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Carvacrol and rosemary essential oil manifest cytotoxic, DNA-protective 
and pro-apoptotic effect having no effect on DNA repair
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For several thousand years natural products were successfully used to treat a variety of diseases and to maintain health 
in humans, but until now it is not fully known what causes these medicinal effects. In our study we assessed the cytotoxic,
DNA-protective and pro-apoptotic effect of two frequently occurring natural compounds, carvacrol and rosemary essential
oil, on human hepatoma HepG2 cells. In addition we examined the in vitro incision repair activity of liver cell extracts pre-
pared from hepatocytes isolated from Sprague-Dawley (SD) rats fed with water containing carvacrol or rosemary oil. Using 
conventional and modified single cell gel electrophoresis we proved that incubation of HepG2 cells with selected concentra-
tions of carvacrol and rosemary oil significantly protected cellular DNA against two dangerous oxidative agents, hydrogen
peroxide (H2O2) and 2,3-dimethoxy-1,4-naphthoquinone (DMNQ). It is interesting that despite this DNA protection, the 
addition of both volatiles to the drinking water of SD rats had no effect on incision repair capacity of hepatocyte extracts. In
this paper we also showed that carvacrol and rosemary oil can trigger apoptotic cell death pathways in HepG2 cells, which 
is probably connected with their cytotoxicity. 
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Natural products and their derivatives play an important 
role in the development of current treatment guidelines. These
products appear to be suitable chemoprotective agents against 
various types of cancer. Essential oils are formed as secondary 
metabolites by some kind of herbs. They are usually volatile,
liquid, colourless and lipid soluble mixtures characterized 
by two or more major components. Essential oils have been 
widely applied for their antiseptic (bactericidal, fungicidal, 
virucidal) and medicinal properties. Generally, they mani-
fested a cytotoxic (but not genotoxic) effect on living cells,
depending on type and concentration [1].

Carvacrol is one of the major components of the essential 
oil of Thymus vulgaris or origanum [2]. It is well known for 
its antimicrobial, antitumor, antimutagenic, cell-protective, 
antioxidant, antiplatelet, analgesic, anti-inflammatory and an-
tiangiogenic activities. Carvacrol is a monoterpene; it contains 
isopropyl and methyl groups in para position to each other 
on a phenol ring [3]. 

In general, Rosmarinus officinalis grows worldwide and 
extracts of different parts of this herb are used in folk as well

as in modern medicine for their antioxidant and antibacte-
rial activities [4]. The rosemary plant and its constituents
are increasingly studied because of their positive effects on
human health. Jiang et al. [5] showed pronounced activity 
of rosemary oil against Gram-positive and Gram-negative 
bacteria as well as fungi. 

In our experiments we used H2O2 to induce mainly sin-
gle-strand DNA (ssDNA) breaks and DMNQ to induce both 
ssDNA breaks and oxidative DNA damage. H2O2 is an oxida-
tive compound which does not react with DNA directly. It 
induces DNA damage via highly reactive hydroxyl radicals 
which are generated from H2O2 in Fenton reaction catalyzed 
by metal ions, typically Fe2+ and subsequently react with DNA 
[6]. DMNQ belongs to the group of quinones, the toxicity 
of which is described by two principal mechanisms: i) the 
arylation of nucleophiles among biological constituents (e.g. 
covalent reaction with thiols), to form arylation products that 
are able to cause cellular damage [7]; ii) the oxidative stress 
caused by redox cycling as a result of one-electron reduction 
of quinones to semiquinone radicals which are then reoxidized 
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by molecular oxygen and produce superoxide anions that are 
consequently converted into reactive oxygen species (ROS) 
[8]. It is known that base excision repair (BER) represents 
an important step in preventing mutations associated with 
8-oxoguanine (8-oxoG) as a product of oxidative damage. 
Accordingly, the following mechanism for BER is supposed: 
damage-specific DNA glycosylases recognize and remove
abnormal or damaged DNA bases to create an apurinic-apy-
rimidinic (AP) site in DNA. In the next step, other enzymes 
(AP endonucleases and phosphoribosyl lyases) are recruited 
to create proper ends for DNA polymerase which “installs” 
the appropriate nucleotide and DNA ligase finally joins the
backbone [9, 10]. 

The aim of our study was to investigate the cytotoxic, DNA-
protective and pro-apoptotic effect of carvacrol and rosemary
essential oil on human hepatoma HepG2 cells. In addition we 
tried to ascertain if these natural compounds are able to influ-
ence BER, i.e. if the addition of these volatiles to the drinking 
water of Sprague-Dawley rats can stimulate the in vitro repair 
capacity of liver cell extracts. 

Materials and methods

Plant volatiles. The plant volatiles examined in this study
were: carvacrol (CA; Fluka, Buchs, Switzerland, purum 
≥97%; density=0.974 g/ml; Mw=150.22) and R. officinalis 
essential oil (RO; Calendula Inc., Nová Ľubovňa, Slovakia, 
lot 5-014-009-12-06, containing approximately 25% 1,8-
cineole, 19% α-pinene, 19% camphor, 17% p-cymene, 9% 
camphene, 5% β-pinene, 2% borneol and 4% of unidentified
components as specified by manufacturer). Both volatiles
were kept at room temperature. Carvacrol was diluted to the 
concentrations 25-1000 µM in complete RPMI 1640 medium 
immediately before use. RO was dissolved in Cremophor EL® 
(CrEL; Fluka, Sigma-Aldrich Co., Steinheim, Germany) and 
70°C serum-free RPMI 1640 medium to 1.25% stock solution 
which was diluted to final concentrations 3.125-1250×10-3‰ 
in complete RPMI 1640 medium. The final concentrations
of Cremophor EL in the medium never exceeded 0.1% (in 
both control and treated cells) which did not affect the cell
viability.

Chemicals. Chemicals were purchased from the following 
sources:

2,3-Dimethoxy-1,4-naphthoquinone (DMNQ), 3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT), benzo[a]pyrene (B[a]P), bovine serum albumin (BSA), 
dimethyl sulfoxide (DMSO), ethidium bromide (EtBr), hydro-
gen peroxide (H2O2), normal melting point (NMP) agarose, 
RNAse and Triton X-100 from Sigma, Sigma-Aldrich Co., 
Steinheim, Germany; fetal calf serum (FCS), kanamycin, low 
melting point (LMP) agarose, penicillin/streptomycin, Roswell 
Park Memorial Institute (RPMI) 1640 medium and trypan blue 
(0.4%) from InvitrogenTM Gibco® Life technologies Ltd., UK; 
formamidopyrimidine-DNA-glycosylase (Fpg) from BioLabs 
Inc., New England; phosphate-buffered saline (PBS; Mg2+- and 

Ca2+-free) from OXOID LIMITED, Basingstoke, UK; Ultra 
Safe Blue from Syngene, UK and proteinase K were obtained 
from the Biotech Company (Slovakia). Other chemicals were 
of analytical grade from commercial suppliers.

Cell culture. Human hepatoma HepG2 cell line was 
obtained from Prof. A.R. Collins (University of Oslo, 
Norway). Cells were cultured in RPMI 1640 medium 
supplemented with 10% fetal calf serum and antibiotics 
(penicillin 200 U/ml/streptomycin 100 µg/ml, kanamycin 
100 µg/ml) on plastic Petri dishes at 37°C in a humidified 
atmosphere of 5% CO2.

Treatment of cells. Exponentially growing HepG2 cells 
were treated with different concentrations of carvacrol or
rosemary oil for 24 h on Petri dishes or 96 well-culture 
plates. 

2,3-Dimethoxy-1,4-naphthoquinone (DMNQ) was stored 
as a 50 mM stock solution at -20°C and dissolved in serum 
free RPMI 1640 medium to final concentration of 50 µM.
HepG2 cells were treated with DMNQ for thirty minutes at 
37°C in the dark.

Hydrogen peroxide (H2O2; 10 M) was kept at 4°C and di-
luted in PBS immediately before use to a final concentration
of 300 µM. HepG2 cells embedded in agarose on microscopic 
slides were treated with H2O2 for 5 min on ice in the dark. 

Cytotoxicity assay. The cytotoxic effect of both plant
volatiles on HepG2 cells was evaluated by two different
techniques – trypan blue exclusion (TBE) and MTT (3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 
assays. For TBE assay, cell culture was grown in monolayer on 
Petri dishes (ø 40 mm) from the density of 2.5×105 cells/ml 
overnight and treated with either carvacrol (25-1000 µM) or 
rosemary oil (3.125-1250×10-3‰) for 24 h. After treatment,
the cells were washed with PBS, harvested by 0.04% trypsin, 
resuspended in PBS, stained by 0.4% trypan blue and then the 
number of viable and dead cells was counted. We used MTT 
assay described by Mosmann [11] with minor modifications.
In brief, HepG2 cells were seeded in 96-well culture plates 
at the density of 2.5×105 cells/ml. 200 µl of suspension were 
added to each well. After overnight incubation, cells were
treated with different concentrations of carvacrol or rosemary
oil as mentioned above. After treatment, the medium was
removed and cells were incubated with 50 µl of MTT dye 
solution (1 mg/ml in PBS) suspended in 100 µl of complete 
RPMI medium for 4 h at 37°C. The medium was removed
and DMSO was added to each well and plates were continu-
ously shaken for 30 min. Photometric evaluation (at 540 nm 
excitation and 690 nm emission wavelengths) was carried 
out using the xMark™ Microplate Absorbance Spectropho-
tometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
The viability of HepG2 cells was calculated by the following
formula: A treated cells/A control cells×100%.

Conventional and modified single cell gel electrophore-
sis (SCGE; comet assay). The procedure of SCGE described
by Singh et al. [12] and modified by Slamenova et al. [13]
was used with minor adjustments. In brief, microscopic 
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slides were coated with 1% NMP agarose in distilled water 
and dried. The tested HepG2 cells (untreated or treated as
mentioned in section Treatment of cells) at a density of 2.5-
3×104 cells/50 µl of 0.75% LMP agarose in PBS were placed on 
pre-coated microscopic slides and covered with a cover slip. 
After solidification of the gels, the cover slips were removed
and slides were placed in a lysis mixture (2.5 M NaCl, 100 
mM Na2EDTA, 10 mM Tris, pH 10, 1% Triton X-100) for 1 h 
at 4°C. In conventional SCGE, samples were consequently 
transferred to an electrophoresis solution (300 mM NaOH, 
1 mM Na2EDTA, pH>13) for 40 min unwinding at 4°C and 
then subjected to electrophoresis at 25 V (current adjusted to 
0.3 A) for 30 min at 4°C. Finally, slides were neutralized with 
400 mM Tris-HCl (pH 7.5) twice for 10 min and stained with 
a fluorescent dye (EtBr, 5µg/ml).

For detection of oxidative DNA lesions induced by DMNQ 
modified comet assay described by Collins et al. [14] was
used. After lysis, samples were washed twice in endonuclease
buffer (40 mM Hepes, 100 mM KCl, 0.5 mM EDTA, pH 8) for
10 min and incubated for 30 min with formamidopyrimidine-
DNA-glycosylase (Fpg) in a moist box at 37°C. The control
slides were incubated with endonuclease buffer containing
0.2 mg/ml BSA. The final dilution of Fpg was 0.2 U/slide. The
following steps of unwinding, electrophoresis, neutralization 
and DNA staining were identical both in the conventional and 
modified technique.

For evaluation of DNA damage as % DNA in the tail at 
least 100 EtBr-stained nucleoids were scored for each slide 
with a Zeiss fluorescent microscope and automated computer-
ized image analysis Metafer 3.6 system (MetaSystems GmbH, 
Altlussheim, Germany).

In vitro BER capacity of cell extracts. This method
evaluates the ability of an extract prepared from cells of dif-
ferent origin to cleave DNA substrate (mammalian cells) 
containing specific damage [15, 16, 17]. In our experiments,
we used extracts prepared from hepatocytes isolated from 
control (water/CrEL) and fed (carvacrol/rosemary oil) rats. 
The strain of experimental rats, their maintenance, protocols
for feeding with carvacrol or rosemary oil and isolation of 
their hepatocytes were thoroughly described in our previous 
papers [18, 19]. Oxidative damage of DNA substrate coming 
from HepG2 cells was induced by DMNQ. For measure-
ment of the BER activity of extracts modified comet assay
was used.

Hepatocyte extracts preparation. Extracts from hepa-
tocytes of control and supplemented SD rats were prepared 
as described Collins et al. [15]. Freshly isolated hepatocytes 
were washed in 3× diluted extraction buffer A (45 mM Hepes,
400 mM KCl, 1 mM EDTA, 0.1 mM dithiothreitol, 10% glyc-
erol, adjusted to pH 7.8 using KOH) and centrifuged at 700 g 
for 5 min at 4°C. Then, supernatant was removed as much as
possible, the pellet was resuspended by vigorously tapping 
the tube and 100 µl of buffer A was added for each 1×107 cell. 
Suspension of cells was divided into 50 µl aliquots, frozen and 
stored at -80°C.

For quantification of proteins concentration, 50 µl aliquots
were thawed, mixed with RadioImmunoPrecipitation Assay 
lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
Na2EDTA, 1% Triton X-100) kept for 30 min at 4°C and 
centrifuged at 14 000 g for 20 min at 4°C. The supernatant
was collected and proteins concentration was determined by 
Bradford´s method with BSA as a standard and Quick StartTM 
Bradford Dye Reagent (Bio-Rad Laboratories Inc., Hercules, 
CA, USA).

In vitro repair incubation with extracts and Fpg. 
Hepatocyte extracts were thawed, 12 µl of 1% Triton X-100 
in buffer A was added and centrifuged (14 000 g, 5 min, 
4°C) just before use. Nuclei and cell debris were separated 
by this centrifugation to pellet. The supernatant was mixed
with reaction buffer B (45 mM Hepes, 0.25 mM EDTA, 2%
glycerol, 0.3 mg/ml BSA, adjusted to pH 7.8 using KOH) and 
kept on ice until use. After lysis, slides with DNA substrate
(i.e. HepG2 cells containing oxidative damage) were washed 
twice for 10 min with reaction buffer B without BSA. Then
40 µl of prepared extracts was added to appropriate samples 
and incubated (30 min, 37°C) in moist boxes. Reaction 
buffer B with BSA was used as a negative control. As posi-
tive control we used Fpg enzyme. The following steps were
identical in the conventional and modified procedure as
described in section Conventional and modified single cell
gel electrophoresis.

DAPI staining. The signs of apoptosis after 24 hour expo-
sure of HepG2 cells to individual concentrations of carvacrol 
(300-600 µM) and rosemary oil (37.5-125×10-3‰) with subse-
quent 48 hour post-cultivation in fresh medium were analyzed 
similarly as described Valovicova et al. [20]. Briefly, cells were
seeded on Petri dishes at a density of 2×105 cells/dish. After
treatment, cell cultures were fixed with ice-cold methanol:
glacial acetic acid (3:1) for 15 min at room temperature, 
washed and air dried till next day. Thus fixed cells were
stained with DAPI (0.2 μg/ml) diluted in McIlvaine´s buffer
(0.2 M Na2HPO4×2H2O, adjusted to pH 7 using citric acid) at 
room temperature in the dark for 40 min, washed, dried and 
mounted with glycerol. Cell death (apoptosis and necrosis) 
was determined using morphological criteria (fragmentation 
of nuclei) by Oberhammer et al. [21]. Two thousand cells 
per dish were analyzed using the fluorescence microscope
Olympus BX51. 

Statistical analysis. The results are presented as means
from at least three sets of independent experiments±standard 
deviation (SD). The significance of differences between sam-
ples was evaluated by Student´s t-test. P value of <0.05 was 
considered significant.

Results

Cytotoxic effect of volatiles on HepG2 cells. Cytotoxicity 
of plant volatiles – carvacrol and rosemary essential oil – on 
HepG2 cells was evaluated by trypan blue exclusion as well as 
by MTT assays. It is evident that both volatiles inhibited cell 
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growth and viability gradually with increasing concentrations 
(Figure 1). 50% growth inhibitory concentration (IC50) for 
24 hour treatment with carvacrol was 425 µM (Figure 1A). 
Figure 1B shows that IC50 value for 24 hour treatment with 
rosemary oil was approximately 89×10-3‰. For further ex-
periments intended to study potential DNA-protective effects
of volatiles using comet assay concentrations exhibiting cell 
viability approximately 80% were chosen.

DNA-protective effects of volatiles against H2O2 and 
DMNQ. To evaluate potential DNA-protective effects of car-
vacrol and rosemary oil, HepG2 cells were pre-incubated for 
24 hours with volatiles before treatment with H2O2 (Figure 2) 
or DMNQ (Figure 3). At tested concentrations carvacrol and 
rosemary oil (except the highest concentration) did not in-
duce either ssDNA breaks or oxidized purines (Fpg-sensitive 
sites). In the conventional assay, both carvacrol and rosemary 
oil significantly decreased ssDNA breaks induced by H2O2 
(Figure 2). This reduction was for rosemary oil-pre-treatment
dose-dependent. In the assay with DMNQ (modified comet

assay), both carvacrol and rosemary oil significantly decreased
ssDNA breaks as well as oxidative DNA lesions induced by 
DMNQ (Figures 3A and 3B). 

Incision capacity of hepatocyte extracts from volatiles fed 
animals. For measuring the incision capacity of extracts prepared 
from hepatocytes of control, carvacrol or rosemary oil fed SD 
rats, modified comet assay was used. Optimizing the use of
hepatocytes extracts in in vitro BER assay was tested in separate 
experiments (data not shown). On the basis of these experiments 
we chose a suitable dilution of extract in which concentration of 
proteins was 0.024 mg/ml. At this dilution, significantly higher
activity of extract in comparison to negative control (Figure 4, 
50 µM DMNQ, extract buffer – white bar; **p<0.01) along with 
significantly lower activity then in positive control (Figure 4,
50 µM DMNQ, Fpg - black bar; +++p<0.001) was observed. 

We prepared a substrate DNA containing oxidative DNA 
damage (HepG2 cells treated with 50 µM DMNQ). Sub-
strates of cells were incubated with extracts prepared from 
hepatocytes isolated from SD rats to drinking water in which 

Figure 1. Cytotoxic effects of carvacrol (A) and rosemary oil (B) measured by MTT (black lines) and TBE (dashed lines) assays.
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Figure 2. Protective effect of carvacrol (A) and rosemary oil (B) against H2O2 measured by conventional comet assay. HepG2 cells were pre-incubated 
for 24 h with carvacrol or rosemary oil (white columns) before treating with 300 µM H2O2 (striped columns). HepG2 cells treated only with H2O2 was 
used as a positive control (striped columns of sample 0); samples incubated only with PBS represent a negative control (white columns of sample 0). 
***p<0.001 indicate significant difference to negative control; +p<0.05; ++p<0.01; +++p<0.001 refers to significant difference to positive control.

carvacrol (30 or 60 mg/kg) or rosemary oil (0.25 or 0.5‰) was 
added. Figure 4 represents an increased level of DNA damage 
in substrate cells after treatment with Fpg (positive control) in
comparison with substrate incubated only with extract buffer
(negative control) (***p<0.001). Control extracts and extracts 
prepared from hepatocytes isolated from SD rats fed with 
carvacrol (A) or rosemary oil (B) increased DNA damage in 
substrate when compared with the negative control (*p<0.05; 
**p<0.01; ***p<0.001). Simultaneously, extracts from hepatocytes 
exhibited less DNA damage in substrate compared with posi-
tive control (+++p<0.001). From the presented results we can 
conclude that the feeding of carvacrol or rosemary oil to rats 
did not affect repair activity.

Apoptotic DNA fragmentation induced by volatiles in 
HepG2 cells. We investigated the ability of carvacrol (Figure 
5A) and rosemary essential oil (Figure 5B) to induce apoptotic 
cell death by the fluorescent microscopic analysis of DNA frag-
mentation of nuclei. HepG2 cells were treated with volatiles for 
24 hours and consequently post-cultivated in the medium for 
48 hours. We found out that increasing concentrations of both 
compounds decreased the rate of cell division and induced 
nuclear fragmentation and formation of membrane-enclosed 
fragments–apoptotic bodies typical for apoptosis.

Discussion

In the past natural products were successfully used to treat 
a variety of diseases and to maintain health in humans. These
compounds play an important part not only in traditional 
medicine but they are increasingly used in modern medicine. 
Numerous studies have confirmed that fruit, vegetables or
herbs contain compounds that help in the treatment or lower 
the incidence of certain cancers and cardiovascular or neu-
rodegenerative diseases [22]. In aerobic organism, reactive 
oxygen species (ROS) are invariably eliminated and generated 
thereby they play an important role in the development of 
human diseases. In general, ROS are defined as oxygen-con-
taining chemical species with reactive properties that include 
free radicals (O2

·-/OH·-) with unpaired electron or non-radical 
molecules, e.g. hydrogen peroxide. Cells normally produce 
ROS as by-products of respiration or in the inflammatory
processes. Normal cells possess enzymatic and non-enzymatic 
mechanisms to maintain the balance of ROS production. 
However, in a state of increased oxidative stress, the balance of 
oxidants and antioxidants has been disrupted, thereby causing 
elevated oxidative cellular damage [23, 9]. Many components 
of plant essential volatiles, for example carvacrol and rosemary 
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essential oil, are the objects of scientific interest for their cyto-
toxic [24], antioxidant and protective properties [19].

Carvacrol is a component of numerous aromatic plants 
which has been evaluated for substantial pharmacological 
properties. It has been proved that carvacrol inhibited the 
proliferation of two human cervical cancer cell lines HeLa and 
SiHa after 48 hours treatment at clinically acceptable concen-
trations (IC50≤50 µg/ml) [25]. Authors also confirmed that
carvacrol could have a potential therapeutic utilization in treat-
ing cancer. Koparal and Zeytinoglu [26] tested the influence of
various concentrations of carvacrol on human non-small cell 
lung cancer cell line A549 for 24 h and demonstrated its signifi-
cant concentration-dependent cytotoxic and apoptotic effect.
Rosmarinus officinalis is a popular herb used in traditional 
medicine. Aherne et al. [27] treated human colon carcinoma 
Caco-2 cells with increasing concentrations of rosemary ex-
tract for 24 hours and found out that the viability of cells was 
significantly reduced after addition of rosemary (≥30 µg/ml).
Chinese hamster lung V79 fibroblasts were incubated with

rosemary extract for 24 hours and cytotoxicity of this extract 
was reported at concentrations of >15 µg/ml [28].

We investigated the cytotoxic effect of two volatiles, car-
vacrol and rosemary essential oil, on human hepatoma cell 
line HepG2 by MTT and TBE assays. Our results showed that 
HepG2 cells were more sensitive to both tested compounds 
in comparison to human fibroblastoid cell line B-HNF-1 in
which IC50=680 µM (carvacrol) and 108×10-3‰ (rosemary 
oil) were detected (data not shown). These observations are
consistent with results of Yin et al. [2] which indicated that 
human foetal normal liver LO2 cells were more resistant to the 
cytotoxic effect of carvacrol, without significant effect on cell
viability, while HepG2 cells showed IC50=0.4 mM after 24 h
treatment.

Experiments have proved that carvacrol itself causes 
DNA-damage at the higher concentration of 0.1 mM in 
human lymphocytes but on the other hand it seemed to 
protect lymphocytes from genotoxic effects of 2-amino-
3-methylimidazo[4,5-f ]-quinoline (IQ) and mitomycin 

Figure 3. Protective effect of carvacrol (A) and rosemary oil (B) against DMNQ measured by modified comet assay. HepG2 cells were pre-incubated
for 24 h with carvacrol or rosemary oil (left parts) before treating with 50 µM DMNQ (right parts). White columns show DNA breaks and alkali-labile 
sites, striped columns represent additional oxidized DNA bases as Fpg-sensitive sites. Also shown: control cells without DMNQ as negative control 
(white and striped columns of sample 0 in left parts); control samples with DMNQ as positive control (white and striped columns of sample 0 in right
parts). *p<0.05; **p<0.01; ***p<0.001 indicate significant difference to negative control; +p<0.05; ++p<0.01; +++p<0.001 refers to significant difference to
positive control. 
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Figure 5. DAPI staining of apoptotic morphological changes in nuclei of HepG2 cells treated for 24 h with different concentrations of carvacrol (A) or
rosemary oil (B) and following 48 h post-cultivation. For carvacrol (A), the numbers represent: 1=untreated cells; 2=300 µM; 3=400 µM; 4=500 µM; 
5=600 µM. For rosemary oil, the numbers represent: 1=untreated cells; 2=37.5×10-3‰; 3=62.5×10-3‰; 4=93.75×10-3‰; 5=125×10-3‰.

Figure 4. In vitro BER assay measured by modified comet assay. Control extracts (water/CrEL; light gray bars) and extracts prepared from hepatocytes
isolated from SD rats fed by carvacrol (A; 30 mg/kg – dark gray bars or 60 mg/kg – dashed bars) or rosemary oil (B; 0.25‰ - dashed bars or 0.5‰ – dark 
gray bars) were incubated for 30 min with substrate containing oxidative DNA damage induced by 50 µM DMNQ. Fpg enzyme was used as positive 
control (black bars) and extract buffer (white bars) as negative control. *p<0.05; **p<0.01; ***p<0.001 indicate significant difference to negative control
and +++p<0.001 refers to significant difference to positive control.
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C (MMC) at non-toxic concentrations below 0.05 mM [29]. 
Aydin et al. [30] also reported that in human lymphocytes 
low concentrations of carvacrol protected DNA from oxida-
tive damage mediated by hydroxyl radicals from hydrogen 
peroxide (H2O2), while the high concentrations increased 
DNA damage. Numerous studies demonstrated that carvacrol 
was able to decrease level of single-strand breaks or oxida-
tive DNA damage in different cells lines: in H2O2-influenced 
human HepG2 and Caco-2 cells [31], in H2O2-influenced hu-
man leukemic K562 cells [32] and in HepG2 cells damaged 
by tert-butyl hydroperoxide (t-BHP) [33]. Jayakumar et al. 
[34] determined chemopreventive effect of carvacrol against
diethylnitrosamine (DEN)-induced hepatocellular carcinoma 
in rats as well as undoubtedly induced apoptosis in tumor 
cells. Canbek et al. [35] investigated the action of carvacrol 
against liver injury caused by ischemia and reperfusion in rats 
and showed its protective effect on the functional defects of
hepatocytes. It was proved that carvacrol significantly reduced
DNA damage induced by different concentrations of H2O2 in 
hepatocytes and testicular cells isolated from carvacrol fed 
experimental rats [18].

Zegura et al. [36] demonstrated that two rosemary extracts 
exhibited similar preventive action against DNA damage 
induced by t-BHP, benzo[a]pyrene or 2-amino-1-methyl-6-
phenylimidazol[4,5-b]pyridine. From the previously published 
results it is clear that rosemary oil given to rats for 14 days 
significantly reduced DNA damage caused by oxidizing agents
H2O2, DMNQ and visible light-excited methylene blue in 
freshly isolated hepatocytes [19].

Brevik et al. [37] investigated the influence of nutritional
factors on BER in humans. The effects of fruit and antioxidant-
rich plant products on BER were tested in lymphocytes of male 
volunteers for 8 weeks. This epidemiological study showed
a reduced level of DNA strand breaks after the consumption
of natural compounds. The authors concluded that DNA repair
is related to diet. 

Several authors described different effects and properties
of Rosmarinus officinalis extracts that are usable in the food 
industry but only a few of them focused on the protective and 
genotoxic potential of essential oil isolated from this plant. 
In this study we therefore examined the effects of carvacrol
and rosemary oil on HepG2 cells and proved DNA-protective 
activities of both volatiles against DNA damage induced by 
H2O2 and DMNQ. 

DNA repair activity is considered to be an important bi-
omarker in cancer risk. For evaluation of base excision repair 
(BER) pathways we used a repair activity technique which is 
based on the incubation of cell extracts with DNA substrate 
(HepG2 cells) containing specific damage, e.g. oxidized
purines as 8-oxoG. The level of these lesions is measured by
a modified version of single cell gel electrophoresis (comet as-
say) [38]. Ramos et al. [39] noted that ursolic acid and luteolin 
had protective effects on DNA damage induced by H2O2 and 
photosensitizer Ro 19-8022 plus visible light in Caco-2 cells, 
but only ursolic acid enhanced the base excision repair activ-

ity of these cells. Borneol, a component of many essential oils, 
was also tested for its DNA-protective effects and influence on
BER capacity of extracts prepared from hepatocytes of rats fed 
with borneol. The results confirmed DNA-protective activity
of borneol against exogenous oxidative DNA damage and 
no effect of borneol on incision activity of hepatocytes [16].
These observations are consistent with our findings obtained
measuring the in vitro BER activity of extracts prepared from 
hepatocytes isolated from carvacrol or rosemary oil fed rats 
and incubated with HepG2 cells damaged by DMNQ. Similar 
results were observed using extracts prepared from testicular 
cells of carvacrol-fed SD rats (data not shown). We reported 
here that incision activity of primary rat hepatocytes was not 
influenced by feeding SD rats with carvacrol or rosemary
oil. 

Cells can respond to foreign substances by either activa-
tion or suppression of cell death mechanisms that may be 
considered to be either protective (as in carcinogenesis) or 
damaging (in neurodegeneration) to the organism [40]. The
essential oil from Origanum onites L. and carvacrol were 
investigated for their apoptotic effect in HepG2 cells after 48
hour incubation using acridine orange/ethidium bromide 
staining. Both tested substances demonstrated characteristic 
apoptotic morphology such as chromatin condensation or 
cytoplasmic blebbing [24]. Arunasree et al. [41] evaluated 
the apoptotic effect of carvacrol in human metastatic breast
cancer MDA-MB231 cells by different methods like Annexin
V assay or cell cycle analysis. Results showed that carvacrol 
clearly induced apoptosis which was reflected by the release
of cytochrome c from mitochondria, caspase activation and 
cleavage of PARP. Cheng et al. [42] explored the apoptotic 
effect of rosmanol, one of the components of Rosmarinus 
officinalis, in human colorectal adenocarcinoma COLO 205 
cells. Their study proved that rosmanol induced apoptosis
and involved the regulation of the mitochondrial apoptotic 
pathway as well as the death receptor pathway. Ursolic acid, 
another component of rosemary, activated an apoptotic path-
way as a response to stress in human bladder cancer T24 cells 
[43]. These findings are in agreement with our results which
demonstrated apoptotic morphological changes of nuclei 
(DAPI staining). We confirmed results of DAPI staining by
DNA internucleosomal fragmentation (electrophoresis) in 
HepG2 cells treated with carvacrol and rosemary oil (data 
not shown). 

We can conclude that carvacrol and rosemary oil had no 
genotoxic effect on HepG2 cells. On the contrary, both volatiles
showed a DNA-protective effect against oxidative DNA dam-
age induced by H2O2 and DMNQ. The addition of carvacrol or
rosemary oil to the drinking water of SD rats had however no 
effect on the repair capacity of their hepatocytes. We also noted
that these natural compounds can trigger apoptotic cell death 
pathways in HepG2 cells. Thus, the current work indicates that
the volatiles studied could be applicable as beneficial nutrients
in food and at the same time they could function as potential 
antitumor molecules against cancer cells.
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