutagenicity of a variety of compounds. It has been shown to
inhibit mutagenicity seen iBalmonella typhimuriunmduced by a variety of com-

plex mixtures. Most of the studies in the literature support the hypothesis that CHL
acts through complex formation with promutagens or ultimate mutagens. The
antimutagenicity of CHL with respect to Benzo[a]pyrene and its metabolites can
best be explained by such complex formation. CHL is also known to be an antioxi-
dant. In terms of its in vitro antimutagenic activity, it has been found to be more
effective than many of the well-known antioxidants such as rditealotenes, ascor-

bic acid, anda-tocopherol [36]. The results of the present investigation show that
CHL has an in vitro protective effect. One cannot rule out the possibility of CHL
exerting its protective effect by inhibiting the activation process, in addition to other
mechanisms. Scavenging of radicals and/or interaction with the active group of mu-
tagenic compounds may be responsible for its antimutagenic activity.
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