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Abstract
Arsenic (As) is a well documented human carcinogen. However, its mechanisms of toxic action
and carcinogenic potential in animals have not been conclusive. In this research, we investigated
the biochemical and genotoxic effects of As and studied its distribution in selected tissues of
Sprague-Dawley rats. Four groups of six male rats, each weighing approximately 60 ± 2 g, were
injected intraperitoneally, once a day for 5 days with doses of 5, 10, 15, 20 mg/kg bw of arsenic
trioxide. A control group was also made of 6 animals injected with distilled water. Following
anaesthetization, blood was collected and enzyme analysis was performed by spectrophotometry
following standard protocols. At the end of experimentation, the animals were sacrificed, and the
lung, liver, brain and kidney were collected 24 h after the fifth day treatment. Chromosome and
micronuclei preparation was obtained from bone marrow cells. Arsenic exposure significantly
increased (p<0.05) the activities of plasma alanine aminotransferase-glutamate pyruvate
transaminase (ALT/GPT), and aspartate aminotransferase-glutamate oxaloacetate transaminase
(AST/GOT), as well as the number of structural chromosomal aberrations (SCA) and frequency of
micronuclei (MN) in the bone marrow cells. In contrast, the mitotic index in these cells was
significantly reduced (p<0.05). These findings indicate that aminotransferases are candidate
biomarkers for arsenic-induced hepatotoxicity. Our results also demonstrate that As has a strong
genotoxic potential, as measured by the bone marrow SCA and MN tests in Sprague-Dawley rats.
Total arsenic concentrations in tissues were measured by inductively coupled plasma mass
spectrometry (ICP-MS). A dynamic reaction cell (DRC) with hydrogen gas was used to eliminate
the ArCl interference at mass 75, in the measurement of total As. Total As doses in tissues tended
to correlate with specific exposure levels.
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1 Introduction
Arsenic is a ubiquitous element present in food, soil, water and air, and it is released into the
environment from both natural and man-made sources [1, 2]. The major inorganic forms of
arsenic include the trivalent meta arsenite As+3 and the pentavalent arsenate As+5. Trivalent
arsenic form has a higher affinity for thiol groups [3] and is more cytotoxic and genotoxic
than As+5 [4]. Individuals who accumulate the trivalent intermediates are thought to be
greater risk of arsenic-induced diseases [4]. Some of the organic forms include the
methylated metabolites – monomethylarsonic acid (MMA), dimethylarsenic acid (DMA)
and trimethylarsine oxide (TMAO) as well as arsenobetaine (AsB), arsenocholine and
arsenosugars. More than 80% of commercially utilized arsenic compounds are used to
manufacture products with agricultural applications such as insecticides, herbicides,
fungicides, algicides, sheep dips, wood preservatives, dye-stuffs, and medicines for the
eradication of tapeworms in sheep and cattle. Arsenic compounds have been used for at least
a century in the treatment of syphilis, yaws, amoebic dysentery, and trypanosomiasis [5].
Despite the well known toxicity of arsenic, arsenic trioxide has long been of biomedical
interest, dating to traditional Chinese medicine, where it is known as Pi Shuang and is still
used to treat cancer and other conditions [6], and to homeopathy, where it is called
arsenicum album. Some discredited patent medicines, e.g., Fowler’s solution, contained
derivatives of arsenic oxide. Arsenic trioxide under the trade name Trisenox (manufacturer:
Cephalon) is a chemotheraputic agent of idiopathic function used to treat leukemia that is
unresponsive to “first line” agents. It is suspected that arsenic trioxide induces cancer cells
to undergo apoptosis. Due to the toxic nature of arsenic, this drug carries significant risks.
Use as a cytostatic in the treatment of refractory promyelocytic (M3) subtype of acute
myeloid leukemia [7, 8]. The combination therapy of arsenic trioxide and all-trans retinoic
acid (ATRA) has been approved by the U.S. Food and Drug Administration (FDA) for
treatment of certain leukemias [9] and its therapeutic action has been attributed to the
induction of programmed cell death (apoptosis) in leukemia cells [10].

Occupational sources of arsenic to human workers include vineyards, ceramics, glass
making, smelting and refining of metallic ores, during production and use of arsenic
containing agricultural products like pesticides and herbicides. Exposure to arsenic occurs
via the oral route (ingestion), inhalation, dermal contact, and the parenteral route to some
extent. Humans can be exposed to arsenic through the intake of air, food and water [11].
Epidemiological and clinical studies indicate that arsenic is a paradoxical human carcinogen
that does not easily induce cancer in animal models [12].

The toxicity of arsenic depends on its chemical state. Inorganic arsenic in its trivalent form
is more toxic than pentavalent arsenic. The toxicity of arsenic also depends on the exposure
dose, frequency and duration, the biological species, age, and gender, as well as on
individual susceptibilities, genetic and nutritional factors [13, 14]. By binding to thiol or
sulfhydryl groups on proteins, As (III) can inactivate over 200 enzymes. This is the likely
mechanism responsible for arsenic’s widespread effects on different organ system. As (V)
can replace phosphate, which is involved in many biochemical pathways [15–17]. The major
metabolic pathway for inorganic arsenic in humans is methylation. Arsenic trioxide is
methylated to two major metabolites via a non-enzymatic process to MMA, which is further
methylated enzymatically to DMA before excretion in the urine [18–20]. Hepatic cancer and
other hepatic disorders are considered to be the major causes of arsenic-related mortality.
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Hepatic function, liver diseases and drug-induced liver injury can be assessed by various
routinely ordered liver function tests, i.e., clinical investigations that measure the levels of
various biomarkers (proteins or enzymes) in the blood. These proteins/enzymes reflect
different aspects of a normal functioning liver. For example, ALT and AST indicate
hepatocellular integrity [21, 22].

Tests for genotoxicity have indicated that arsenic compounds inhibit DNA repair, and
induce chromosomal aberrations, sister-chromatid exchanges, and micronuclei formation in
both human and rodent cells in culture [18, 23–26] and in cells of exposed humans [14].
Reversion assays with Salmonella typhimurium fails to detect mutations that are induced by
arsenic compounds. Although arsenic compounds are generally perceived as weak mutagens
in bacterial and animal cells, they exhibit clastogenic properties in many cell types in vivo
and in vitro [18, 23, 25–27]. In the absence of animal models, in vitro cell transformation
studies become a useful means of obtaining information on the carcinogenic mechanisms of
arsenic toxicity. Arsenic and arsenical compounds are toxic to and induce morphological
transformations of Syrian hamster embryo (SHE) cells as well as mouse C3H10T1/2 cells
and BALB/3T3 cells [28–30]. Based on the comet assay, it has been reported that arsenic
trioxide induces DNA damage in human lymphophytes [31], colon cancer cells [32] and also
in mice leukocytes [33]. Arsenic compounds have also been shown to induce gene
amplification, arrest cells in mitosis, inhibit DNA repair, and induce expression of the c-fos
gene and the oxidative stress protein heme oxygenase in mammalian cells [34, 35]. They
have been implicated as promoters and comutagens for a variety of toxic agents [36]. Recent
studies in our laboratory have demonstrated that arsenic trioxide is cytotoxic and able to
transcriptionally induce a significant number of stress genes and related proteins in human
liver carcinoma cells [37], also demonstrated induction of cytotoxicity and genotoxicity in
HL-60 cells [38].

Analyzing the toxic effects of arsenic is complicated because it exists in many different
inorganic and organic compounds, and its toxicity varies according to its oxidation state, its
solubility and many other factors including the exposure dose, frequency and duration, the
biological species, age and gender, as well as individual susceptibilities, genetic and
nutritional factors [39–41]. Most cases of human toxicity from arsenic have been associated
with exposure to inorganic arsenic. Inorganic trivalent arsenite (As+3) is 2–10 times more
toxic than pentavalent arsenate (As+5) [42]. Interest in the toxicity of arsenic has been
heightened by recent reports of large populations in West Bengal, Bangladesh, Thailand,
Inner Mongolia, Taiwan, China, Mexico, Argentina, Chile, Finland and Hungary that have
been exposed to high concentrations of arsenic in their drinking water and are displaying
various clinico-pathological conditions, the major effects being skin alterations and skin
cancer. General health effects that are associated with arsenic exposure include
cardiovascular and peripheral vascular disease, developmental anomalies, neurologic and
neurobehavioural disorders, diabetes, hearing loss, portal fibrosis, hematologic disorders
(anemia, leukopenia and eosinophilia) and multiple cancers: significantly higher
standardized mortality rates and cumulative mortality rates for cancers of the skin, lung,
liver, urinary bladder, kidney, and colon in many areas of arsenic pollution [13, 43, 44].

Although arsenic and arsenic containing compounds has been the subject of important
toxicology research, there exists a lack of appropriate animal model for carcinogenicity
assessment, as well as a scarcity of scientific data describing the tissue distribution of
arsenic in relation to the biomarkers of arsenic-induced hepatotoxicity and genotoxicity in in
vivo systems. Therefore, the present work was undertaken to study the distribution of
arsenic in tissues, as well as the hepatotoxic and cytogenetic effects in Sprague-Dawley rats.
Serum aminotransferases (ALT, AST), structural chromosomal aberrations (SCA),
micronuclei (MN) formation and mitotic index (MI) in bone marrow cells were used as
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biomarkers of toxic effects. Cytogenetic biomarkers (SCA, MN) play an important role in
toxicological hazard evaluation as the first step towards quantification of cancers.
Biomarkers serve as internal indicators of environmental or occupational exposures and
have the potential for prevention of effects of carcinogen exposure by early detection. The
possible use of biomarkers representing intermediate steps in the exposure-to-disease
continuum to estimate health risk in human populations has gained increasing attention.

2. Material and Methods
2.1 Chemicals

Arsenic trioxide (As2O3) with an active ingredient of 100% arsenic in 10% nitric acid,
methanol, glacial acetic acid, and superfrost microscope slides were purchased from Fischer-
Scientific Houston, TX, USA. Potassium chloride solution (0.075M) and Giemsa stain stock
solution (0.4%) was obtained from Sigma-Aldrich (St. louis, MO, USA). Hanks Balanced
Salt Solution was purchased from GIBCO (Grand Island, NY, USA). Fetal Bovine Serum
(FBS) was obtained from Hyclone (Logan, UT).

2.2 Animal maintenance
Healthy adult male Sprague-Dawley rats (8–10 weeks of age, with average body weight
(BW) of 60 ± 2 g were used in this study. They were obtained from Harlan-Sprague-Dawley
Breeding laboratories in Indianapolis, Indiana, USA. The animals were randomly selected
and housed in polycarbonate cages (three rats per cage) with steel wire tops and corn-cob
bedding. They were maintained in a controlled atmosphere with a 12h:12h dark/light cycle,
a temperature of 22 ± 2°C and 50–70% humidity with free access to pelleted feed and fresh
tap water. The animals were supplied with dry food pellets commercially available from
PMI Feeds Inc. (St. Louis, Missouri). They were allowed to acclimate for 10 days before
treatment. The local Ethics committee for animal experiments [Institutional Animal Care
and Use Committee] at Jackson State University, Jackson MS, (USA) approved this study.
Procedures involving the animals and their care conformed to the institutional guidelines, in
compliance with national and international laws and guidelines for the use of animals in
biomedical research [45].

2.3 Chemical administration
Groups of six rats each were administered intraperitoneally with four different arsenic
trioxide dose levels, 5, 10, 15 and 20 mg/kg BW, respectively. Arsenic trioxide was diluted
with distilled water (as required) and intraperitoneally administered to animals at the doses
of 0, 5, 10, 15 and 20 mg/kg BW, one dose per 24h given for 5 days. We have selected
intraperitoneal injection because it is the most commonly used method that is simple and
also for many agents such as arsenic compounds, it will tend to maximize chemical exposure
to the bone marrow. Treatment by multiple injections was done for two reasons, firstly from
pharmacological evidence it indicates the necessity for multiple injections to obtain required
doses to the bone marrow [46] and secondly in order to induce tumors in rodents very high
doses of arsenic compounds are required [18]. Each rat received a total of five doses at 24h
intervals. The cumulative doses of arsenic trioxide given to rats were thus 25, 50, 75 and 100
mg/kg BW. Distilled water was administered to the 6 animals of control group in the same
manner as in the treatment groups. The same dose regimes were used in both chromosome
aberration (CA) and micronuclei (MN) assays.

2.4 Chromosome aberration assay
The rats were sacrificed by cervical dislocation 24h after administration of the last dose for
chromosome aberration assay. Cytogenetic analysis was performed on bone marrow cells
according to the recommendations of Preston et al [46], with slight modifications.
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Experimental animals were injected (i.p.) with colchicine (4mg/kg) 1.5 h prior to sacrifice.
Both femora were dissected out and cleaned of any adhering muscle. Bone-marrow cells
were collected from both femora by flushing in KCL (0.075 M, at 37° C) and incubated at
37° C for 25 min. Collected cells were centrifuged at 2000 x g for 10 min, and fixed in
aceto-methanol (acetic acid:methanol, 1:3, v/v). Centrifugation and fixation were repeated
five times at an interval of 20 min. The cells were resuspended in a small volume of fixative,
dropped onto chilled slides, flame-dried and stained the following day with freshly prepared
2% Giemsa stain for 3–5 min, and washed in distilled water to remove excess stain.

2.5 Mitotic index determination
The mitotic index was used to determine the rate of cell division. The slides prepared for the
assessment of chromosomal aberrations were also used for calculating the mitotic index.
Randomly selected views on the slides were monitored to determine the number of dividing
cells (metaphase stage) and the total number of cells. At least 1000 cells were examined in
each preparation.

2.6 Micronucleus test
Rats were sacrificed by cervical dislocation 30h after the last treatment. The frequency of
micronucleated cells in femoral bone marrow was evaluated according to the procedure of
Schmid [47], with slight modifications as reported by Agarwal and Chauhan [48]. The bone
marrow was flushed out from both femora using 2ml of Fetal Calf Serum and Hanks
Balanced Salt Solution (3:1) and centrifuged at 2000xg for 10 min. The supernatant was
discarded. Evenly spread bone marrow smears were stained using the May-Grunwald and
Giemsa protocol.

2.7 Scoring of slides
Bone marrow preparations for the analysis of chromosome aberrations in metaphase cells
were obtained using the technique by Preston et al [46]. The slides were stained with
Giemsa. Well-spread metaphases presenting 42 ± 1 chromosomes were analyzed. One
hundred metaphases per animal were screened to a total of 500 metaphases for each
treatment and control to obtain the total number of chromosomal aberrations. The mitotic
indices were obtained by counting the number of mitotic cells in 1000 cells per animal to a
total of 5000 cells per treatment and control. The mitotic index was calculated as the ratio of
the number of dividing cells to the total number of cells, multiplied by 100. A total of 3000
cells/treatment were scored, on coded slides to evaluate the frequency of micronucleated
cells in bone marrow under an Olympus microscope.

2.8 Serum Biochemical Analysis
Following anesthetization, blood specimens were immediately collected using heparinized
syringes, and transferred into polypropylene tubes. Each sample was allowed to clot for a
minimum of 30 min (maximum 60 min). After clotting, the sample was centrifuged at 6000
RPM for 10 min. The serum or plasma then was pipetted from the cellular elements
(erythrocytes, platelets, leucocytes) and transferred to an acid-washed polypropylene tube,
properly labeled, and stored at 4° C until ready for analysis. The activities of certain liver
enzymes such as alanine (GPT) and aspartate (GOT) aminotransferases in the serum
samples were determined using colorimetric assay kits from Sigma (St. Louis MO, USA).

To determine the activities of alanine aminotransferase-glutamate pyruvate transaminase
(GPT), and aspartate aminotransferase-glutamate oxaloacetate transaminase (GOT) in serum
a method by Reitman and Frankel [49] was followed. Human serum contains many different
transaminases. The two most commonly determined are AST and ALT. These enzymes
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catalyze transfer of alpha amino groups from specific amino acids to alpha-ketoglutaric acid
[AKG] to yield glutamic acid and oxacetic acid or pyruvic acid. The keto acids are then
determined colorimetrically after their reaction 2,4-dinitrophenyl hydrazine [DNP]. The
absorbance of the resulting color is then measured at wavelength of approximately 505 nm
to take advantage in the absorption that exists between the hydrazones of AKG and the
hydrazones of oxalacetic acid or pyruvic acid.

The reaction for GOT is as follows:

The reaction for GPT is as follows:

2.9 Total Arsenic analysis
Brain, kidneys, liver and lungs were surgically excised from Sprague-Dawley rats under
diethyl ether anesthesia. The organs were washed with ice-cold normal saline (0.9%NaCl)
and 20 mM EDTA to remove blood, cut into small pieces, and fixed immediately in 10%
phosphate-buffered formalin for 48 hrs prior to the histopathological analysis. Other set of
tissues were also cut and placed in plastic tubes without fixation solution and immediately
frozen at −70°C, and stored until ready to be processed for analysis.

For total arsenic analysis 50mg of frozen non-fixed tissue specimen were digested in 2 mL
nitric acid and 1mL hydrogen peroxide using a microwave digestion system (MARS 5,
CEM, Mathews, NC). The digestion included 20 min ramp to a constant pressure of 8.5 barr
followed by holding the pressure at 8.5 barr for additional 60 min. The temperature
corresponding to the constant pressure digestion was ~180°C. After the digestion was
complete, distilled dionized water was added to a total volume of 10 mL. For quality control
purposes with each digestion 2 blank and 2 NIST CRM 1577b were processed in the same
manner as the unknown samples. The samples were analyzed for As levels using a
PerkinElmer ELAN 6100 DRC (PerkinElmer, Waltham, MA). The method of standard
additions was used for total arsenic quantification with additions of 0.5 ng/mL and 5 ng/mL
in the sample aspirated to the ICP-MS. Whenever the As concentration in the samples was
higher than the second addition (5 ng/mL), the samples were diluted to 5 ng/mL or lower
level. The detection limit was calculated based on three times the standard deviation
obtained from 7 digestion blank measurements. To minimize the presence of ArCl+ at m/z
75, we used hydrogen gas (5% H2/95%Ar). The instrumental parameters are shown Table 1.

2.10 Statistical Analysis
Data were compared by ANOVA (two-way analysis of variance, one-way analyses for the
As levels in the tissues). Statistical analysis was performed using SAS for Windows 98
package program. Using the Dunnett test, multiple comparisons were performed. All values
were reported as Means ± SDs. For all the experiments, the significance level was set at p ≤
0.05.
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3. Results
3.1 Biomarkers of hepatotoxicity

3.1.1 Alanine aminotransferase—Figure 1 presents the experimental data obtained
from the analysis of alanine aminotransferase (GPT). The results yielded the optical density
readings of 0.568±0.005, 0.572±0.003, 0.585±0.010, 0.602±0.003, and 0.618±0.007 for 0, 5,
10, 15 and 20mg arsenic trioxide/kg bodyweight, respectively. As shown in this figure there
was a dose-response relationship with respect to arsenic-induced release of GTP from the
liver cells.

3.1.2 Aspartate aminotransferase—Figure 2 presents the experimental data obtained
from the analysis of aspartate aminotransferase (GOT). Arsenic exposure resulted in a
significant increase (p<0.05) of the activity of GOT. Optical density readings of
0.657±0.005, 0.683±0.004, 0.693±0.019, 0.706±0.010 and 0.791±0.025 were recorded for 0,
5, 10, 15, and 20mg arsenic trioxide/kg bodyweight, respectively.

3.2 Genotoxicity biomarkers
3.2.1 Chromosome Aberrations—Data obtained from the chromosomal aberration
assay with bone marrow cells are summarized in Figure 3. The frequency of chromosomal
aberrations (CA) also increased with increasing doses of As2O3, and statistically significant
differences from the control were observed (p<0.05). The mean percentages of the induced
CAs were 2.4 ± 0.6 %, 5.2 ± 1.5%, 7.2 ± 3.1%, 8.0 ± 3.7%, and 15.6 ± 4.7% at As2O3 doses
of 0, 5, 10, 15 and 20 mg/kg BW, respectively. The metaphase analysis of bone-marrow
cells revealed various types of chromosomal aberrations, which consisted of chromatid and
isochromatid types of gaps, breaks, unions, and fragments. Chromatid gaps and breaks were
noted to be more frequent than others. Relatively higher frequencies of gaps were observed
for all the doses tested. A quantitative assessment of the distribution of breaks and gaps
revealed that the distal regions of the chromosomes were more vulnerable to the effects of
As2O3 [50].

3.2.2 Micronuclei induction—The micronuclei frequencies in bone marrow cells of
Sprague-Dawley rats pre-exposed to arsenic trioxide are summarized in Figure 3. Arsenic
trioxide induced a dose-related increase in micronuclei frequency. Significant differences
(p<0.05) were observed between controls and cells obtained from arsenic trioxide-treated
animals. The mean numbers of micronucleated cells were 2.33 ± 1.15, 3.0 ± 1.0, 8.0 ± 2.0,
11.66 ± 2.08, and 16.33 ± 3.21 per 1000 cells for arsenic trioxide doses of 0, 5, 10, 15 and
20 mg/kg BW, respectively.

3.2.3 Mitotic index—The mitotic index was used to determine the rate of cell division in
bone marrow cells of Sprague-Dawley rats pre-exposed to arsenic trioxide. It was found that
the mitotic index significantly decreased as the arsenic trioxide doses increased. Mitotic
indices of 11.76 ± 0.88%, 6.93 ± 0.66%, 6.89 ± 0.57%, 5.59 ± 0.16%, and 4.01 ± 0.24%
were recorded for As2O3 doses of 0, 5, 10, 15, 20 mg/kg BW, respectively (Figure 4).

3.3 Arsenic distribution in tissues
The detection limit for the As quantification in the tissue samples was 0.023 g/g based on 50
mg sample size. The accuracy was checked using NIST liver CRM 1577b (0.05 g/g
information value) with resulting recoveries of 87–105%. Table 2 shows the distribution of
arsenic levels in rat liver, kidney, lung and brain tissues as a function of increasing dose. The
data represents results obtained for non-exposed Sprague-Dawley control rats and animals
exposed to 5 mg/kg, 10 mg/kg, 15 mg/kg and 20 mg/kg. Each data point is an average of
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two to five preparations from different rats exposed to the same quantity of As. The As
levels measured in all four tissues were linear with respect to dose for exposure levels upto
15 mg/kg, and were statistically different from the controls (p<0.005) The highest arsenic
levels were found in the lung for exposures upto 15 mg/kg followed by the kidney, liver and
brain. After 15 mg/kg exposure, the kidney As level in the lung leveled off, whereas the
levels in the kidney, liver and brain continued to at a higher rate than observed for exposures
upto 15 mg/kg.

4 Discussion
4.1 Hepatotoxicity biomarkers

The data obtained from this study clearly show that arsenic trioxide significantly increased
the activities of both serum alanine (ALT/GPT) and aspartate (AST/GOT) aminotransferases
in a dose-dependent manner. Alanine and aspartate aminotransferases are released from liver
when hepatocytes are damaged or destroyed. Serum activities of these enzymes have been
reported to increase in virtually all cases of viral hepatitis and in cases of hepatocellular
damage due to toxic substances. Previous experiments conducted in our laboratory and those
of other investigators have also reported elevated levels of serum aminotransferases
following arsenic toxicity [21, 22, 51–53]. It has been reported that the initial biochemical
evidence of toxicity is damage to hepatocyte membrane, probably due oxidation stress
subsequent to the reduction of glutathione level and antioxidant enzymes [52, 53]. It has also
been suggested that hepatocyte injury following metal exposure may be due to binding in
the inner membrane and accumulation in the mitochondria, leading to the collapse of the
mitochondrial membrane, followed by plasma membrane depolarization and cell death [54].
Hepatic disorders appear to be one of the major causes of arsenic-related mortality. Our
findings therefore indicate that aminotransferases may be useful as biomarkers for arsenic-
induced hepatotoxicity.

4.2 Genotoxicity biomarkers
Data generated from this study clearly indicate a significant increase of cytogenetic damage
in the bone marrow cells, due to arsenic trioxide exposure. The percentages of aberrant cells
in bone marrow of exposed groups showed statistically significant increase (p<0.05) as
compared to the controls. Out of all types of aberrations, chromatid breaks and gaps were
the predominant forms of CA observed. Chromosome type aberrations such as dicentrics
were also observed. Also, a significant increase (p<0.05) in micronuclei was observed in
arsenic-treated cells compared to the controls. The types of cytogenetic damage observed in
this study have been attributed to several modes of arsenic-induced toxicity including the
inhibition of various enzymes involved in DNA repair and expression [55], the induction of
reactive oxygen species capable of inflicting DNA damage [56] or the induction of gene
expression of a number of stress response proteins leading to alteration in DNA repair
mechanism causing DNA damage [57].

Cytogenetic effects of arsenic compounds have also been studied in different rodents using
CA and MN assays. These genotoxic effects have been observed in in-vivo experiments
with mouse fetal chromosome [58] as well as with mouse fibroblasts [59]. Arsenic-induce
SCAs has also been demonstrated in in in-vitro studies with CHO cells [60–62], V79 cells
[63], and SHE cells [23, 64]. The induction of micronuclei in rat bone marrow exposed to
As2O3 in our study was found to be dose-dependent which is in accordance with other
previously published studies [65, 66]. Different in vitro studies have also demonstrated
positive induction of MN after exposure to arsenic compounds, confirming its sensitivity as
a biomarker of genotoxicity [12, 34, 67, 68].

Patlolla et al. Page 8

Microchem J. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Both CAs and MNs are among the genotoxicity biomarkers most commonly considered for
risk assessment purposes [69–75]. Although their presence does not necessarily lead to
adverse health outcomes, high levels indicate that cells have been exposed to mutagens/
carcinogens. A clear connection between cytogenetic changes and cancer has not been
clearly elucidated. However, such biochemical alterations modulate the expression of
growth control genes which are important in carcinogenesis or apoptosis [76].

4.3 Total As levels in tissues from exposed Sprague-Dawley rats
Our data indicates that As levels increase correspondingly with exposure dose levels. Liver,
kidney levels show a slower increase for exposures to 15 mg/kg, whereas at 20 mg/kg
exposure, tissue total As levels increase rapidly. Linear trends of exposure to the levels
measured in all tissues were observed for all four tissues analyzed. This is most probably
due to the inability of the rats to metabolize and excrete As at high exposure levels, such as
20 mg/kg. Although brain levels were much lower, they showed the same trend as liver and
kidney accumulation. The lung tissue demonstrated higher arsenic accumulation,
particularly at the 10 and 15 mg/kg dose increments, leveling off at the 20 mg/kg dose.
Kenyon et al, studied the As tissues distribution after oral exposure to arsenate and observed
that tissue arsenic accumulation was greatest in kidney > lung > urinary bladder ⋙ skin >
blood > liver [77]. The difference in tissue distribution is most likely based on the route of
exposure, oral vs. intraperitoneal, arsenic oxidation state, and chronic vs. near-acute
exposure for our study at 20 mg/kg dose.
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HIGHLIGHTS

• Evaluated arsenic-induced biochemical and genotoxic effects in a rat model.

• Evaluated distribution of arsenic in selected tissues as a function of arsenic dose.

• Described a robust method for the determination of arsenic in tissues by ICP-
MS.
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Figure 1.
Effect of arsenic trioxide on the activity of alanine aminotransferase (GPT)
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Figure 2.
Effect of arsenic trioxide on the activity of aspartate aminotransferase (GOT)

Patlolla et al. Page 16

Microchem J. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Effect of arsenic trioxide on structural chromosome aberrations and micronuclei induction
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Figure 4.
Effect of arsenic trioxide on the mitotic index.
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Table 1

Operating Conditions of the ICP-MS for total arsenic (As) analysis in rat tissues

ICP Operating Parameters Setting

Plasma Power 1350 W

Auxiliary gas flow 1.2 L min−1

Plasma gas flow 15 L min−1

Nebulizer Gas Flow 0.98 L min−1

Sampler and skimmer cones Pt

DRC gas flow 0.3 L min−1 (5% H2/95Ar)

RPq 0.6

Mass Spectrometer Acquisition setting

Monitored signal m/z: 74.9216

Dwell Time 500 ms

Scan Mode Peak Hopping

Sweeps/Reading 25

Readings/Replicate 1

Replicates 5
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