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ABSTRACT 

Recent evidence shows that increased oxidative stress and aging contribute to DNA damage in various cardiovascular 
diseases such as lipid disorders and atherosclerosis. In the present study, we used the comet assay to evaluate the influ- 
ence of aging on DNA damage in whole blood cells from apolipoprotein E-deficient (apoE−/−) mice and compared the 
results to those found in cells from wild-type C57BL/6 (C57) mice. Using the alkaline comet assay and fluorescent 
ethidium bromide staining, DNA damage was analyzed in the peripheral whole blood (5 µL) cells that were isolated 
from either young (8-week-old) and elderly (72-week-old) apoE−/− mice or from age-matched C57 mice. The levels of 
total plasma cholesterol were approximately 6-fold higher in apoE−/− mice of both ages compared to C57 mice. Elderly 
apoE−/− mice showed significantly higher levels of DNA damage (19%) compared to elderly C57 mice (8%, p < 0.01) 
and young apoE−/− mice (10%, p < 0.01). The comet assay in whole blood cells is a suitable technique for the detection 
of DNA damage in the apoE−/− mouse; it is an easy, rapid, inexpensive and sensitive method. The novelty of this study 
is that DNA damage occurring in whole blood cells of this murine model requires the concurrence of aging and oxida- 
tive stress-related hypercholesterolemia. 
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1. Introduction 

The current evidence supports a crucial role for oxidative 
stress in atherosclerosis, a progressive disease that results 
from lipid disorders and affects both large- and medium- 
size vessels [1]. The apolipoprotein E-deficient (apoE−/−) 
mouse, which spontaneously develops hypercholesterole- 
mia and atherosclerotic lesions [2], has provided a sig- 
nificant contribution to understanding the role of oxi- 
dative stress in atherosclerosis.  

The phenotypes of the apoE−/− mouse include age-de- 
pendent vascular senescence [3], an increase in vascular 
oxidative stress [4], and an imbalance in the production 
of cardiac and vascular nitric oxide (NO) and reactive 
oxygen species (ROS) [2]. Because DNA is a cellular 
target of ROS [5] and atherosclerotic disease is aggra- 
vated by aging [3,6], we investigated aging-related DNA 
damage using this murine model.  

The comet assay, a quantitative measure of DNA 
genotoxicity in the cells of any tissue [7,8], has been 
used to analyze DNA damage. With this method, Folk- 

mann et al. [9] showed that old apoE−/− mice suffer from 
hepatic oxidative stress due to oxidized DNA. However, 
the influence of aging on DNA damage in whole blood 
cells, which are advantageous to use because they are not 
damaged during isolation [9], has not yet been investi- 
gated using this experimental model of atherosclerosis. 

Therefore, the aim of the present study was to test the 
hypothesis that atherosclerosis and aging lead to DNA 
damage in the blood cells of elderly hypercholes- 
terolemic animals but not in those of young animals 
when both are compared to age-matched normocholes- 
terolemic mice. 

2. Material and Methods 

2.1. Animals 

Experiments were performed in male and female wild- 
type C57BL/6 (C57) and apolipoprotein E-deficient 
(apoE−/−) mice bred and maintained in the animal care 
facility at the Laboratory of Transgenes in the Health 
Sciences Center at the Federal University of Espirito 
Santo, Brazil. The mice were housed in individual plastic *Corresponding author. 
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cages with a controlled temperature (22˚C - 23˚C) and 
humidity (60%) and were exposed to a 12:12-h light-dark 
cycle. All mice were fed a standard chow diet and had 
access to water ad libitum. The mice were distributed 
into 2 groups of young (8-week-old) apoE−/− (n = 8) and 
C57 (n = 8) mice and 2 groups of elderly (72-week-old) 
apoE−/− (n = 8) and C57 (n = 8) mice. All experimental 
procedures were performed in accordance with the guide- 
lines for the care and handling of laboratory animals as 
recommended by the National Institutes of Health (NIH), 
and study protocols were previously approved by the 
Institutional Animal Care Committee (CEUA-Emescam, 
Protocol # 014/2011).  

2.2. Blood Samples 

Animals were euthanized at the desired age through an 
anesthetic overdose (sodium thiopental, 100 mg/kg, i.p.). 
The chest was opened and the blood was collected from 
the left atrium and stored in a freezer at −80˚C until fur- 
ther analysis.  

2.3. Comet Assay 

The DNA damage in peripheral whole blood cells was 
analyzed using the alkaline (pH > 13) comet assay ac- 
cording to Singh et al. [10] with minor modifications and 
under low brightness due to the photo sensitivity of the 
assay.  

The histological slides were precoated with 200 µL of 
1.5% normal melting point agarose (in distilled water) in 
a water-bath at 60˚C. Subsequently, 5 µL of peripheral 
blood was mixed with 100 µL of 1% low melting point 
agarose in PBS at 37˚C and spread on agarose-precoated 
slides using cover slips. After gelling at 4˚C for 20 min, 
the cover slips were removed and the slides were im- 
mersed in freshly prepared, cold lysis solution (2.5 M 
NaCl, 100 mM EDTA, 10 mMTris, adjusted to pH 10 - 
10.5 using freshly added 1% Triton X-100 and 10% 
DMSO) for 1 hour at 4˚C. After washing for 5 min in 
cold distilled water, the slides were placed in an electro- 
phoresis chamber containing freshly prepared alkaline 
buffer (300 mMNaOH, 1 mM EDTA, pH > 13) for 20 
min at 4˚C, and electrophoresis was then performed at 
300 mA and 25 V for 30 min. Afterwards, the slides were 
neutralized with a 0.4 M Tris buffer (pH = 7.5), for 5 min, 
washed with cold distilled water and allowed to dry at 
room temperature for 1 hour.  

Samples were then stained with 50 µL of ethidium 
bromide (20 μg/mL, Sigma-Aldrich) and covered with 
coverslips. Immediately afterwards, images were ob- 
tained at a magnification of ×20 using an inverted flu- 
orescence optical microscope (Olympus BX60) equipped 
with excitation (510 - 550 nm) and barrier (590 nm) fil- 
ters. The coded images were acquired before scoring 

using a CCD camera (Nikon, Japan) and were analyzed 
using the CASP program (public domain). The tail mo- 
ment and the percentage of DNA in the tail were chosen 
from among the options offered by the CASP program 
and were used to quantify DNA fragmentation. DNA 
damage was quantified and categorized into five levels of 
genotoxicity according to the comet tail size: 0 (intact 
comets), 1 (1% - 25% damage), 2 (25% - 45% damage), 
3 (45% - 70% damage) and 4 (more than 70% damage). 
All of the samples were coded before scoring. The extent 
of DNA damage was expressed in arbitrary units (AU) 
and calculated using the following formula:  

    
   

0 level 0 1 level 1 2 level 2

   3 level 3 4 level 4 100

total comets analyzed

n n n

n n

 

  
A.U.  

The images of 100 randomly selected cells from each 
sample, 50 cells from each of two replicate slides, were 
analyzed by two individuals for each animal. This process 
generated two values of AU for DNA damage, and the 
final result for each animal was the average of these values.  

2.4. Statistical Analysis 

All data are expressed as the mean ± SEM. The normal- 
ity (Gaussian distribution) of the variables was previ- 
ously analyzed using the Kolmogorov-Smirnov test, and 
each of the four groups was significant. The statistical 
analyses for DNA damage and the level of genotoxicity 
were performed using the two-way analysis of variance 
(ANOVA). When the ANOVA showed significant dif- 
ferences, the Bonferroni’s test was performed as a post- 
hoc analysis. The differences were considered significant 
when p < 0.05.  

3. Results 

The body weights of the two youngest strains of mice 
were not different, but there was a significant age-depend- 
ent weight gain in C57 (from 22.6 ± 0.3 to 31.9 ± 1.2 g) 
and apoE−/− (from 22.1 ± 1.1 to 32.8 ± 1.1 g) mice. The 
daily chow and water intakes were similar between the 
two age-matched strains of mice. As expected, the total 
plasma cholesterol levels were significantly higher in the 
young and aged apoE−/− mice (6.3-fold and 6-fold, re- 
specttively) than in the age-matched C57 mice (86 ± 9.5 
and 97 ± 8.8 mg/dL, respectively, p < 0.01). The two 
strains of mice had no significant age-related differences 
(Figure 1, bottom panel).  

We excluded comets without clearly identifiable heads 
or comets with most of their DNA in their tails after 
electrophoresis during the image analysis. Figure 1 (top 
panel) shows the average percent of DNA in the tail in 
both strains of mice, which reflects the break frequency. 
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Figure 1. The comet assay and total plasma cholesterol. The 
bar graphs show DNA damage in the blood cells from elderly 
but not young hypercholesterolemic apoE−/− mice compared 
to age-matched wild-type C57 mice. The values are shown 
as the means ± SEM (7 animals per group).*p < 0.05 and **p 
< 0.01 (two-way ANOVA). 
 
Both the young and elderly C57 mice showed a similar 
percentage of DNA in the tail: 7.4% ± 2.4% and 13% ± 
2.1%, respectively. The young apoE−/− mice did not show 
a statistically significant increase in levels of DNA in the 
tail (14% ± 1.0%) despite their high levels of total 
plasma cholesterol. In contrast, the elderly animals of 
this strain had similar levels of plasma cholesterol and 
showed a significant increase in levels of DNA in the tail 
(27% ± 4.0%, p < 0.01 vs all other groups). 

The comet tail moment, an index of both the migration 
of the genetic material and the relative amount of DNA 
in the tail, is summarized for each case in Figure 1. This 
analysis revealed similar results to those described above 
for the amount of DNA in the tail. The young and aged 
C57 mice and the young apoE−/− mice had similar values 
of 4.8 ± 1.9, 8.0 ± 1.1, 9.6 ± 0.9 arbitrary units, respec- 
tively. In contrast, the DNA tail moment of aged apoE−/− 

mice was significantly higher at 19 ± 3.4 arbitrary units 
(p < 0.03) than that of the age-matched C57 and young 
apoE−/− mice (p < 0.05).  

We also used an alternative, five-category classifica- 
tion system to categorize DNA migration. Figure 2 (top 
panel) shows a representative micrograph of the comet 
for each level of genotoxicity; the results ranged from dis- 
playingno comet and no damage to displaying a maximal 
comet and maximal damage. The bottom graph summa- 
rizes the % of whole blood cells for each level of 
genotoxicity. The elderly wild-type C57 mice showed a 
higher % of cells in levels 0 (28%) and 1 (46%), and 
similar values were observed in young C57 and young 
apoE−/− mice. In contrast, elderly apoE−/− mice showed a 
significantly lower % of cells in genotoxicity levels 0 and 
1 and higher % of cells in genotoxicity levels 2 (38%), 3 
(21%) and 4 (15%).  

4. Discussion  

In the present study, we used the comet assay to measure 
DNA damage in freshly isolated whole blood cells from 
C57 and apoE−/− mice. We have observed that the level 
of oxidized DNA was higher in the 72-week-old elderly- 
mice than in the 8-week-old young apoE−/− mice; how- 
ever, similar levels of hypercholesterolemia were observed 
in both of these groups, but not in age-matched wild-type 
C57 mice.  

The alkaline comet assay is an easy, rapid, inexpen- 
sive and sensitive method and has the potential for general 
applicability [11]. The comet assay quantifies single 
strand breaks and other damage that affects the migration 
of DNA out of the nucleus under alkaline electrophoretic 
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Figure 2. The effects of the concurrence of aging and hy- 
percholesterolemia on DNA damage in apoE−/− mice. The 
top panel shows a typical of Comet assay for each level of 
genotoxicity. The values are shown as the mean ± SEM. **p 
< 0.01 vs all other groups at the same time-point (two-way 
ANOVA).  
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conditions [10]. In the present study, a very small amount 
(5 µL) of whole blood was suitable for the comet assay. 
Using this method, we avoided any additional damage 
during cell isolation that can occur when it is necessary 
to prepare cell suspensions using tissues such as aorta, 
liver and lungs [9]. Other than using the comet assay for 
the analysis of DNA damage in tissues and lymphocytes 
[9,12], this technique is also used in the analysis of 
whole blood in experimental animals and population 
studies [13].  

Hypercholesterolemia results in an excessive production 
of ROS, which promotes oxidative stress and leads to 
cell damage and dysfunction [2]. Elevated levels of ROS 
can damage different types of molecules, including 
nucleic acids [14]. In the comet assay, the tail moment, 
which is measured in arbitrary units, is calculated with an 
imaging system that considers both the length of DNA 
migration and the intensity in the comet tail, and is an 
index for induced DNA damage [15]. In the present 
study, we observed an age-related increase in the comet 
tail moment in the whole blood cells from apoE−/− mice. 
This finding agrees with the observations from others 
who also showed an age-related increase in DNA dam-
age in the liver of apoE−/− mice [9]. Importantly, our data 
show that hypercholesterolemia does not necessarily 
cause DNA damage; we did not observe any significant 
differences in levels of DNA damage between the 
wild-type C57 mice and the young apoE−/− mice that 
exhibited 6-fold higher levels of plasma cholesterol. 

The relative tail intensity, the percentage of tail DNA, 
has been the preferred and most suitable measure for 
DNA damage in many studies because it can represent a 
wide range of damage (from 0 to 100), is independent of 
the threshold settings of the imaging program used, and 
is related to the DNA break frequency [7,16]. Here, we 
also performed an analysis of the percentage of DNA in 
the comet tail, and the data showed that the differences 
among groups were similar as those above for the tail 
moment but were more significant. The DNA damage 
was also significantly increased in the elderly but not in 
the young apoE−/− mice when compared to age-matched 
wild-type C57 micedespite similar levels of hypercholes- 
terolemia in both age groups of apoE−/−. In addition, we 
scored DNA migration using a five-category classification 
system that assigned values ranging from 0 (no damage) 
to 4 (almost all of the DNA is present in the tail). The 
majority of cells with DNA damage in the normocholes- 
terolemic young and old wild-type animals and in the 
hypercholesterolemic young apoE−/− mice occurred at 
levels 0 (no damage) and 1 (light damage) of genotoxi- 
city. In contrast, the % of cells in the elderly hypercho- 
lesterolemic animals was significantly increased at high 
levels of genotoxicity. These data and data from others [9] 
support the existence of excessive ROS in the apoE−/− 

mouse [2,4], show that excessive oxidative stress fre- 
quently causes DNA damage [5], and suggest that aging 
may contribute to deleterious changes in the DNA and to 
cellular senescence [3,17]. 

Normal aging may be accompanied by ROS produc-
tion that exceeds the antioxidant capacity of the cell [18], 
leading to DNA damage [19]. In a previous study in 
apoE−/− mice, Folkmann et al. [9], found that oxidized 
DNA in the liver increased with age in apoE−/− mice 
compared to their wild-type counterparts. Because the 
liver is the primary organ of lipid metabolism, the 
increase in oxidation in the apoE−/− mice could be due to 
oxidative stress caused by an altered hepatic lipid metabo- 
lism. They also noted that the level of oxidized DNA 
increased in an age dependent manner only in the liver, 
whereas no DNA damage was found in the plaque-rich 
aorta segments or in the normal aorta or lung tissues 
despite the lungs being a primary destination for a 
number of inhaled oxidants [13]. However, to the best of 
our knowledge, our investigation is the first to use whole 
blood cells from apoE−/− mice to report the effects of 
aging on DNA oxidation and to demonstrate that DNA 
damage is age dependent. As a whole, it appears that the 
age-related accumulation of oxidized DNA is a tissue- 
specific phenomenon and that both liver tissue and whole 
blood cells show an accumulation of oxidized DNA. 
However, because no significant difference between the 
DNA damage in young and elderly wild-type C57 mice 
was observed, we suggest that the appearance of DNA 
damage in this experimental animal requires aging and 
an ROS-related disease to be present simultaneously. 
This finding corroborates previous results from our labo- 
ratory showing vascular senescence in hypercholes- 
terolemic aged apoE−/− mice but not in non-atheroscle- 
rotic age-matched wild-type C57 mice [3].  

In conclusion, the comet assay in whole blood cells is 
a suitable technique for DNA damage detection in a 
murine model of spontaneous atherosclerosis, apoE−/− 
mice fed a standard chow diet. Observing age-related 
DNA damage in whole blood cells in apoE−/− mice is 
important because whole blood cells are easily examined 
and because the observed results were similar to those 
obtained using liver tissue, which requires a more labor- 
ious and complex technique.  
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