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Objectives: The aim of this study was to explore the in vivo effect of the plasma aluminum content on
lymphocyte DNA damage, the plasma protein carbonyl (PC) content, and malondialdehyde (MDA) and total
antioxidative capacity (TAC) levels in aluminum exposed and non-exposed humans.

Design and methods: Peripheral blood samples were collected from in vivo aluminum exposed and non-
exposed humans and the above parameters were measured.

Results: The mean values of lymphocyte DNA damage, plasma MDA, PC levels, and aluminum con-
centrations were found to be significantly higher in the aluminum exposed group than within the control
group (pb0.01). On the other hand, plasma TAC levels were found to be significantly lower in the aluminum
exposed group than in the control group (pb0.001). Significant positive correlations were found to exist
between lymphocyte DNA damage and the aluminum concentration (r=0.643, pb0.001), DNA damage and

MDA (r=0.491, pb0.001), and DNA damage and PC (r=0.548, pb0.01). A negative correlation was found
between TAC and DNA damage (r=−0.600 pb0.001) in the aluminum exposed group.

Conclusion: Findings from the study revealed that an increased plasma aluminum concentration was
associated with increased oxidative stress and increased DNA damage in aluminum exposed humans.
© 2012 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
Introduction

Aluminum is the most widely distributed element in the environ-
ment and is used extensively in our daily lives. Sources of aluminum in
human organisms, in general, include foods and drinkingwater, as well
as dialysis fluids for those undergoing renal treatment [1]. Aluminum is
also present in many manufactured foods and is added to drinking
water for purification purposes [2]. Themost common foods containing
aluminum are food additives, including those within some processed
cheeses, baking powders, cakemixes, frozen dough, and pancakemixes
[3]. The leaching of aluminum from beverage cans and cookware may
also be an aluminum source. Approximately 20% of the daily intake of
aluminum has been stated to come from cooking utensils (pans, pots,
kettles, and trays) made of aluminum [4]. The migration of aluminum
into food mainly occurs via acidic attack on plain aluminum materials.
However, even the boiling of simple tap water releases considerable
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amounts of aluminum. Tomato, quince, citrus, and many fruits with a
high content of organic acids readily dissolve aluminum from bare
aluminum surfaces [5]. High amounts of aluminum have been reported
to be mixed with mashed tomatoes and yogurt during processing from
normal and non-coated aluminum pans as a result of acidity. Also, it has
been demonstrated that the aluminum level in fresh yogurt fermented
in aluminum containers was twenty-six fold higher in aluminum than
that of yogurt fermented in steel and boron glass containers. Values
obtained for a case of soured yogurt were twice that of fresh yogurt [6].
Muller et al. [5] stated that the aluminum content of tomato sauce was
remarkably higher 60 min after cooking as compared to uncooked
tomato sauce. The total body burden of aluminum in healthy human
subjects is approximately 30–50 mg [7].

Although aluminum is not known to be essential for life processes, it
is known to cause toxicity to a variety of organ systems including the
brain, the bones, the kidneys, and blood [8,9]. High levels of aluminum
have been linked to increased risk for a number of pathogenic disorders
such as microcytic anemia and bone disturbances, in addition to
neurodegenerative disorders such as Alzheimer's and Parkinson's
disease, amyotrophic lateral sclerosis, and encephalopathy [10–12].
However, although many genotoxic and cytotoxic studies have been
carried out [13–15], the mechanism of action is still poorly understood.

Recently, a series of in vitro and in vivo experimental studies have
been performed to determine the detrimental effects of aluminum
d by Elsevier Inc. All rights reserved.
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[16–19]. Such studies have demonstrated that aluminum exposure is
associated with the impairment of mitochondrial functions, in vitro.
Banasik et al. [17] demonstrated an increase in the rate of micronuclei
and the number of apoptotic cells induced by aluminum in cultured
human lymphocytes. Kumar et al. [18] also demonstrated that
aluminum induced oxidative DNA damage and cell-cycle disruptions
in different regions of rat brains. However, human studies for eval-
uating the relationship between DNA damage and oxidative status
with aluminum are scarce.

Due to poor socio-economic conditions and an unawareness of the
dangers associated with aluminum toxicity, the use of aluminum
containers and utensils in the fermentation of yogurt and in the cooking
and preservation of foods such as tomato sauce has been common in
southeast Anatolia in Turkey. Therefore,we investigated the relationship
of the plasma aluminum content on DNA damage and oxidative status in
people that used aluminum containers and utensils daily for cooking and
storing food. Results obtained from the aluminum impacted group were
compared to those from the group that claimed they avoided using
aluminum containers and utensils.

Materials and methods

Subjects

The study was performed in order to test the toxicity of aluminum
in two groups. The first group, defined as the aluminum exposed
group, consisted of twenty eight healthy subjects (with a mean age of
36±6 years) that claimed to use aluminum containers and utensils
daily for the fermentation, cooking, and storage of food, especially
yogurt and tomato sauce. The second group, defined as the control
group, consisted of twenty eight healthy subjects (with a mean age of
38±2 years) that claimed to avoid using aluminum containers and
utensils.

The study's protocol was carried out in accordancewith the Helsinki
Declaration as revised in 1989, and approved by the local human
institutional review committee. All subjects were informed regarding
the study's protocol and written consents were obtained from all
participants. People taking supplemental vitamins, aluminum contain-
ing antacids and adjuvants, as well as those with a history of diabetes
mellitus, coronary artery disease, rheumatoid arthritis, malignancy,
systemic or local infections, hypertension, acute-chronic liver disease,
renal dysfunction, anemia, and a smoking habit were excluded from the
study.

Sample preparation

Following an overnight fasting, peripheral blood samples (a total of
6 mL) were collected from an antecubital vein into heparinized tubes,
stored at 2–4 °C, kept in the dark to preventDNAdamage, andprocessed
within 2 h. Mononuclear leukocyte isolation for the comet assay was
performed using the Histopaque 1077 (Sigma). An amount of 1 mL of
heparinized blood was carefully layered over 1 mL of Histopaque and
centrifuged for 35 min at 500×g at 25 °C. Interface bands containing
mononuclear leukocytes were washed with phosphate buffered saline
(PBS), then collected with 15 min of centrifugation at 400×g. Resulting
pellets were resuspended in PBS, and cells were counted using an
automatic cell counter (Abbott 3700, USA). Membrane integrity was
assessed using a Trypan Blue exclusion method. The remaining blood
was centrifuged at 1500×g for 10 min in order to obtain the plasma.
Separated plasma was then stored at−80 °C until an analysis for MDA,
PC, and TAC levels could be performed.

DNA damage measurements

The comet assay was performed as described by Singh et al. [20]
using the following modifications. Ten μL of fresh mononuclear
leukocyte cell suspension (around 20,000 cells) was mixed with 80 μL
of a 0.7% low-melting agarose in a phosphate buffered saline (PBS) at
37 °C. Subsequently, 80 μL of the mixture was layered on a slide pre-
coated with thin layers of a 1% normal melting point agarose (NMA),
and immediately covered with a coverslip. The slides were left for
5 min at 4 °C to allow the agarose to solidify. After removing the
coverslips, slides were then submersed in a freshly prepared cold
(4 °C) lysing solution (2.5 M NaCl, 100 mM Na2EDTA; 10 mM Tris–
HCI, pH 10–10.5; 1% Triton X-100 and 10% DMSO added just prior to
use) for at least 1 h. The slides were then immersed in a freshly
prepared alkaline electrophoresis buffer (0.3 mol/L NaOH, and
1 mmol/L Na2EDTA, pH>13) at 4 °C for unwinding (40 min), then
electrophoresed (25 V/300 mA, 25 min). All of the steps were carried
out with minimal illumination. Following electrophoresis, slides were
neutralized (0.4 M Tris–HCI, pH 7.5) for 5 min. Dried microscope
slides were stained with ethidium bromide (2 μg/mL in distilled H2O;
70 μL/slide), covered with a coverslip, and analyzed using a fluo-
rescence microscope (Olympus BX51, Japan) at a 400× magnification
with epiflourescence and equipped with a rhodamine filter (with an
excitation wavelength of 546 nm; and a barrier of 580 nm). Fifty cells
were randomly scored by eye in each sample, on a scale of 0–4, based
on fluorescence beyond the nucleus, as described by Kobayashi et al.
[21]. The following scale was utilized: 0 = no comet; 1 = comet b0.5
times the width of the nucleus; 2 = comet equal to the width of the
nucleus; 3= comet greater than thewidth of the nucleus; 4= comet >
twice the width of the nucleus. Scoring cells in this manner has been
shown to be as accurate and precise as using computer image analyses,
and has been shown to be time-efficient [21,22]. Individual scoring of
slides was blinded for demographic or biochemical aspects of the blood
sample. The visual score for each classwas calculated bymultiplying the
percentage of cells in the appropriate comet class by the value of the
class. The total visual comet score, which characterized the degree of
DNA damage in the examined patient groups, was the sumof the scores
in the five comet classes. Therefore, the total visual score could range
from 0 [all undamaged] to 400 [all maximally damaged] arbitrary units
(AU). The visual scoring method was suggested by Collins et al. [23]. All
of the procedures were completed using the same biochemistry staff,
and DNA damage was detected using a single observer that was not
aware of the subject's status. Cometswere scored independently by two
investigators.

Measurements of the plasma aluminum content

Determinations for the concentrations of plasma aluminum were
performed using graphite furnace atomic absorption spectrometry
(Varian GTA 96, Australia); a widely used technique for determining
aluminum in plasma due to its ability to provide reliable results at the
concentrations observed in non-exposed healthy groups [24]. Alumi-
num was measured as described by Valkonen and Aitio [24]. De-
terminations were performed using a direct comparison with standard
solutions prepared in 0.1 M nitric acid.

Measurements of the plasma lipid peroxidation

Plasma lipid peroxidation was evaluated with the fluorometric
method based on the reaction between malondialdehyde (MDA) and
thiobarbutiric acid [25]. Briefly, 50 μL of plasma was added to 1 mL of
a 10 mmol/L diethylthiobarbutiric acid (DETBA) reagent in phosphate
buffer (0.1 mol/L, pH 3). The solution was mixed for 5 s and incubated
for 60 min at 95 °C. Samples were then placed in ice for 5 min, and
then 5 mL of butanol was added. The mixture was shaken for 1 min to
extract the DETBA-MDA adduct, and then centrifuged at 1500×g for
10 min at 4 °C. The fluorescence of the butanol extract was measured
at the excitation wavelength of 539 and at an emission wavelength of
553. A solution of 1,1,3,3, tetraethoxypropane (Sigma) was used as a
standard. The values are presented as μmol/L.



Table 2
Aluminum concentrations, DNA damage, protein oxidation (PO), MDA, and TAC in the
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Measurements of the plasma protein carbonyl content

The PC of plasma was measured according to Reznick and Parker
[26]. Fifteen μL of the plasma was treated using 500 μL of 10 mmol/l
2,4-dinitrophenylhydrazine (DNPH), dissolved in 2 mol/L HCl. The
samples were then incubated for 1 h at room temperature in the dark,
precipitated with 10% trichloracetic acid (TCA), and centrifuged at
13,000 g for 5 min. The resulting pellets were washed three times
with 1 mL of ethanol/ethyl acetate - 1/1 (v/v), and redissolved in 1 mL
of 6 mol guanidine in 10 mmol/L of phosphate buffer/trifluoroacetic
acid (pH 2.3). The difference in absorbance between DNPH-treated
and HCl-treated samples was determined at 366 nm. The results are
expressed as nmol of carbonyl groups per mg of protein using the
extinction coefficient of 22,000 M−1 cm−1 for aliphatic hydrazones.

Measurements of the plasma total antioxidant capacity

The TAC of plasma was measured using an automated analyzer
(Abbott, Aeroset, IL, USA) with a TAC measurement kit developed by
Erel [27]. In this assay, a standardized solution of Fe2+−o-dianisidine
complex reacts with a standardized solution of hydrogen peroxide via
a Fenton-type reaction, producing hydroxyl radicals. At a low pH,
these potent reactive oxygen species (ROS) oxidize reduced colorless
o-dianisidine molecules to yellow–brown colored dianisidyl radicals.
Oxidation reactions progress among the dianisidyl radicals and further
oxidation reactions occur. Color formations are increased with addi-
tional oxidation reactions. Antioxidants in the sample suppress oxida-
tion reactions and color formation. In the past, the assay has obtained a
precision of less than3%CV. The results are expressed asmmol of Trolox
equivalent/L.

The statistical analysis

All of the analyses were conducted using the SPSS 11.5 statistical
program (SPSS for Windows 11.5, Chicago, IL, USA). In this paper, the
data are expressed as themean±the standard deviation. The normality
of the distributions was evaluated using the Kolmogorov–Smirnov test.
Comparisons of the parameters were performed using a Student's t-test
and the correlation analyses were performed using a Pearson's
correlation test. A χ2 test was used to compare gender distributions
within the controls and the aluminum group. All of the statistical tests
were two-sided; a p value less than 0.05 was accepted as significant.

Results

The demographic, clinical, and laboratory data of the subjects are
presented in Table 1. No statistically significant differences between
the groups were determined in respect to age, gender, and body mass
index (BMI) (all p>0.05).

Since it has several advantages over other genotoxicitymethods, the
alkaline version of the comet assay was used to measure lymphocyte
DNA damage. The assay is able to detect very short-lived primary DNA
lesions such as single strand breaks in the DNA of individual cells [28].
Lymphocyte DNA damage values, and plasma aluminum, MDA, and PC
levels were found to be significantly higher in the aluminum exposed
groups than those not exposed (pb0.01, pb0.001 pb0.05 and pb0.05,
Table 1
The demographic and clinical parameters in the control and aluminum exposed
groups.

Parameters Control group
(n=26)

Aluminum exposed group
(n=28)

p

Age (years) 36±6 38±2 ns
Sex (female/male) 11/15 13/15 ns
BMI (kg/m2) 21.1±1.5 20.2±1.2 ns

BMI: body mass index, the values provided are the mean±SD.
respectively). The aluminum exposed group also displayed lower
TAC levels than those of the control group (pb0.001) (Table 2). A
negative significant correlation was found between TAC and DNA
damage (r=−0.600, pb0.001); while a positive significant correlation
was determined between DNA damage and aluminum content
(r=0.643, pb0.001) (Fig. 1), DNA damage and PC (r=0.548, pb0.01),
and DNA damage andMDA levels within the aluminum group (r=0.491
pb0.01) (Table 3).

Discussion

The goal of this study was to evaluate the effects of the plasma
aluminum content on DNA damage and oxidative status in people
exposed daily to aluminum toxicity. We found that plasma aluminum
concentrations and lymphocyte DNA damage levels were significantly
higher and that TAC levels were significantly lower within the alu-
minum exposed group; and that there was a close positive relation-
ship between aluminum levels and lymphocyte DNA damage, and
aluminum levels and plasma MDA levels. A negative relationship
between the plasma aluminum content and TAC levels was also
evident in the aluminum exposed group.

We determined that plasma aluminum concentrations were much
higher in the aluminum exposed group. However, the control group
also displayed a higher aluminum content according to the reference
ranges. In general, plasma aluminum levels represented a wide
variation in reference values [29–31]. The exposure rate of aluminum
in humans could be different according to lifestyle and living conditions.
Since aluminum is used in many areas, including in construction,
automobiles, and various industrial areas, as well as in the food and
cosmetic sectors, it is almost impossible to avoid aluminum toxicity.
However, aluminum toxicity can be worse if people are unaware of its
dangers. In our study, both groups were selected from the same area
and for similar living conditions, where the control group claimed to
avoid using aluminum utensils and cookware. However, the group
selected as a control also faced aluminum toxicity due to the habits and
lifestyles of a city in which restaurants, bakeries, and other businesses
and community areas ignore the toxicity of aluminum (Table 2).

In this study we also evaluated the DNA-damaging effects of
aluminum using the Comet assay in peripheral blood lymphocytes.
The assay has been widely used to detect single- and double-strand
DNA breaks. The high sensitivity of this test is due to the fact that it
detects DNA breaks, alkali-labile lesions, and genomic lesions that are
subject to repair [20]. We found remarkably high levels of DNA damage
in the aluminum exposed group when a comparison was made to the
control group. Aluminum, in general, has been shown to exert its effects
by disrupting lipidmembrane fluidity; and perturbing iron,magnesium,
and calcium homeostasis, causing oxidative stress and DNA damage
[32]. Thus far, quite a few in vitro studies have been undertaken in order
to determine the genotoxic and cytotoxic potentials of aluminum on
DNA damage [33]. These studies have demonstrated that aluminum
toxicity decreases the repair capacity of cells, indicating that aluminum
inhibits DNA repair [34]. On the other hand, increased DNA fragmen-
tations resulting from aluminum toxicity, and as determined by an
control and aluminum exposed groups.

Parameters Control group
n=26
Mean±SD

Aluminum exposed
group n=28
Mean±SD

p

Aluminum (μg/L) 48.2±16.4 99.7±23.7 b0.001
DNA damage (AU) 26.5±10.8 35.3±11.4 0.006
MDA (μmol/L) 308.7±86.2 368.7±110.4 0.031
PO (PC content) (nmol/mg protein) 2.55±0.74 3.06±0.76 0.018
Total antioxidant capacity
(mmol Trolox Eq./L)

1.79±0.43 1.46±0.13 b0.001
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Fig. 1. The relationship between DNA damage and aluminum concentrations in the
aluminum exposed group.
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increase in the appearance of comets, have also been reported in studies
as a consequence of aluminum exposure [33]. However, the genotoxic
effects of aluminum exposure on human beings are not yet known. The
work presented here is the first study aimed at determining the
Table 3
Relationships among DNA damage values, aluminum concentrations, MDA, PO, and
TAC in the control and aluminum exposed groups.

DNA damage TAC PO MDA

Control group Aluminum r 0.589 −0.336 −0.173 0.004
p 0.002 0.093 0.399 0.984

DNA damage r −0.435 −0.110 0.194
p 0.026 0.593 0.342

TAC r −0.042 0.089
p 0.840 0.666

PO r 0.397
p 0.044

Aluminum group Aluminum r 0.643 −0.565 0.409 0.512
p b0.001 0.002 0.031 0.005

DNA damage r −0.600 0.548 0.491
p 0.001 0.003 0.008

TAC r −0.457 −0.477
p 0.014 0.010

PO r 0.596
p 0.001

r: regression, p: probability.
genotoxic effects of aluminum exposure on humans. We determined a
close positive relationship for the plasma aluminum content, and DNA
damage and oxidative stress markers. Our findings and those of others
indicate that DNA damage may depend on the toxicity of aluminum,
with the ability to promote the generation of oxidative stress.

Aluminum is considered to be a pro-oxidant agent. Diverse studies
have shown that exposure to high concentrations of aluminum can
induce oxidative stress, thereby stimulating reactive oxygen species
(ROS) production in cells [35,36] inducing lipid peroxidation (LPx); and
altering the activity of diverse antioxidant enzymes including superox-
ide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx),
and promoting protein oxidation [37–39]. We determined that plasma
PC and MDA levels were higher, that TAC levels were lower, and that
aluminum concentrations were strongly and positively correlated with
the content of oxidation products such as MDA and PC (r=0.512,
p=0.005, r=0.565, p=0.002, respectively) in the aluminum exposed
group, suggesting that aluminum is associated with oxidative stress. In
a similar study, Guo andWang [30] also determined that the aluminum
concentration was associated with increased oxidative stress in
hemodialysis patients.

Several mechanisms have been suggested regarding aluminum and
oxidative stress. Various studies have shown that aluminum is able to
displace Fe in several biomolecules and to increase intracellular Fe
concentrations, thereby promoting Fenton reactions [40–42]. Themetal
can also directly damage the mitochondrion and impact electron
transport in the respiratory chain [43]. In both cases, there is increased
ROS production, which explains the increase of LPx. Additionally,
aluminum could interact directly with enzymes such as SOD and GPx
that are known to protect cells [44].We founddecreased levels of TAC in
the aluminum exposed group that may be considered to result from the
interaction between aluminum and antioxidative enzymes.

The increased generation of ROS is known to result in DNA damage.
DNA damage, as a result of aluminum toxicity, can lead to gene
modifications in cells that may be cytotoxic, mutagenic, or carcinogenic.
In addition to DNA damage, a decrease in DNA repair and a susceptibility
to apoptosis are also important factors with an emerging role in cancer
studies [45]. Although there is a lack of information related to the
possible impact of aluminum on carcinogenesis, epidemiological studies
have shown that increased risks of lung and bladder cancer are
associated with aluminum exposure [46,47]. Our in vivo study and
additional in vitro and experimental studies have shown that aluminum
induces DNA damage in a dose-dependent manner [18,34]. Results have
revealed that high aluminum levels lead to the formation of oxidized
purines and pyrimidines and cause DNA damage. Both oxidative stress
and DNA damage may be responsible for neurodegenerative and
carcinogenic disorders [16,48].

In conclusion, we suggest that a high plasma aluminum content
leads to inductive oxidative stress and DNA damage. Further studies are
needed to clarify the mechanisms of DNA damage and the relationship
between DNA damage and clinical end-points that may be associated
with aluminum toxicity. Additionally, antioxidant therapy may be
beneficial for preventing the formation of products leading to oxidative
damage and the accumulation of free radicals. In order to clarify
aluminum genotoxicty, it is also beneficial to determine if there is a
correlation betweenDNA repair capacity and reduced aluminum intake.

Conflict of interest

The authors declare that there are no conflicts of interest.

References

[1] Nayak P. Aluminum: impacts and disease. Environ Res 2002;89:101-15.
[2] Shi H, Hudson LG, Liu KJ. Oxidative stress and apoptosis in metal ion-induced

carcinogenesis. Free Radic Biol Med 2004;37:582-93.
[3] Lione A. The prophylactic reduction of aluminum intake. Food Chem Toxicol

1983;21:103-9.



1633H. Celik et al. / Clinical Biochemistry 45 (2012) 1629–1633
[4] Kawanishi S, Hiraku Y, Murata M, Oikawa S. The role of metals in site-specific DNA
damage with reference to carcinogenesis. Free Radic Biol Med 2002;32:822-32.

[5] Muller JP, Steinegger A, Schlatter C. Contribution of aluminium from packaging
materials and cooking utensils to the daily aluminium intake. Z Lebensm Unters
Forsch 1993;197:332-41.

[6] Yaman M, Gunes M, Bakirdere S. Contamination of aluminum from cooking
utensils and yogurt containers bull. Environ Contam Toxicol 2003;70:437-42.

[7] Aguilar F, Autrup H, Barlow S, Castle L, Crebelli R, Dekant W, et al. Safety of
aluminium from dietary intake; Scientific opinion of the panel on food additives,
flavourings, processing aids and food contact materials (AFC). EFSA J 2008;754:
1–34.

[8] Ganrot PO. Metabolism and possible health effects of aluminum. Environ Health
Perspect 1986;65:363-441.

[9] Yokel RA. The toxicology of aluminum in the brain. Neurotoxicology 2000;21:
813-28.

[10] Verstraeten SV, Aimo L, Oteiza PI. Aluminium and lead: molecular mechanisms of
brain toxicity. Arch Toxicol 2008;82:789-802.

[11] Santibanez M, Bolumar F, Garcia AM. Occupational risk factors in Alzheimer's
disease: a review assessing the quality of published epidemiological studies.
Occup Environ Med 2007;64:723-32.

[12] Solfrizzi V, Colacicco AM, D'Introno A, Capurso C, Parigi AD, Capurso SA, et al.
Macronutrients, aluminum from drinking water and foods, and other metals in
cognitive decline and dementia. J Alzheimers Dis 2006;10:303-30.

[13] Moumen R, Ait-Oukhatar N, Bureau F, Fleury C, Bougle D, Arhan P, et al. Aluminum
increases xanthine oxidase activity and disturbs antioxidant status in the rat. J Trace
Elem Med Biol 2001;15:89-93.

[14] Nayak P, Chatterjee AK. Effects of aluminum exposure on brain glutamate and GABA
systems: an experimental study in rats. Food Chem Toxicol 2001;39:1285-9.

[15] Xie CX, St. Pyrek J, Porter WH, Yokel RA. Hydroxyl radical generation in rat brain is
initiated by iron but not aluminum, as determined by microdialysis with
salicylate trapping and GC–MS analysis. Neurotoxicology 1995;16:489-96.

[16] Niu PY, Niu Q, Zhang QL, Wang LP, He SE, Wu TC, et al. Aluminum impairs rat
neural cell mitochondria in vitro. Int J Immunopathol Pharmacol 2005;18:683-9.

[17] Banasik A, Lankoff A, Piskulak A, Adamowska K, Lisowska H, Wojcik A. Aluminum-
induced micronuclei and apoptosis in human peripheral-blood lymphocytes treated
during different phases of the cell cycle. Environ Toxicol 2005;20:402-6.

[18] Kumar V, Bal A, Gill KD. Susceptibility of mitochondrial superoxide dismutase to
aluminum induced oxidative damage. Toxicology 2009;255:117-23.

[19] Balasubramanyam A, Sailaja N, Mahboob M, Rahman MF, Hussain SM, Grover P. In
vivo genotoxicity assessment of aluminium oxide nanomaterials in rat peripheral
blood cells using the comet assay and micronucleus test. Mutagenesis 2009;24:
245-51.

[20] Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of
low levels of DNA damage in individual cells. Exp Cell Res 1988;175:184-91.

[21] Kobayashi H, Sugiyama C, Morikawa Y, Hayashi M, Sofuni T. A comparison
between manual and microscopic analysis and computerized image analysis in
single cell electrophoresis assay. MMS Commun 1995;3:103-15.

[22] Dikilitas M, Kocyigit A, Yigit F. A molecular-based fast method to determine the
extent of DNA damages in higher plants and fungi. Afr J Biotechnol 2009;8:3118-27.

[23] Collins AR, Ma AG, Duthie SJ. The kinetics of repair of oxidative DNA damage (strand
breaks and oxidised pyrimidines) in human cells. Mutat Res 1995;336:69-77.

[24] Valkonen S, Atio A. Analysis of aluminum in serum and urine for the
biomonitoring of occupational exposure. Sci Total Environ 1997;199:103-10.

[25] Conti M, Morand PC, Levillain P, Lemonnier A. Improved fluorimetric determina-
tion of malondialdehyde. Clin Chem 1991;37:1273-5.

[26] Reznick AZ, Packer L. Oxidative damage to proteins: spectrophotometric method
for carbonyl assay. Method Enzymol 1994;233:357-63.

[27] Erel O. A novel automated method to measure total antioxidant response against
potent free radical reactions. Clin Biochem 2004;37:112-9.
[28] Hartmann A, Schumacher M, Helbig UP, Lowe P, Suter W, Mueller L. Use of the
alkaline in vivo Comet assay formechanistic genotoxicity investigations.Mutagenesis
2004;19:51-9.

[29] Zeager M, Woolf AD, Goldman RH. Wide variation in reference values for
aluminum levels in children. Pediatrics 2012;129:142-7.

[30] Guo CH, Wang CL. Plasma aluminum is a risk factor for oxidative stress and
inflammation status in hemodialysis patients. Clin Biochem 2011;44:1309-14.

[31] Cedegren A, Frech W. Determination of aluminum in biological materials by
graphite furnace atomic absorption spectrometry (GFAAS). Pure Appl Chem
1987;59:221-8.

[32] Mailloux RJ, Lemire J, Appanna VD. Hepatic response to aluminum toxicity:
dyslipidemia and liver diseases. Exp Cell Res 2011;317:2231-8.

[33] Lima PDL, Leite DS, Vasconcellos MC, Cavalcanti BC, Santos RA, Costa-Lotufo LV,
et al. Genotoxic effects of aluminum chloride in cultured human lymphocytes
treated in different phases of cell cycle. Food Chem Toxicol 2007;45:1154-9.

[34] Lankoff A, Banasik A, Duma A, Ochniak E, Lisowska H, Kuszewski T, et al. A comet
assay study reveals that aluminum induces DNA damage and inhibits the repair of
radiation-induced lesions in human peripheral blood lymphocytes. Toxicol Lett
2006;161:27-36.

[35] Li M, Hu CH, Zhu Q, Chen L, Kong Z, Liu Z. Copper and zinc induction of lipid
peroxidation and effects on antioxidant enzyme activities in the micro-alga
Pavlova viridis (Prymnesiophyceae). Chemosphere 2006;62:565-72.

[36] Sinha S, Mallick S, Mishra R, Singh S, Basant A, Gupta AK. Uptake and translocation
of metals in Spinacia oleracea L. grown on tannery sludge-amended and
contaminated soils: effect on lipid peroxidation, morpho-anatomical changes
and antioxidants. Chemosphere 2007;67:176-87.

[37] Almroth BC, Sturve J, Berglund A, Forlin L. Oxidative damage in eelpout Zoarces
viviparous, measured as protein carbonyls and TBARS, as biomarkers. Aquat Toxicol
2005;73:171-80.

[38] Parvez S, Raisuddin S. Protein carbonyls: novel biomarkers of exposure to
oxidative stress-inducing pesticides in fresh water fish Channa punctata (Bloch).
Environ Toxicol Pharmacol 2005;20:112-7.

[39] Vlahogianni T, Dassenakis M, Scoullos MJ, Valavanidis A. Integrated use of
biomarkers (superoxide dismutase, catalase and lipid peroxidation) in mussels
Mytilus galloprovincialis for assessing heavy metals' pollution in coastal areas from
the Saronikos Gulf of Greece. Mar Pollut Bull 2007;54:1361-71.

[40] Amador FC, Santos MS, Oliveira CR. Lipid peroxidation and aluminium effects on
the cholinergic system in nerve terminals. Neurotox Res 2001;3:223-33.

[41] Dua R, Gill KD. Aluminium phosphide exposure: implications on rat brain lipid
peroxidation and antioxidant defense system. Pharmacol Toxicol 2001;98:315-9.

[42] Yousef MI. Aluminium-induced changes in hemato-biochemical parameters, lipid
peroxidation and enzyme activities of male rabbits: protective role of ascorbic
acid. Toxicology 2004;199:47-57.

[43] Garcı'a-Medina S, Razo-Estrada AC, Go'mez-Oliva´n LM, Amaya-Cha'vez A,
Madrigal-Bujaidar E, Galar-Martı'nez M. Aluminum-induced oxidative stress in
lymphocytes of common carp (Cyprinus carpio). Fish Physiol Biochem 2010;36:
875-82.

[44] Kenneth A, M'Liss S, Xavier AH, Sushil J. Antioxidants prevent aluminum-induced
toxicity in cultured hepatocytes. J Inorg Biochem 2004;98:1129-34.

[45] Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J. Role of oxygen radicals in DNA
damage and cancer incidence. Mol Cell Biochem 2004;266:37-56.

[46] Industrial exposure in aluminum production, coal gasification, coke production, and
iron and steel founding. IARCMonographs on the Evaluation of the Carcinogenic Risk
of the Chemical to Humans, Polynuclear Aromatic Compounds Part 3. Lyon: IARC;
1984. p. 34.

[47] Rönneberg A, Langmark F. Epidemiologic evidence of cancer in aluminum
reduction plant workers. Am J Ind Med 1992;22:573-90.

[48] Jackson SP, Bartek J. The DNA-damage response in human biology and disease.
Nature 2009;461:1071-8.


	The relationship between plasma aluminum content, lymphocyte DNA damage, and oxidative status in persons using aluminum containers and utensils daily
	Introduction
	Materials and methods
	Subjects
	Sample preparation
	DNA damage measurements
	Measurements of the plasma aluminum content
	Measurements of the plasma lipid peroxidation
	Measurements of the plasma protein carbonyl content
	Measurements of the plasma total antioxidant capacity
	The statistical analysis

	Results
	Discussion
	Conflict of interest
	References


