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Aluminium acetate (AA) has many pharmaceutical applications, which necessitates a thorough eval-
uation of its toxicity. Dose- and time-dependent genotoxic effects of AA were investigated in Swiss
albino mice after exposure via intraperitoneal (i.p.) injection, by employing assays to detect chromo-
somal aberrations (CA) and micronuclei (MN) in bone marrow, MN in fetal liver, and abnormalities in
sperm. Animals were treated with single doses of 50, 100 and 150 mg/kg body weight (bw), and with
daily doses of 50 mg/kg bw for seven consecutive days, in order to study the effects of acute and cumula-
tive doses, respectively. Post-treatment sampling was done at 24, 48 and 72 h for bone-marrow CA and
MN tests, to study time-dependent effects. Both single and repeated exposures of AA induced chromo-
somal aberrations, which were dose and time-dependent. The MN test failed to demonstrate genotoxicity
after the single-dose exposures, indicating that a higher threshold dose is required for MN induction.
Repeated treatment of AA, however, induced MN formation even at the low dose (P<0.05), reflecting
genotoxicity following chronic/sub-chronic exposure. A significant reduction in mitotic index and in
the P/N (polychromatic/normochromatic erythrocytes) ratio suggests that AA also has a mitodepres-
sive effect in bone-marrow cells. AA-induced germinal genotoxicity was evident from a significant and
dose-dependent increase in the percentage of abnormal spermatozoa and a reduction in sperm count.
Transplacental exposure of AA resulted in the dose-dependent increase in the frequency of micronucle-
ated erythrocytes in the developing fetus. Thus, the current in vivo study revealed genotoxic effects of
AA both on somatic and germ cells of Swiss albino mice.
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aluminium-induced neurotoxicity is not completely understood.
However, aluminium forms a complex with the chromatin struc-
ture of neurons [4] and induces fragmentation of chromatin in
cultured cortical neurons [5]. Obviously, these reports indicate
that aluminium can have damaging effects on the genetic mate-

1. Introduction

Aluminium occurs naturally in the soil and makes up about 8%
of the Earth’s crust, where it constitutes the third most abundant
element. Although it does not occur in the free state, aluminium

is found in combination with other elements as aluminium oxide,
aluminium silicate, aluminium borate, etc. Because of their dis-
tinctive physicochemical properties, aluminium compounds and
their derivatives are used in the preparation of various commer-
cial products, including therapeutic agents, water purifiers, and
as food additives [1]. They are released into the environment
both by natural processes and from anthropogenic sources, thus
increasing the risk of consumer and occupational exposures [2].
Aluminium induces neurotoxicity in mammals and is a risk fac-
tor for Parkinson's and Alzheimer’s diseases [3]. The mechanism of
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rial. Aluminium derivatives or salts have been studied for their
mutagenicity in bacterial systems [6], in vitro [7,8] in vivo models
[9,10], and in plant cells [11]. Earlier studies indicated that alu-
minium has carcinogenic and mutagenic activities [6,12] and that
aluminium salts possess xeno(metallo)-estrogenic properties [13].
Besides their endocrine-disrupting activity, many xeno-estrogens
are known to induce genotoxic effects [14]. There are few reports
on the exposure of aluminium compounds via the transplacental
route [15,16], causing adverse effects on prenatal and postnatal
development [2,15,17]. Aluminium-induced reproductive toxicity
is a major concern since this metal has been reported to impart
adverse effects on germ cells/tissues in mammals [18-20].
Aluminium acetate is a salt produced by the reaction of alu-
minium hydroxide and acetic acid. It is a general laboratory reagent
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used for many qualitative and quantitative chemical experiments.
It is widely used as a drug for the treatment of certain diseases
of bone, ear (otitis externa), infections in the outer ear canal, as
an antiseptic, astringent and as a topical solution to treat severe
rashes {21}, Although several reports on the genotoxicity of differ-
ent derivatives/salts of aluminium are available, there is no report
on aluminium acetate in particular, Using Swiss albino mice as the
test system, we carried out an invivo study to assess the geno-
toxic effects of AA in somatic cells, in male germ cells, and during
developmental stages after transplacental exposure.

2, Materials and methods
2.1. Chemicals

Aluminium acetate (AA; CsHgAlOg ) (basic}(CAS No. 142-03-0; Batch No, 1049),a
white, light hygroscopic powder obtained from Rolex chemical industries, Mumbai,
India, was used for the experiments. Cyclophosphamide (CP, CAS No. 6055-19-2;
Batch No. G106) Endoxan, Asta Medica AG Germany, marketed by German Remedies
Ltd., Ponda, India) was used as the pasitive control. Colchicine (C22HasNOg; CAS No.
64-86-8; Batch No. T 823279) was purchased from Super Religare Laboratories (SRL)
Ltd., Mumbai, and used as the mitotic arrestant for chromosome preparation. Hank's
batanced sait sofution (HBSS; Batch No. 11461.3) and fetal calf serum (FCS: Batch
No. 1112) were procured from Hi-media Laboratories Pvt, Ltd., Mumba, India.

2.2. Animals

Swiss albino mice (Mus musculus) were bred and maintained in the departmen-
tat animal house. Care and handling of the animals were in accordance with the
guidelines of CPCSEA, India [22]. Animals were maintained in a good hygienic con-
dition, at a temperature of 23 £ 2°C and on a 12-hight/dark cycle. Commercial food
pellets (Amrutha feeds, Bangalore) and water were provided ad libitum. Five mice
(8-10 weeks old; average body weight, 25 +2g) were used in each experimentat
and controf group.

2.3. Dose and treatment schedufe

The oral LD50s of aluminium nitrate, chloride, and sutfate in mice and rats range
between 200 and 1000 mg of aluminium/kg/bw | 23]. However, no substantial report
is available on the lethal dose of AA when given intraperitoneally to Swiss atbino
mice. Therefore, for selection of test doses, the median lethal dose (LD50) was deter-
mined by employing Log-probit analysis |24], The analysis revealed an 1LDS0 vatue
of 1150 mg/kg bw at a post-exposure observation period of 24 b, after i.p. admin-
istration of AA. Sub-lethal doses of AA, i.e. 50, 100, 150 mgfkg bw were selected
for the present genotoxicity assessment, based on previous reports on atuminium
salts with special reference to their lowest-observed-adverse-effect-level (LOAEL)
in animal studies. The LOAEL for atuminium lactate-induced neurotoxic effects is
reported to be 160 mg/fkg bw/day both in CD mice |25] and in Swiss-Webster mice
(26]. According to the panel on safety of aluminium from dietary intake of the
European Food-Safety Authority, the LOAELs for neurotoxicity, testicular toxicity,
embryotoxicity, and effects on the developing nervous system are 52, 75, 100, and
50 mg atuminium/kg bwjday, respectively {27}, The LOELs for aluminium in arange
of different dietary studies in mice, rats and dogs were in the range of 50~-75mgjkg
bwjday [28]. As far as human exposure is concerned, the daily intake of aluminium
through food and beverages ranges between 2.5 and 13 mg for adults. Drinking water
may contribute 0.4 mg/day. Pulmonary exposure may contribute up to 0.04 mg/day.
In some circumstances such as during occupational exposure and upon antacid use,
more than 500 mg of aluminium may be consumed in two average-size antacid
tablets [2].

Double-distilied water and cyclophosphamide (CP){25 mg/kg bw for CA and MN
test; 50 mgfkg bw for the MN test in fetal liver and the sperm-abnormatity assay)
were used as the vehicle and positive controls respectively. All were administered
to experimental animals intraperitoneally in a votume of 0.2 ml.

To assess time-dependent effects, bone-marrow samplings were done at 24, 48
and 72 h after the treatment with the single doses. The cumulative-dose experiment
was performed with a dose of 50 mg/fkg bw, which was administered daily on seven
consecutive days at 24-h time intervals, Bone marrow was sampled 24 b after the
last administration of the test chemical.

2.4. Chremosoinal aberration (CA) test

The experimental animals were injected i.p, with colchicine (2 mgfkg bw), 1.5h
prior to sacrifice to arrest the cells at the metaphase stage. Chromosomal prepa-
rations were prepared from the bone marrow according to the method described
by Tjio and Whang {29]. Flame-dried slides were stained with buffered Giemsa (pH
6.8) and ceded. The frequency of chromosomal aberrations in bone-marrow celis
was determined by scoring 100 well-spread metaphases, all with 40 chromosomes
(2n=40) from each animal following standard criteria |30.31).

The percentage of total aberrations was calculated as follows; cells with chro-
mosomal aberration(s) = total number of cells scored] x 100. For the mean vaiue,
the standard error of the mean (SEM) was applied for the data obtained from five
animals, Comparison was done between cells with intact chromesomes and cells
with chromosomal aberrations for statistical analysis. Mitotic indices (M) were
also determined by scoring the number of dividing cells in a total of 2000 bone-
matrow cellsfanimal, and then caiculated with the formula: Ml =[number of mitotic
cells = total number of cells scored} x 100,

2.5, Micronucleus (MN) assay

The MN assay was performed according to the method described by Schmid
[32], modified by Seetharam Rao et al, {33}, Bone-marrow smears were stained
with May Gruenwald-Giemsa and scored for the presence of MN in polychro-
matic erythracytes (PCEs) and normochromatic erythrocytes (NCEs}, Two thousand
PCEs and NCEs in the corresponding field of observation were scored per ani-
mal. The ratio of PCE and NCE (P/N) was calculated for all treated and control
groups.

2.6, Transpiacental MN assay

The MN assay in fetal liver tissue was performed following the method of Cole
et al. }34), Eight-week-old virgin female mice were piaced with a virgin male of the
same age group, overnight, Successful mating was confirmed by the presence of a
copulatory piug the following morning. The day of appearance of the vaginal plug
was designated as gestation day zero, The pregnant mice were treated with the test
agent on day 14 of gestation. Three pregnant females were included in each treated
and control group. On day 15 of gestation, i.e. 24 h after the treatment with the test
chemical, the animals were sacrificed and four fetuses from each animat were used.
A total of 2000 PCE and NCE present in the same field of ebservation were scored
from each fetus to determine the frequency of micronucleated erythrocytes and the
P{N ratio.

2.7. Sperm-abnormality assay

The same three doses of AA as mentioned above were selected for the sperm-
abnormality test. Eight-week-old virgin male mice (n=5) were used in each
experimentat and control group. Post-treatment sampiing was done after five weeks
considering the duration required for spermatogenesis, and for sperm reaching the
cauda epididymis, Sperm suspensians were made in phosphate-buffered saline {pH
7.2) from both caudae and stained with 1% eosin-Y. A total of 2000 sperm per
animal were scored to determine the frequency of sperm abnormafities, accord-
ing to the criteria of Wyrobek and Bruce [35], which include hookless, amorphous,
banana-shaped, folded, double-headed and double-tailed. The frequency of abror-
mal sperm was expressed as percentage, calculated with the formula: [number of
abnormal sperm + total number of notmal and abrormatl sperm scored] x 100. In
addition, testes weight and sperm count per epididymis {36) were determined in
these animals.

2.8, Statistical analysis

Statistical analysis of the data was performed by means of one-way ANOVA
with Dunnett's post hoc test for the chromosomal aberrations [37), and the paired
t-test for MN, transplacental MN and sperm abnormalities [ 38). A P-value <0.05 was
considered to correspond with statistical significance.

3. Results
3.1. Chromosomal aberration test

Resuits of the chromosomal aberration test are presented in
Table 1. The single exposures to AA induced a significant increase
in total aberrations at different time intervals compared with the
vehicle control, except for the dose of 50 mgfkg bw at 72 h. There
was a decrease in chromosomal aberrations with longer time
after exposure, Cumulative dose treatment also induced aberra-
tions at a significant level. The observed aberrations include gaps,
breaks, exchanges, ring chromosomes, centric fusions, stickiness
and pulverization. Compared with the vehicle control, there was a
significant reduction in the mitotic index at higher doses in
AA-treated groups (P<0.,05). In cumulative dose treatment, AA
induced a higher frequency of cells with chromosomal aberra-
tions {P<0.01) compared with the vehicle control. There was a
dose-dependent decrease in Ml in treated groups (100 mg/kg bw at
24 h, and 150 mg/kg bw at 24 and 48 h) compared with the vehicle
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Table 1
Frequency of chromosomal aberrations induced by aluminium acetate in bone-marrow cells of Swiss afbino mice and in controls,
Treatment dose (mgfkg bw) Time Mean Ml SEM' GS iso BS 8S EXS RS FS MA CF St & Pul. Total™ +SEM
0 24 64 £ 0.16 14 - 04 - 0.6 - - - 1.4 3.80 £ 024
48 6.2+ 0.14 1.8 - 0.4 - 0.2 - - - 14 3.80 £ 0.24
72 6.2 £ 0.17 1.4 - 0.6 - 0.2 0.2 - - 1.0 3.40 4+ 032
CP-25 24 50 % 0.12° 7.9° 4,6Y 13.5¢ 8.9 3.7 24 6.8* 2.7 3.0 50.10 + 0,57°
48 5.0 & 0.09* 8,62 6.0 16.0¢ 7.8° 427 2.2¢ 8.2b 2.6° 3.6 48.60 £ 0.35°
72 5.7 + 011 9.6% 5.6% 16.0¢ 7.6 3.64 3.0° 8.2b 2.4° 5,62 44,20 % 0.56°
50 24 60+ 0.15 28 - 1.0 06 08 - - 08 4.8° 10,80 £+ 0.12*
48 6.2 £ 0,14 3,00 0.2 1.6 04 0.2 - - 1.0 4,6% 11.00 £ 0.14°
72 62 + 0.15 26° 0.2 0.8 04 1.0 - - 0.6 3.2° 8.80 + 0.13
100 24 5.0 & 0.12¢ 3.0 0.2 14 1.2° 12 - 0.4 04 5.2° 14.00 & 0,14%
48 56 4 0.08 30 06 08 14 14 0.2 - 0.6 3.8 11.80 + 0.10°
72 58 £ 013 24 0.2 08 1.2¢ 1.0 0.2 - 0.6 3.0° 940 £ 0.12*
150 24 52 + 0.14% 4.2“ 0.2 14 0.6 202 04 0.2 1.22 5.8 16,00 % 0.137
48 54 £ 0.12* 442 0.2 1.0 0.2 1.0 0.2 0.2 0.6 4.6% 12.40 + 0.06°
72 58 + 0.15 3.0 0.4 04 0.4 0.8 0.6 0.2 0.6 34° 9,80 4+ 0.15°
50x7 <D 5.5 & 099 4.8% 04 14 - 0.6 0.8 0.8 128 52 15.20 £ 0.17°

€D, cumulative dose; GS, gaps; BS. chromatid breaks; Iso BS, isochromatid breaks; EXS, exchanges; RS, rings; FS, fragments; MA, multipte aberrations; CF, centric fusion; St
& Pul, stickiness and pulverization; CP, cyclophosphamide; SEM, standard error of the mean.

4 P<0.05.

b p<0,01,

¢ P<0.001 {Dunnett’s post hoc test).

* Mitotic index.

™ From 2000 cellsfanimal; 5 animals/group.

control. Cyclophosphamide induced a statistically significant
increase in aberrations and a reduction in the MI at different time
intervals.

3.2. Bone-marrow micronucleus (MN) test

Tabie 2 presents the data obtained for the MN test. In the single-
treatment groups, there was no statistically significant increase in
MN frequency at any of the doses and time intervals, compared
with that of the vehicle control. A significant increase (P<0.05)
in micronucleated PCE compared with the vehicle control was
noted in the cumulative treatment group. The PN ratio was sig-
nificantly reduced only at the highest single dose (150 mg/kg bw)
and after the cumulative dose. The positive control cyclophos-
phamide induced a highly significant increase in MN frequency and
a decrease in PN ratio at all time intervals (P<0.001)

3.3. Transplacental MN test

The results obtained for transplacental MN test are presented
in Table 3. AA induced a significant increase in the frequency of
micronucleated erythrocytes in the fetal liver, in a dose-dependent
manner. The P/N ratio was significantly reduced compared with the
vehicle control (P<0.001), However, this reduction was not found
to be dose-dependent.

3.4. Sperm-abnormality assay

AA induced a dose-dependent and statistically significant
increase in the frequency of abnormal sperm when compared
with the vehicle control (Table 4). There was a dose-dependent
reduction in sperm count, which was significant at the medium
(100 mg/kg bw) and high (150 mg/kg bw) doses, and body and testis
weights were not significantly affected at any of the doses tested
(Table 5). The positive control cyclophosphamide induced a signif-
jcant increase in sperm abnormalities and a significant reduction
in sperm count (P<0.001).

4. Discussion

Since AA has many consumer applications, particularly as a
therapeutic agent, the evaluation of its genotoxic effect is practi-
cally relevant to arrive at a safer mode of exposure. In the present
study, the doses selected were higher than human exposure levels,
In recent years the use of aluminium has increased dramatically.
Because of its corrosion resistance and low weight, aluminium is
used widely as a building material, thereby increasing occupational
exposure, In addition, because of its excellent heat conductivity,
aluminium is used for the manufacture of various types of cooking
utensils {6], which may also lead to increased human exposure.

In the present study, AA was evaluated for genotoxicity at doses
up to 150 mg/kg bw as single exposures, and at 50 mg/kg bw/day
for seven days as cumulative exposure, Epstein {39] advocated the
need to test chemicals at dose levels higher than those anticipated
in humans, While metabolic reactions in any mammalian test ani-
mal may differ from those in humans to a greater or lesser extent,
the animal experiment has the important advantage that test
substances can be applied in much higher doses than are therapeu-
tically safe in humans [40]. Moreover, testing at higher dose may
take into account the possible accidental exposure or accumulation
of agents/drug during long-term exposure/therapy. The results of
the CA test indicate that AA induces dose- and time-dependent
genotoxic effects in bone-marrow cells. This observation is in
agreement with earlier studies [41-44], where other types of alu-
minium salt were shown to induce chromosomal aberrations. In
the present study, AA-induced aberrations included gaps, breaks,
exchanges, centric fusions, rings, and stickiness and pulveriza-
tion. Aberrations such as breaks, exchanges, centric fusions and
rings represent the typical clastogenic effects of test agents, Alu-
minium compounds induce the formation of DNA adducts [45],
which is a basis for clastogenicity due to conformational distort-
ions that inhibit proper DNA replication [46]. Earlier studies have
demonstrated that aluminium can disrupt the chromatin structure
[47,48]. It is well known that reactive oxygen species {(ROS) gener-
ated from the metabolism of xenobiotics induce DNA/chromosomal
damages. Anane and Creppy (49] and Vota et al. {50] have
shown that aluminium induces the production of ROS in animals.
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Table 2
Results of the bone-marrow micronucieus (MN) test after i.p. injection of aluminium acetate in Swiss albino mice.
Treatment/dose {mgfkg bw) Time (h) % MN PCE’ + SEM %MN NCE 4 SEM P/N ratio 4 SEM
o 24 0.19 £ 0.00 0.09 + 0.00 1.00 £ 0.00
48 0.24 + 0.00 0.16 4 0.00 1.00 £ 0.00
72 0.20 + 0.00 0.14 & 0.00 1.00 + 0.00
Ccp-25 24 1.44 & 0.07c 0.21 & 0.03* 0.88  0.02
48 0,91 + 0,05¢ 033 £ 0.08* 0.81 + 0.01°
72 0,95 + 0.07¢ 0.63 + 0.08° 0,76 + 0.01°
50 24 012 £ 0.04 0.14 £ 0,02 1.08 + 0.01
48 0.08 + 0.01 0.09 + 0.03 1.14 + 0.04
72 0.06 £ 0.03 0.07 + 0,03 0.95 % 0,02
100 24 0.20 4 0.04 0.03 & 0.03 091 +0.02
48 0.18 + 0.03 0.04 & 0,04 0.87 + 0.03
72 0.09 £+ 0.03 0.04 & 0.02 0.86 + 0.01
150 24 0.18 £ 0.04 0,12 + 0,02 0.83 + 0.05*
48 0.16 + 0.02 3,13 + 0.01 0.82 + 0.01*
72 0.14 £ 0.03 0.06 + 0.02 0.86 3 0.04
50x7CD 24 0.34 + 0.06" 0.15 + 0.07 0.82 1 0.067
CD, cumulative dose; PCE, polychromatic erythrocytes; NCE, normochromatic erythrocytes; P/N, PCE/NCE ratio,
3 p<0.05.
b p<001.

¢ P<0,001 (paired t-test).
* From 2000 PCE and corresponding NCEfanimat; 5 animals/group.

Tabje 3

Frequency of micronucleated erythrocytes {(MN-E) induced by aluminium acetate in fetal liver after 24 h of transplacental exposure,
Treatment{dose (mgfkg bw) % PCE % NCE % MN-E & SEM PN ratio = SEM
] 93.26 6,74 0.12 + 0.02 13.84 & 0.46
CP-50 82.17 17.83 4.4 & 007 4,61 013
50 89.29 14.71 0.22 + 0.04° 6.07 + 0.26¢
100 87.05 12.95 0.34 + 0.05° 6.72 £ 001¢
150 85.44 10.56 0.48 & 0.04° 8.09 + 0.11¢

Three pregnant females/group, 500 PCEffetus and 4 fetuses{animal. PCE, POLYCHROMATIC erythrocytes; NCE, normochromatic erythrocytes; MN-E, micronucleated erythro-
cytes; PfN, PCE/NCE ratio.

* P<0.05.

b p<0.01.

¢ p<0,001 (paired t-test).

Table 4
Erequency of different types of abnormal sperm induced in Swiss albino mice after five weeks of treatment with aluminium acetate.”

Treatment/dose (mgfkg bw} A B H F DH oT Total Abnermal % Abnormat sperms % SEM
0 33 08 31 26 02 07 107 1.07  0.26

CP-50 182 43 149 100 12 25 511 5.t1 £ 0.59¢

50 89 28 46 36 06 12 217 2.17 % 0.31%

100 115 62 48 57 o5 25 312 3.12 & 0.76°

150 121 52 54 79 22 23 351 351 % 0.81°

A, amorphous; B, banana shaped; H, hookiess, , folded; DH, double headed; DT, double taited.
@ p<0.05.
b p<got.

¢ P<0.001 (paired t-test),
* 2000 sperm/animal; 5 animalsfgroup.

Table 5
‘Effect of aluminium acetate on body weight, testis weight and sperm count.

Treatmentfdose (mgfkg bw) Initial body wt. (g) Sacrifice body wt. (g) Testis wt. g+ SEM Sperm count/epididymis x 108 £ SEM
0 27.00 32.20 0.26 & 0,01 8.70  0.52

CP-50 24.00 27.20 0.19 £ 003 5.52 & 0.247

50 29.24 30.30 0.26 * 0.02 8.20 £+ 0.33

100 25.18 27.08 0.24 £ 003 6.47 + 0.34*

150 2444 28,60 0.25 + 0.01 6.39 & 0.51°

* P<0.05,

® p<0,01(paired i-test).
* Five animalsfgroup.
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Further, aluminium has been reported to enhance the permeabil-
ity of the lysosomal membrane {51] and to inhibit the lysosomal
proton pump [52]. Both these actions result in release of DNAse,
whose passage into the nucleus leads to DNA fragmentation. Aly
et al. |53} demonstrated that DNase introduced into the cytoplasm
by electroporation results in severe damage to the genetic material.
Thus, the observed clastogenic effect of AA may be due to any one
of the above-mentioned mechanisms, or to a combination of these.

The major type of AA-induced chromosomal abnormality as
noted in the present study is stickiness. According to Heddle {54},
the first chromosomal abnormality seen at mitosis is chromosome
stickiness, other aberrations occur only later, but the reason for
this is not known. Although, Savage [30] considered chromosomal
stickiness as an unconventional aberration, he suggested that an
increase in its frequency after chemical treatment clearly indi-
cates that it is produced due to the effect of the test agents. The
AA-induced stickiness observed in the present study is in agree-
ment with earlier reports of Manna and Das [41] and Roy et al.
{43} who also demonstrated the induction of chromosome sticki-
ness and bizarre configuration in bone-marrow celis of mice and
rats. Several mechanisms have been hypothesized for chemical-
induced stickiness [55-57}. McGill et al. {58] analyzed mitotic cells
that showed chromosome stickiness by means of an electron micro-
scope, which revealed the inter-chromosomal and inter-chromatid
connections both in metaphase and anaphase. From these stud-
ies the authors gave a mechanistic explanation, which states that,
‘When the chromosome fibers fail to condense properly in the
preparation of mitosis, they may be trapped and tangled with the
fibers of other chromosomes, thus becoming physically connected.
Such abnormal sub-chromatid connections cause many chromo-
somes to adhere to one another resulting in stickiness'. Exireme
stickiness leads to clumping and disintegration of chromosomes
resulting in cell death [59] or reduced mitotic division {60

Concerning time-dependent effects, there was a decrease in the
frequency of cells with chromosomal aberrations with increasing
time interval after exposure. It can be hypothesized that if the expo-
sure time increases, the damaged cells may be eliminated by cell
death, hence the decrease in chromosomal aberrations at later time
points after exposure. Fulda et al. [61] emphasized on how the
cell-death programs are activated to eliminate the damaged cells
from the organism if cellular defense mechanisms and pro-survival
strategies fail during the course of time. Another possible reason is
that AA or its metabolites may not be present in the animal at later
time intervals following the treatment to cause genetic damage.
The half-life of aluminium has been studied in various animals like
rat, rabbit and dog, which ranges frorm 80 to 280 min, indicating the
fast clearance from the body [6].

MN formation is a biomarker for genotoxicity manifested by
two mechanisms, i.e. clastogenic and spindle-damaging actions.
Surprisingly, in the present study, the MN test did not reveal a
clastogenic andfor spindle-damaging effect of AA at any of the
single-dose exposures, although in the CA test, it induced clasto-
genicity in terms of gaps, breaks, exchanges, centric fusions and
rings. These differential results may be due to the sensitivity of
the endpoints and/or the threshold dose of AA required for the
induction of a positive response in a particular endpoint. In the
CA test, all types of structural aberration are observed, while in
the MN test only lagging chromosomes and acentric fragments
are shown as MN {14]. Induction of MN after repeated exposure
indicated the cumulative effect of AA, Maier and Schmid [62] justi-
fied the usefulness of multiple-treatment schedules in the MN test;
some chemicals show a positive response only after repeated expo-
sures rather than after a single exposure. It has been demonstrated
that certain agents are more sensitive to induce MN in multiple
treatments than after a single exposure [63], as revealed from the
present cumulative data. The current observation of induction of

genotoxicity after repeated exposure even at the lower dose, but
no effect in singlefacute exposure even at the higher doses of the
same agent alerts about the higher risk of prolonged exposure to
chemicals.

The ratio between the number of cells in mitosis and the total
number of non-dividing cells represented as Ml is a measure of the
proliferation status of a cell population. A decrease of the ratio of
PCE to NCE (P/N) in the micronucleus test is an indicator of bone-
marrow toxicity |64]. In the present study, AA-induced toxic effect
on cell proliferation in bone marrow was confirmed by the signifi-
cant reduction in MI and P/N ratio in CA and MN tests, respectively.
This mito-depressive effect was observed only at the higher doses
of AA, i.e., 100 and 150 mgfkg bw. At the lower dose (50 mg/kg bw)
there was no such effect at any time interval, However, a mul-
tiple exposure to AA at a lower dose induced a mito-depressive
effect as indicated by the significant reduction in M} and P/N ratio.
These observations coincide with the earlier studies reporting the
cytotoxic effect of aluminium compounds in different cell types
[7.43,50,11}. As specified earlier, aluminium produces ROS upon
bio-transformation, and one of the toxic effects of ROS is cytotoxic-
ity/mitodepression |65, Further, it is well known that cytotoxicity
is a direct consequence of DNA/chromosomal damage.

Mutation during the prenatal period poses a hazard as it may
stimulate important neoplastic alterations, andfor induce mani-
festation of other diseases, in postnatal life {66,67]. Furthermore,
there is a link between mutagenicity and teratogenicity [68.69].
Considering some reports on transplacental exposure of the fetus
to aluminium [70,71], it is appropriate to evaluate its possible
genotoxicity during the developmental stage, The transplacental
micronucleus assay developed by Cole et al. [34] is a recom-
mended method for assessment of genotoxicity during prenatal
life. In the present study, a significant dose-dependent increase in
the frequency of micronucleated fetal erythrocytes indicated the
transplacental genotoxic potency of AA. This observation is in line
with earlier studies where some aluminium compounds displayed
genotoxicity [9,72,73}, including the induction of MN in the fetus
[41,42,46]. It is interesting to note that in adult animals AA did not
induce the formation of MN in bonie-marrow erythroblasts even at
high dose, but it induced MN in fetal erythroblasts at a significant
level, even at low dose. This is indicative of the high sensitivity of
fetal cells to the genotoxicity of AA. Similar results were obtained
with certain other agents that induced a higher frequency of MN
in fetal cells, but no or a relatively low frequency in cells of adulis
[74,75]. According to Cole et al. |74}, since fetal liver possesses a
greater metabolic potential than adult bone marrow, the transpla-
cental tests respond to genotoxic agents not detected by the adult
bone-marrow system. This type of result exemplifies age-related
chemosensitivity [75].

A report of the US Environmental Protection Agency Gene-Tox
Program based on the review of the literature proposes that the
mouse sperm morphology test is highly sensitive to germ-cell
mutagens: 100% of the known mutagens were correctly identi-
fied as positive in the sperm morphology test [76}. AA induced
dose-dependent damaging effects in male germ cells, which are
manifested in the form of an increased frequency of abnor-
mal sperm and a decreased sperm count. The positive response
obtained in the present study is comparable with the reports of
Liobet et al. [19] and Guo et al. [77], who also demonstrated
the adverse effects of aluminium on the male reproductive sys-
tem in the mouse. Oxidative stress induced by xenobiotics is a
major cause of sperm abnormality {78]. It is known that free radi-
calsfoxidative stress induce DNA damage in meiotic chromosomes
{79} and also interfere with the differentiation process during sper-
matogenesis [80]; both mechanisms are involved in the production
of abnormal sperm. AA-induced oxidative stress mediated by free
radicals has been demonstrated in brain cells of albino mice [81].
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Intraperitoneal administration of AA induced lipid peroxidation
and changes in oxidative stress enzymes in different tissues, includ-
ing testis in albino mice [82). A similar mechanism may be a
plausible explanation for the induction of the testicular toxic-
ity observed. Among the abnormal sperm, the frequency of head
abnormalities was found to be high. The Y-chromosome plays an
important role in determining the shape of sperm heads, and any
damage here may lead to malformations of the sperm head [83.84].
However, Y-chromosome specific damage induced by aluminium
and/or its salts has not been reported. Further studies on this partic-
ular aspect will give insight into the link between Y-chromosome
damage and AA-induced sperm head abnormalities. Although AA
did not show any effect on testis weight, its cytotoxic effect was
clear in terms of a significant reduction in sperm count, with the
minimum threshold-dose required for the effect being 100 mg/kg
bw. Other forms of aluminium salts also induced a reduction in
epididymal sperm count in mice [19] and in Wistar rats [85]. Thus,
from our observation and from earlier reports it can be deduced that
aluminium salts and/or their metabolic products interfere with the
production or maturation or storage of sperm in the epididymis.

From the current study it can be concluded that despite the fail-
ure of AA to induce MN after a single exposure, its genotoxic effect
in adult mice is evident from chromosomal and sperm parameters.
Induction of MN in fetal erythrocytes suggests that fetal tissues are
more sensitive than those of adults to the toxic effects of AA. Under
the test conditions of this study, AA at doses >50mg/kg bw was
genotoxic in mice. Further studies should be conducted to identify
a safe dose level for human exposure, AA was also found to have a
mitodepressive/cytotoxic activity in somatic and germ cells. These
toxic responses alert us for the health hazards from overexposure
and/or chronic/sub-chronic exposure to aluminium salts, with spe-
cial reference to AA, Therefore, care should be taken to ensure a safe
use of these compounds.
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