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Ex vivo assessment of protective effects of carvacrol against DNA lesions
induced in primary rat cells by visible light excited methylene blue (VL+MB)
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Carvacrol belongs to frequently occurring phenolic components of essential oils (EOs) and it is present in many kinds 
of plants. Biological effect of this phenol derivative on human beings is however not sufficiently known. The present study
was undertaken to evaluate the level of VL+MB-induced oxidative DNA lesions in hepatocytes and testicular cells (freshly 
isolated from control or carvacrol-watered rats) by the modified single cell gel electrophoresis (SCGE). The results showed
that carvacrol significantly reduced the level of VL+MB-induced oxidized bases (EndoIII- and Fpg-sensitive sites) only
in hepatocytes but not in testicular cells. Chromosomal aberration assay of primary hepatocytes, isolated from control or 
carvacrol-watered rats did not testify any genotoxic activity of carvacrol. We suggest that in vivo applied synthetic carvacrol, 
whose antioxidative activity was confirmed by DPPH assay, exhibits primarily a strong hepatoprotective activity against
oxidative damage to DNA. 
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Essential oils (EOs) of plants, composed mainly of differ-
ent types of terpens and phenols, represent one of the main 
sources for phytochemicals with chemopreventive potential. 
Carvacrol is the major component of the essential oil fraction 
of Origanum hirtum, oil of thyme, oil obtained from pepper-
wort and wild bergamot and was found also in several other 
EOs. This compound, isomeric with thymol (a monoterpene
phenol derivative of cymene), has a long history of use for 
many medical applications [1]. Carvacrol exhibits a strong 
antibacterial activity against a wide spectrum of bacteria 
[2], antifungal activity [3], anticandidal activity [4] and 
trypanocidal activity [5]. It minimizes oxidation of the lipid 
components in foods and can serve as a natural replacement 
of synthetic antioxidant food additives [2]. EOs and aque-
ous tea infusions obtained from oregano, thyme and wild 
thyme prevent oxidation of low-density lipoproteins (LDL), 
that transport dangerous cholesterol and triglycerides from 
the liver to peripheral tissues [6]. Jukic et al. [7] found that 
thymol, carvacrol and their derivatives exhibited a strong 
inhibitory effect on acetylcholinesterase (AChE), an enzyme
that degrades the neurotransmitter acetylcholine. Inhibition of 
AChE represents one of the therapeutic strategies developed 

in Alzheimer’s disease treatment. Lee et al. [8] proved that 
carvacrol activated the human collagen type I promoter activ-
ity and the synthesis of human type I procollagen, preventing 
skin aging and wrinkle formation. 

An increasing interest in the use of EOs and their compo-
nents raises the need to evaluate such compounds for both 
mutagenic and antimutagenic properties. Aydin et al. [9] studied 
the genotoxic and antimutagenic potential of major compounds 
of thyme oil in human lymphocytes by SCGE technique and 
found a significant antimutagenicity of carvacrol in vitro. Pos-
sible antigenotoxic effects of EOs extracted from medicinal
plants such as Origanum compactum, Artemisia herba alba and 
Cinnamomum camphora, known for their beneficial effects in
humans were proved also in the yeast Saccharomyces cerevisiae 
[10]. Koparal and Zeytinoglu [11] found that higher doses of 
carvacrol cause in human non-small-cell lung cancer cell line 
A549 a decrease in cell number, apoptosis, connected with de-
generation of cell morphology, and a decrease in total protein 
amount. This indicates that carvacrol may have a pharmacolog-
ical importance for the prevention of cancer.

We demonstrated [12] that incubation of human cells in 
the presence of the monoterpens thymol and carvacrol led 
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to a significant protection of cellular DNA against a strong
oxidative agent, hydrogen peroxide. On the basis of in vitro 
experiments it was however not possible to determine whether 
these DNA-protective effects could be operative also in the
intact organism of experimental rats. This doubt was later
excluded, as we found the protective activity of carvacrol 
added in in vivo conditions against DNA lesions induced 
by H2O2 in primary rat cells ex vivo [13]. In this report we 
compared primary hepatocytes and testicular cells (freshly 
isolated from control and carvacrol-supplemented rats) from 
the point of view of oxidative DNA lesions induced by visible 
light excited methylene blue (VL+MB). Oxidized DNA bases 
were detected by modified SCGE, which is able to detect En-
doIII- and Fpg-sensitive sites. Genotoxic effect of carvacrol
on rat hepatocytes in vivo was evaluated by chromosomal 
aberration assay. Antioxidative activity of ethanolic solutions 
of commercial synthetic carvacrol used in our experiments 
was determined by a spectrophotometric method using the 
stable DPPH radical.

Materials and methods

Chemicals and treatment of cells. Methylene blue (MB, 
Fluka, Buchs, Switzerland) was diluted shortly before use 
in PBS buffer to the final concentration 3.125 × 10-5 mol/l 
and kept at 4ºC. Hepatocytes or testicular cells embedded in 
agarose gels were treated with visible light (60 W bulb; 180 s; 
25 cm distance) + MB on ice without any other source of light. 
A similar light exposure regimen to induce DNA damage was 
used by Hartwig et al. [14]. Control cells were treated with MB 
for 180 s in the dark. After treatment, the cells were washed
with PBS. Carvacrol – purity (as given by the manufacturer, 
Fluka, Buchs, Switzerland) was ≥ 97%; density = 0.974 g/ml; 
Mw = 150.22. This compound was kept at room tempera-
ture, diluted in drinking water (10 µl or 20 µl per 40 ml of 
water) and given to rats. With regard to the consumption of 
drinking water by rats, the amount of carvacrol equals 30 or 
60 mg/day/kg b.w.

Testing DPPH radical scavenging activity of carvacrol. 
The antioxidative activity of carvacrol was determined with
DPPH (1,1-diphenyl-2-picrylhydrazyl) radical using the 
spectrophotometric method by Buřičová and Réblová [15]. 
DPPH radical (Sigma Aldrich, St. Louis, USA) dissolved 
in ethanol in the concentration of 0.05 mg/ml (100 µl) was 
added to 50 µl of various concentrations of carvacrol. The
decrease in absorbance at 500 nm was measured at 0, 15, 30, 
and 60 min using a spectrophotometer Multiscanreader RC, 
Labsystems, Finland. Ethanol of analytical grade (Microchem, 
Slovakia) was used to zero the spectrophotometer. Ascorbic 
acid (20 mg l) in H2O was used as a positive control. All deter-
minations were performed in triplicates at room temperature. 
The DPPH radical scavenging activity was calculated with the
following formula: DPPH radical scavenging activity (%) = 
[(control absorbance – extract absorbance) / (control absorb-
ance)] × 100. 

Chromosomal aberrations. Slides were prepared using the 
standard air-drying method and stained with 10% aqueous 
Giemsa solution. The classification of aberration was carried
out as described by Venitt and Parry [16]. The metaphases were
analyzed for the following structural aberrations: chromatid 
gaps and breaks and exchanges (dicentrics, quadriradials, 
triradials, and double minutes). Since the genetic significance
of gaps is not clearly understood, they were not included in 
the assessment of the chromosomal damage and thus were not 
evaluated statistically.

Enzymes. Endonuclease III (EndoIII) and formamidopyri-
midine-DNA-glycosylase (Fpg) were a generous gift of Prof. A.
R. Collins, University of Oslo, Norway. The crude extracts of
EndoIII and Fpg were diluted in a buffer containing 40 mmol/l
HEPES; 0.1 mol/l KCl; 0.5 mmol/l EDTA, 0.2 mg/ml BSA, pH 
8.0 prior to use. The dilutions used were 1:1000 for EndoIII
and 1:3000 for Fpg.

Animals. Nine sexually mature male Sprague-Dawley (SD) 
rats, obtained from ANLAB, Czech Republic, with a mean 
body weight (b.w.) of 300 g, were used (by one) in nine individ-
ual experiments. The animals were obtained from an in-house
strain and were maintained in a room with 12 h light/dark 
cycle, room temperature 22±2°C, relative humidity 55±5%. 
They were housed in plastic cages on hardwood bedding (1 rat
per cage). A standard diet (containing nutriment, amino acids, 
biofactors, and minerals) was given. Food consumption for 
each cage was recorded daily and individual body weights were 
recorded at the beginning and at the end of experiment. The
compound tested, carvacrol, was added to drinking water in 
two different concentrations (30 or 60 mg/day/kg b.w.) during
7 days. The basis for the choice of these carvacrol concentra-
tions were results published by Azirak and Rencuzogullari [17]. 
Water (+/- carvacrol) was provided ad libitum. After 7 days
the total b.w. gain was ~ 40 g in both control and carvacrol 
drinking rats. No degeneration of inner organs or worsening 
of the overall health condition was observed in carvacrol sup-
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Fig. 1. Time course of DPPH radical scavenging reaction of carvacrol (0.5, 
1, 2 and 4 mmol/l CA) and 20 mg/l ascorbic acid (AA).
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plemented rats. The rats were ethically sacrificed by i.p. dose
of thiopental and from each animal hepatocytes and testicular 
cells determined for further processing were isolated. The ex-
periments were conducted under the guidelines of the Animal 
Ethics Committee and were approved by the State Veterinary 
and Food Administration of the Slovak Republic.

Isolation of cells. Hepatocytes were isolated by the in situ 
two-step collagenase perfusion technique as described by 
Michalopoulos et al.[18]. Testicular cells were isolated from 
testes of sexually mature male SD rats by enzymatic digestion 
as described by Bradley and Dysart [19]. Flow cytometry of 
testicular cells isolated by this method showed that the total 
testicular pool contains approximately 59.42% of haploid 
round spermatids, 16.8% of elongating spermatids, 14.0% of 
diploid (both somatic and germ) cells, 2.6% of S-phase cells 
and 7.2% of tetraploid cells [20]. 

Modified single cell gel electrophoresis. The basis of this
test is the conventional procedure suggested by Singh et al. 
[21]. The modified comet assay version enables detection of
oxidative DNA damage using specific enzymes [22]. The gels
containing control or VL+MB-treated cells were placed in 
lysis solution for 1 h at 4ºC to remove cellular proteins. After
lysis the cells were washed twice for 10 min with endonuclease 
buffer (40 mmol/l HEPES; 0.1 mol/l KCl; 0.5 mmol/l EDTA,
pH 8.0) and incubated with a cocktail of repair enzymes 
EndoIII and Fpg for 30 min at 37°C. The control slides were
incubated with endonuclease buffer containing BSA. The sub-
sequent steps of unwinding and electrophoresis are identical in 
both the conventional and modified procedures. EtBr stained
nucleoids were evaluated with an Olympus BX-51 fluorescence
microscope. For each sample, 100 comets were scored using 
computerized image analysis (Komet 5.5, Kinetic Imaging, 
Liverpool, UK) for determination of DNA in the tail. The
percentage of DNA in the tail is directly proportional to the 
frequency of DNA strand breaks [23]. 

Statistics. The results represent a mean from 3 sets of experi-
ments. The significance of differences between individual groups
and individual samples presented in Figs. 2 and 3 was evaluated 
by a one-way analysis of variance (ANOVA) followed by Bonfer-
roni or Tamhan test for multiple comparisons in dependence on 
the absence or presence of a statistically significant difference
in variances among individual groups. We calculated at the 
significance level α=0.05 and used a statistical software SPSS
16.0. Chromosomal aberrations were statistically evaluated by 
testing the difference of two relative values.

Results

Antioxidative activity of ethanolic solutions of carvacrol was 
investigated using DPPH assay. When DPPH, which is a stable 
free radical with dark violet color (absorbed at 517 nm) reacts 
with an antioxidant compound which can donate hydrogen, it 
is reduced and changes its color to yellow. The results showed
(Fig. 1) that all concentrations of carvacrol tested (0.5, 1, 2 and 
4 mmol/l) exhibited a notable antioxidative potential. 

Genotoxic effects of carvacrol were analysed on the basis of
the level of chromosomal aberrations in hepatocytes isolated 
from control and carvacrol-treated rats by the chromosomal 
aberration assay (Table 1). We did not observe any cytogenetic 
effects of this compound.

Protective effects of carvacrol against DNA damage induced
by VL+MB. Figs. 2 and 3 show % of DNA lesions induced 
by methylene blue (MB) and visible light+methylene blue 
(VL+MB) in the presence or absence of repair enzymes in 
hepatocytes (Fig. 2) and testicular cells (Fig. 3). Both kinds of 
primary cells were isolated from control rats (C) and carvacrol-
supplemented rats (c1 = 30 mg/kg/day and c2 = 60 mg/kg/day). 
Statistical evaluation of the results showed that in both kinds of 
cells isolated from control rats there was the percentage of tail 
DNA significantly increased after VL+MB+e treatment (induc-
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Figure 2 and 3. Percentage of tail DNA in hepatocytes (Fig. 2) and testicular cells (Fig. 3) isolated from control rats (C) and rats supplemented with 
30mg/kg/day (c1) or 60mg/kg/day (c2) carvacrol and treated with methylene blue (MB) and visible light+methylene blue (VL+MB). Grey bars represent 
samples in the absence and black bars in the presence of repair enzymes EndoIII and Fpg. 
Results of statistical analysis:
Figure 2. C/VL+MB<C/VL+MB+e (p<0.001); c2/VL+MB+e< C/VL+MB+e (p<0.001); c2/VL+MB+e< c1/VL+MB+e (p=0.001).
Figure 3. C<C/MB (p=0.029); C<C/VL+MB (p<0.001); C/MB<C/VL+MB (p=0.015); C/VL+MB<C/VL+MB+e (p<0.001); c1/MB<C/MB (p<0.001);
c1/VL+MB<C/VL+MB (p=0.024); 
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tion of oxidative DNA lesions), in comparison with samples 
treated by VL+MB. In hepatocytes isolated from control rats 
there was found no significant differences in the percentage
of tail DNA in control (C) and samples exposed to methylene 
blue (MB) or visible light+methylene blue (VL+MB). On the 
other side, in testicular cells isolated from control rats there 
were statistically significant differences (p<0.001) in the per-
centage of tail DNA between control (0) and samples exposed 
to MB or VL+MB. This fact suggests a genotoxic effect of MB
(0.01%) and VL+MB on testicular cells. Genotoxic effects of
MB on breast cells were reported by Masannat et al. [24].

The statistical analysis showed (1) that in hepatocytes
isolated from rats supplemented by carvacrol (c1 or c2) and 
exposed to VL+MB+e there was found a statistically significant
decrease in the percentage of tail DNA (compared to control 
rats). This suggests a reduction of oxidative DNA lesions in
hepatocytes isolated from carvacrol-supplemented rats; (2) 
that in testicular cells isolated from control or carvacrol (c1 or 
c2)-supplemented rats no significant differences were found
between samples VL+MB and VL+MB+e, what suggests that 
supplementation of rats by carvacrol does not reduce the level 
of oxidative DNA lesions induced by VL+MB.

Discussion

Humans and animals are constantly confronted with ge-
notoxic or potentially genotoxic compounds occurring in the 
environment. In somatic cells DNA damage is considered to 
be the most significant stimulus of initiation of the multistep
process of carcinogenesis. In germinal cells can DNA lesions 
besides have a destructive effect on the next and successive
generations. Freshly isolated rat hepatocytes (somatic cells) 
and testicular cells (mostly germinal cells) are provided 
with a wide spectrum of protective mechanisms that shield 
important cellular biomacromolecules. Their use in ex vivo 
conditions seems to be very useful in investigating the ability 
of natural compounds to reduce or eliminate genotoxic effects
of oxidative carcinogens. Liver is the main organ for the me-
tabolism of foreign compounds, therefore liver cells represent 
a suitable system for the evaluation of different effects which

could raise or reduce the response to mutagens. The examina-
tion of sperm or testicular cells seems to be an easier and more 
logical choice for genotoxicity studies on germinal cells than 
female germ cells, as these are more complicated to obtain. 
We investigated the effect of dietary carvacrol supplementa-
tion from the point of view of resistance of freshly isolated rat 
somatic and germinal cells towards DNA-damaging oxidative 
agents. Our assumption that carvacrol given to rats in drinking 
water reaches different rat organs including testes is supported
by several findings, e.g. that Origanum majorana L. oil contain-
ing carvacrol minimizes hazard effects of ethanol toxicity on
male fertility as well as toxic effects of ethanol on liver and brain
tissues [25] or that huge molecules of lignin biopolymer could 
be found by FTIR (fourier-transformed infrared) spectroscopy 
in lyophylized blood lymphocytes and testicular cells isolated 
from rats fed lignin enriched food [26].

The oxidative agent used in our study was visible light ex-
cited methylene blue. It is known [27] that excited molecules 
of photosensitizer (methylene blue) react with DNA mainly 
via singlet oxygen (1O2), the lowest energy-excited state of 
molecular oxygen, more reactive than the triplet ground-
state molecule. The generating of 1O2 in the cytoplasm might 
be able to react with DNA in the nucleus, provided it is not 
intercepted by one of its biological scavengers [28]. DNA 
damage induced by 1O2 is dominated by base modifications
sensitive to repair enzymes [29]. A statistically significant
increase of the percentage of tail DNA (ss DNA breaks) in 
both hepatocytes and testicular cells (isolated from control 
animals) by VL+MB in the presence of repair enzymes 
EndoIII+Fpg manifests the induction of oxidative DNA base 
modifications recognized by repair enzymes. The level of these
DNA lesions was significantly lowered in hepatocytes isolated
from carvacrol-supplemented animals, however it was not 
changed in testicular cells. It seems that supplementation of 
rats by carvacrol did not increase the resistance of testicular 
cells towards DNA lesions induced by singlet oxygen. There
were found also further differences between hepatocytes and
testicular cells. While MB or VL+MB did not induce any DNA 
lesions in hepatocytes, they induced statistically significant
increase of DNA lesions in testicular cells. This category of

Table 1. Chromosomal aberrations induced in primary rat hepatocytes by 7 day carvacrol supplementation

Sample Number 
of scored

metaphases

Number 
of aberrant
metaphases

Number of chromosomal aberrations Total 
number  
of CAChromatid Isochromatid Exchange

g b/f g b/f dic qr tr dmin

SC 140 8 6 8 2 - - - - - 8
30 mg/kg 154 12 3 7 1 5 - - - - 12
60 mg/kg 183 12 1 10 1 2 - - 1 - 13

SC, solvent control (PBS); CA, chromosomal aberrations; g, gap; b/f, break and/or fragment; dic, dicentric; qr, quadriradial; tr, triradial; dmin, double minute 
not significantly different from the SC (p>0.05)
The numbers of chromatid and isochromatid gaps were recorded for each treatment group; however, since their genetic significance is not clearly understood,
they are not included in our assessment of chromosomal damage.
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DNA lesions was in carvacrol-supplemented animals (mainly 
in group c1) reduced, similarly as were DNA lesions induced 
by H2O2 [13]. 

To date we do not know the exact mechanism in which car-
vacrol reduces genotoxic effects of H2O2 in both kinds of cells 
and genotoxic effects of singlet oxygen (1O2) only in liver cells. 
We consider several possibilities: that carvacrol will not neces-
sarily be distributed in the same quantities and/or ratios to all 
organs throughout the body; that the antioxidative status of 
cytoplasm in hepatocytes and testicular cells of carvacrol-sup-
plemented rats can be different in comparison with liver cells;
that differential patterns of the antioxidant defense systems are
required for reduction of oxidative damage induced in cells 
by H2O2 and 1O2; or that the different reaction of hepatocytes
and testicular cells (isolated from carvacrol-supplemented rats) 
are associated with differences in cellular DNA repair. The
antioxidant status of cytoplasm of hepatocytes and testicular 
cells as well as activity of base excision repair in both kinds of 
cells isolated from control and carvacrol-supplemented rats 
will be investigated in our further studies.
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