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In Vivo Induction of Primary DNA Lesions upon Subchronic
Oral Exposure to Multi-walled Carbon Nanotubes
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Abstract. Comet assay was used for testing the potential
genotoxicity of multi-walled carbon nanotubes after ingestion.
Three rat strains were treated through oral gavage with 50
mg/kg/weekly nanoparticles for 90 days. Induced DNA lesions
were studied in lymphocytes at 24 and 48 h following the first
treatment. This was repeated at the end of the subchronic
treatment in lymphocytes as well as peritoneal macrophages.
A significant increase in the level of DNA lesions was
measured in lymphocytes of Fischer-344 and Long-Evans rats
in the first 24 h. Similar results were observed in their
macrophages after 90 days. More significant differences were
detected in the sensitivities of the strains. Fisher-344 rats
proved the most sensitive and Wistar rats the most tolerant to
the genotoxic effects of nanotubes. This may also have human
relevance as populations with diverse genetic characteristics
might present higher or lower susceptibility to the effects of
exposure to ingested nanoparticles.

The recent introduction of nanotechnology means
revolutionary development of nanoproducts. These products
are planned for applications in very different fields, from
engineering to the food industry and medicine (1-4). As a
consequence of their wide use, they inevitably reach the
natural environment (5, 6), from which the risk of human
exposure may also be significant (7). Single- (SW) and multiwalled (MW) carbon nanotubes (CNT) are members of the
family of the third carbon allotropes, the fullerenes. Their
structural differences can define their toxicological behaviour.
Although their potential toxicity has been widely studied, their
human health risk is not yet clear (8). Genotoxicity studies
were also performed with MWCNTs, involving induction of
primary DNA lesions (9-11) and chromosomal aberrations (12,
13). These were mainly in vitro studies measuring very
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different endpoints with sometimes equivocal outcome. The
structure and size range of CNTs are very similar to those of
asbestos fibres or fibrils that can initiate mesothelioma and
bronchial carcinoma (14). Takagi and co-workers were able to
induce mesotheliomas upon intraperitoneal exposure to a welldefined CNT dose range in mice (15). Other in vivo studies
refute this mesothelioma-inducing effect (16-18).
As there may be close correlation between carcinogenicity
and genotoxicity, we performed a medium-term (subchronic)
experiment of the potential genotoxicity of MWCNTs under
in vivo conditions. In our experiments, oral exposure
(ingestion) was modelled by using oral gavage. Three
laboratory rat strains: Fischer-344 (F344), Long-Evans (LE)
and Wistar were applied. Peripheral blood lymphocytes and
peritoneal macrophages were prepared from the treated
animals and DNA strand breaks as biomarkers of
genotoxicity were measured in the comet assay (in a singlecell microgel electrophoresis system).

Materials and Methods

MWCNT samples of technical purity (10-30 nm × 1-2 μm, purity:
95-98% by vol.) were produced by Shenzhen Nanotech, Port Co.
Ltd., Shenzhen, China. Nanotubes were successfully dispersed in a
carbopol-based semiliquid gel using a magnetic stirrer (19). Three
female animals per strain (weight: 300 g; age: 15-16 weeks) were
treated orally with 50 mg/kg nanoparticles (once per week after one
day fasting) for 90 days. The animals were obtained from the
Departmental Animal House (Medical School, University of Pecs,
Pecs), housed in standard polycarbonate cages (330×160×137 mm),
bedded with shavings under laboratory conditions (20-22˚C,
humidity 40-60%, 12 h light/dark photoperiod) and fed with
standard rodent pellet (CRLT/n standard rodent pellet; Szinbád Kft.,
Gödöllő, Hungary) and water was provided ad libitum.
DNA lesions (strand breaks) were studied in peripheral
lymphocytes at 24 and 48 h following the first treatment. This
measurement was repeated at the end of the subchronic treatment
in lymphocytes and peritoneal macrophages. Then the animals were
killed and autopsied to search for the presence of CNTs in the
peritoneal cavity. Possible macroscopic alterations of organs were
also studied. Three untreated animals of the same strains were used
as controls. All animal studies were performed in an ethical and
humane way under the control of the authorized Ethical Board
(number: BA02/2000-16/2011).
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The comet assay was performed as described elsewhere (20) with
slight modification. After the lysis step, slides were kept in the
electrophoresis buffer for 20 minutes. The electrophoresis lasted
40 min at 0.46 V/cm and 132 mA. Ethidium bromide was used for
fluorescent staining. The analyses were performed under
fluorescence microscope at ×400 magnification. A total of 50
images per slide were captured and analysed by specific image
analysis software (Comet assay IV; Perceptive Instruments Ltd.,
Bury St Edmunds, UK). Tail moments (TM, based on the area and
length of tail, diameter of the head, and relative fluorescence
intensities) generated by the program were compared in a Mann–
Whitney U-test using SPSS 21.0 software (IBM Corp., Armonk,
NY, USA).

Results

The autopsies did not show any sign of macroscopic lesions
of organs nor of nanotube deposition in the peritoneal cavity.
During the first 24 h, there was no significant difference in
TMs of the Wistar control and treated animals. However,
F344 and LE rats showed significantly elevated levels of
DNA strand breaks (F344 p<0.001; LE p=0.042) within the
first 24 h (Figure 1).
Comparison of the treated strains allows the potentially
different sensitivities to be estimated. Figure 1 also shows
that F344 rats had a significantly higher level of DNA
lesions as compared to both Wistar and LE (p<0.001) strains.
The LE strain, however, proved more sensitive as compared
to Wistar (p<0.001).
Peripheral blood samples were also taken from the
animals 48 h after the first treatment. The comet assays
presented discrepant results at that time, since a significant
difference in TMs was only found between the control and
the treated animals (p=0.002) of the Wistar group (Figure 2).
For the Wistar group, the mean TMs of the treated group
significantly differed only from the 48-h control but not from
the 24-h control. Comparing the three treated groups to each
other, statistically significant differences were detected in
two cases: LE vs. F344 (p=0.021) and Wistar vs. LE
(p<0.001) (Figure 2).
At the 90th day of treatment, the comet assay was
repeated both in blood lymphocytes and peritoneal
macrophages. Lymphocytes did not show any significant
difference between controls and treated animals in any strain
(Figure 3). Significant differences were, however, observed
between the treated groups of some strains (LE vs. F344,
p=0.009; Wistar vs. LE, p=0.002). No significant difference
was observed between Wistar and F344 strains.
Figure 4 summarises the results obtained from peritoneal
macrophages. CNT-treated F3344 (p=0.001) and LE
(p=0.013) groups but not the Wistar group differed
significantly compared to the respective control groups.
Statistically significant differences were observed both
between Wistar and F344 (p<0.001) and Wistar and LE
(p=0.01), but not LE vs. F344 (Figure 4).
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Discussion

Considering the sensitivity of lymphocytes, the Wistar group
seemed to exhibit the lowest since significant difference
were only obtained at the 48-h sampling. If the absorption
of CNTs is slower in this strain, the later effect is explicable.
The other two strains proved to be more sensitive to the
MWCNT administration but the effect was limited to the
first 24 h in these animals. That DNA strand breaks could
not be detected later in these strains may be explained by
either their having effective repair or rapid elimination
capabilities.
The lack of subchronic effects in all the three strains
suggests a highly effective elimination of nanotubes from the
organism, or the presence of efficient mechanisms of
adaptation.
If nanotubes leave the gastrointestinal system and reach
the peritoneal cavity, the possible genotoxic effects of
continuous oral exposure can be followed in peritoneal
macrophages. At the end of the 90-day study, the comet
assay of peritoneal macrophages from the two more sensitive
strains (F344 and LE) delivered positive results while those
from the Wistar group did not. Vales et al. also performed
subchronic studies with MWCNT, but in vitro on BEAS-2B
cells. Reactive oxygen species (ROS)-level was measured
together with comet assay and micronucleus (MN) test. They
detected significant elevation in ROS level and MN
frequency but primary DNA lesions (strand breaks) were not
detected by the comet assay (21). The elevation of ROS level
in different cells, tissues and organs upon MWCNT
treatment was confirmed both in vitro (22, 23) and in vivo
(24, 25) by several articles. In our previous in vivo (rat)
studies involving urinary mutagenicity (Ames) test, sister
chromatid exchange and MN analyses, SW- and MWCNT
samples did not show any genotoxic effects (26).
The differences among the strains under study are obvious
considering both the lymphocytes and macrophages. Wistar
proved to be the most tolerant strain while F344 the more
sensitive one. This latter showed the most significant effect
in the present experiment.
Our results suggest that the physiological and biochemical
(phenotypical) alterations originating from differences in the
genetic strain may significantly affect the biological response
to oral exposure to CNTs. In a previous experiment,
peripheral white blood cell from LE and F344 rat strains and
their F1 hybrids were studied (27). Phorbolester-induced
superoxide production was significantly higher in the LE (vs.
F344) strain, while their F1 hybrids behaved as F344. If
differences are found in ROS production then differences in
the protective processes (e.g. elevated activity of superoxide
dismutase) may also occur. This can have considerable
impact on the sensitivities of these strains to the indirect
genotoxic effects of CNTs.
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Figure 1. Levels of DNA lesions (tail moments) in lymphocytes from
different rat strains 24 h after the first treatment with multi-walled
carbon nanotubes (MWCNT). F344: Fischer-344, LE: Long-Evans, c:
control. Data are the mean±SD.

Figure 3. Levels of DNA lesions (tail moments) in lymphocytes from
different rat strains at the 90th day of treatment with multi-walled
carbon nanotubes (MWCNT). F344: Fischer-344, LE: Long-Evans, c:
control. Data are the mean±SD.

Figure 2. Levels of DNA lesions (tail moments) in lymphocytes from
different rat strains 48 hours after the first treatment with multi-walled
carbon nanotubes (MWCNT). F344: Fischer-344, LE: Long-Evans, c:
control. Data are the mean±SD.

Figure 4. Levels of DNA lesions (tail moments) in peritoneal
macrophages from different rat strains at the 90th day of treatment with
multi-walled carbon nanotubes (MWCNT). F344: Fischer-344, LE:
Long-Evans, c: control. Data are the mean±SD.

Furthermore, in lungs of humans and mice, MWCNT
exposure exerts multifarious and overlapping effects on
expression pattern of ubiquitous genes (matrix
metalloprotinase-9, -12, -14; insulin-like growth factor-1,
interleukins, etc.) which are involved in inflammatory as
well as carcinogen signal transmission (28). Apart from
attributes of the nanotubes, if the p53 gene is intact, it
protects cells from malignant transformation by activating an
inflammatory response (29), as well as preventing

foetotoxicity (30). Indeed, p53 gene expression level
corresponds to specific gene (Ha-ras, c-myc) expression
patterns involved in early steps of carcinogenesis (30, 31,
32). On the other hand, specific lipoxygenase and cyclooxygenase enzyme families not only take part in
inflammatory pathways mediated by arachidonic acid
metabolism but also overlap with carcinogenesis (33). Even
chemopreventive agents (protodioscin, diosgenin, etc.) are
capable of ameliorating deleterious effects of specific
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environmental carcinogens (e.g. dimethylbenz[α]anthracene)
while reducing inflammatory response gene expression (33),
and N-acetylcysteine (NAC) as antioxidant prevented CNTinduced nuclear DNA damage, as well as foetotoxicity (30).
This latter possibility may have human relevance as well,
that is, enhanced (or decreased) vulnerability of human
populations with diverse gene pools to environmental nanotube
exposure. There may be alterations in enzyme activities or
DNA repair capacities, or different permeability of the gut wall.
Our subchronic experiment proved migration of ingested
CNTs from the gut into the circulation, and that CNTs in the
gastrointestinal system affected blood cells indirectly. Their
impact on DNA –with a highly sensitive method– can be
observed within the first 24 h of CNT administration.
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