
Introduction

Inhalation anaesthetics are often used for general

anaesthesia of patients in various surgical treat-

ments. These are small, hydrophobic molecules

that readily pass through cell membranes and are

known to depress mitochondrial respiration at sev-

eral oxidative phosphorylation complexes. Expo-

sure to inhalation anaesthetics generates small

“triggering” quantities of reactive oxygen species

(ROS), either directly, by interacting with the mi-

tochondrial electron transport chain, or indirectly,

through a signalling cascade in which

G-protein-coupled receptors, protein kinases, and

mitochondrial ATP-sensitive potassium (KATP)

channels play important roles. This attenuation of

respiration may cause leakage of electrons from

the inner mitochondrial matrix and augment ROS

generation (Bienengraeber et al. 2005). Inhalation

anaesthetics are mainly eliminated by pulmonary

exhalation, but a smaller amount is metabolised.

The metabolism takes place mainly in the liver,

and to a lesser extent in the kidney and lungs. Be-

cause of its cost, halothane (a halogenated hydro-
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carbon) was the leading anaesthetic for a very long

time, mostly in less developed countries, although

it is known to induce fulminant hepatitis in suscep-

tible individuals (Jaloszyñski et al. 1999). Re-

cently, halothane is replaced with other, less toxic

anaesthetics, such as halogenated ethers:

isoflurane, sevoflurane, desflurane, and enflurane.

One of well-known adverse reactions of these in-

halation anaesthetics in children is agitation or

even delirium, especially during recovery from

general anaesthesia (Meyer et al. 2007; Keaney

et al. 2004).

Toxic reactions caused by sevoflurane are very

much related to its metabolites; and post-operative

enzyme induction in the liver may follow

(Pihlainen and Ojanperä 1998). It is demonstrated

that aspartate aminotransferase, alanine

aminotransferase, and alkaline phosphatase in-

creased significantly, with peaks at 3 days after

surgery (Nishiyama et al. 2004). Sevoflurane tox-

icity may be modulated in different circumstances,

such as interaction with enzymes as well as with

different drugs. It has been proposed that the ideal

anaesthetic should resist biotransformation, be-

cause anaesthetic toxicity is related to anaesthetic

metabolism (Kharasch 1995). Moreover,

sevoflurane can also directly trigger the formation

of peroxynitrite and significantly increases

intracellular H2O2 and/or peroxide, superoxide,

and nitric oxide (NO) in peripheral

polymorphonuclear neutrophils within 1 h of

treatment. Intensification of intracellular

glutathione (GSH) depletion in neutrophils has

been demonstrated in the presence of sevoflurane.

These results are important for demonstrating the

oxidative stress and cellular injury. The oxidative

stress induced by increasing ROS is believed to

have a negative effect on human health (Wong

et al. 2006).

DNA is continuously exposed to a variety of

biological, chemical, and physical factors, which

may alter its structure, leading to mutations and,

consequently, modifying its function in vivo

(Halliwell and Cross 1994). Among the exoge-

nous compounds, anaesthetic gases, commonly

used in general anaesthetic procedures, have re-

cently attracted a lot of attention for their potential

mutagenic/genotoxic effects (Karabiyik et al.

2001; Sardaº et al. 1998). The investigation by

Rozgaj et al. (2009) indicated that occupational

exposure to sevoflurane, isoflurane, and nitrous

oxide induces genome damage. Genotoxicity of

repeated exposure to sevoflurane combined with

cisplatin in vivo on peripheral blood leucocytes,

kidney, liver, and brain cells of Swiss albino mice

was shown in our previous paper, by using the al-

kaline comet assay (Brozovic et al. 2008). This is

the method of choice for measuring the primary

DNA damage in single cells, used in studies with

various genotoxic agents, but we should keep in

mind that it detects a mixture of lesions (single-

and double-strand breaks, AP sites). In addition,

this DNA damage represents a dynamic steady

state, with balance between input and removal (re-

pair) (Dusinska and Collins 2008). An alternative

indicator for monitoring chromosome damage is

the presence of micronuclei in peripheral lympho-

cytes. The frequency of micronuclei is a reliable

measure of both chromosome loss and breakage,

which make it unique compared to other

cytogenetic tests. Chromosome damage is an indi-

cator of genotoxicity and may ultimately result in

aneuploid induction. Chromosomal aberrations

are also an important event in carcinogenesis.

There may also be a threshold concentration of

DNA damage, leading to the overloading of DNA

repair mechanisms and the generation of a signifi-

cant increase in micronuclei and cell death. Jagetia

and Nayak (2000) showed the correlation between

cell survival and micronuclei induction. The in

vivo test is especially relevant for assessing

genotoxicity hazard to an extent that allows con-

sideration of factors of in vivo metabolism,

pharmacokinetics, and DNA-repair processes, and

is also useful in investigations of a mutagenic ef-

fect detected by an in vitro genotoxicity test.

The aim of this study was to investigate the re-

lationship between DNA damage and repair of pe-

ripheral blood leukocytes, kidney, liver, and brain

cells of mice after repeated exposure to

sevoflurane, in connection with the elapsed time

after exposure. We determined the degree of DNA

damage of the above-mentioned cells of healthy

Swiss albino mice immediately after repeated ex-

posure to sevoflurane, and compared it with the

degree of DNA damage after 2, 6, or 24 h by using

highly sensitive techniques: the alkaline comet as-

say and micronucleus test in vivo. One of the as-

sumed possibilities is that DNA damage decreased

in observed times related to the repair capacity of

the cells, and another possibility is that DNA dam-

age would be increased in relation with the pro-

duction of a large amount of metabolites of

sevoflurane. To distinguish unrepaired genome

damage, the micronucleus test was applied. In or-

der to determine the differences in repair after re-

peated inhalation of sevoflurane, as a

DNA-damaging agent in healthy (leukocytes, kid-
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ney, liver and brain) cells, the comet assay was

used to analyse single-strand breaks and

cross-links.

Materials and methods

The study was designed in accordance with the

relevant Croatian guidelines (Law on the Welfare

of Animals, Official Gazette No. 19, 1999), as

well as with the Guide for the Care and Use of

Laboratory Animals (DHHS Publication (NIH)

86–23, 1986), and was approved by the Ethical

Committee of the Faculty of Science and Medical

School (University of Zagreb, Croatia). Inhalation

anaesthetic sevoflurane (Sevorane) was provided

by Abbott Laboratories LTD (Queenborough,

UK).

Thirty male Swiss albino mice (2 months old,

body weight 20–25 g) were from our own conven-

tional breeding farm. The animals were kept at

22±1°C, and were receiving standard laboratory

food and drinking water ad libitum. Anaesthesia

was maintained with sevoflurane (2.4 vol%) in

continuous flow of a 50:50 mixture of oxygen and

air (3 L min–1) in a specially designed incubator

connected to an anaesthetic machine (Sulla 800;

Dräger). The fresh gas was flowing in one direc-

tion, without rebreathing. Exhaled gases were re-

leased through the exhaust pipe into the

atmosphere. The depth of anaesthesia was consid-

ered satisfactory when mice were sleeping calmly,

breathing spontaneously, and not moving their

tail. Experimental groups of mice were exposed to

sevoflurane in a dose of 2.4 vol% for 2 h daily, for

3 days. Five unexposed animals were used as a

control. Animals were sacrificed by cervical dislo-

cation.

Comet assay

Mice were divided into a control group and
4 groups of mice sacrificed on day 3 of the experi-
ment immediately after the last exposure to
sevoflurane (group S0), and at 2, 6, and 24 h after
the exposure (groups S2, S6, and S24, respec-
tively). Each group consisted of 5 mice. Blood
samples were collected using a micropipette, after
the tail vein was cut. The brain, liver, and kidney
tissues were collected from mice and pressed
through a screen in homogenization buffer (0.075
M NaCl and 0.024 M EDTA, pH 7.5), at a ratio of
1 g of tissue to 1 mL of buffer, and then cooled to
4°C. A Potter-type homogenizer was used (Sasaki
et al. 1997). All collected samples were prepared

for analysis by using a modification of the method
of Singh et al. (1988): 6 µL of kidney, liver or
brain homogenate or peripheral blood suspended
in 100 µL of 0.5% low-melting agarose (LMA)
(Sigma, USA), were placed onto precleaned mi-
croscope slides, previously precoated with 300 µL
of 0.6% NMP agarose. After solidification on ice
for 10 min, the slides were covered with 0.5%
LMP agarose. After the agarose gel has solidified,
slides were immersed for 1 h in ice-cold lysis solu-
tion, consisting of 100 mM Na2EDTA,
2.5 M NaCl, 10 mM Tris-HCl, and 1% sodium
sarcosinate, adjusted to pH 10 with 1% Triton
X-100 and 10% DMSO, added just prior to use.
Before electrophoresis, slides were removed from
the lysing solution and placed for 20 min in a hori-
zontal electrophoresis unit (near the anode), filled
with an alkaline buffer, in order to allow the un-
winding of DNA and to express alkali-labile dam-
age. The electrophoresis alkaline solution
consisted of 1 mM Na2EDTA and 300 mM NaOH,
pH 13. After the unwinding of DNA, electropho-
resis was carried out in the freshly prepared alka-
line solution for 20 min at 25 V (300 mA). Alkali
unwinding and electrophoresis were performed at
4°C. Electrophoresis at high pH results in struc-
tures resembling comets, as observed by fluores-
cence microscopy; the intensity of the comet tail
relative to the head reflects the number of DNA
breaks. The slides were then neutralized by adding
Tris buffer (pH 7.5), stained with 200 l of ethidium
bromide (Sigma, USA) (2 L mL–1), covered and
stored in sealed boxes at 4°C for analysing. All
preparation steps were performed under dimmed
light to prevent additional DNA damage.

Images of 100 randomly selected cells
(50 counts on each duplicate slide) were analysed
for each sample. A total of 500 cells of the same
kind from each group were analysed under a Leitz
Orthoplan epifluorescence microscope (magnifi-
cation 250×) equipped with an excitation filter of
515–560 nm and a barrier filter of 590 nm. The
microscope was connected through a camera to a
computer-based image analysis system (Comet
Assay IV software, Perspective Instruments).

Comets were randomly captured at a constant
depth of the gel, avoiding the edges of the gel, oc-
casional dead cells, and superimposed comets.
DNA damage was measured as tail length (TL =
distance of DNA migration from the centre of the
body of the nuclear core), tail moment (TM = tail
length × % of DNA in the tail) and tail intensity
(TI = % of genomic DNA that migrated during the
electrophoresis from the nuclear core to the tail).
By presenting all 3 parameters together, more in-
formation on the extent of the DNA damage can be
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obtained. For example, TI in the damaged cell
population might be the same for 2 compared
groups, but then TL indicates the length of the
fragments. TM combines TI and TL together and
is thus suitable for statistical analysis.

Peripheral blood micronucleus test in vivo

Peripheral blood was collected from the tail vein
of mice immediately after the last exposure to
sevoflurane on day 3 (group S0), and at 2, 6, 24,
and 48 h after the exposure (groups S2, S6, S24,
and S48, respectively). Smears were prepared on
precleaned slides, according to Holden et al.
(1997). The smears were allowed to dry at room
temperature and fixed in absolute methanol for
5 min. After fixation, the slides were stained with
acridine orange and washed twice with phosphate
buffer (pH 6.8) as described by Hayashy et al.
(1994). A cover slip was immediately placed on
the blood drop. Preparations were analyzed for the
presence of micronucleus under the Leitz
Orthoplan epifluorescence microscope with exci-
tation filter of 502–525 nm. The fluorescence of
nuclei of nucleated cells and the reticulum struc-
ture of reticulocytes was intense green and red, re-
spectively. Micronuclei were round in shape and
presented a strong yellow-green fluorescence.
Cells with only red fluorescing dot(s) were not re-
garded as reticulocytes. The analysis of the fre-
quencies of micronucleated reticulocytes was
based on the observation of 2000 reticulocytes per
animal. In order to minimize the variability due to
subjective scorings, the analysis was performed by
one slide reader, blindly without the knowledge on
the groups.

Statistical analysis

Statistical analysis was performed by using Basic
Statistica 5.0 software (Statisoft, Tulsa, USA).
Mean and standard deviation were calculated from
all animals per group. Analysis of variance
(ANOVA) was selected for testing the effect of
sevoflurane. Tukey honest significant difference
(HSD) test was used for post-hoc analysis of dif-
ferences between the groups. The level of statisti-
cal significance was set at P < 0.05.

Results

Comet assay

The comet assay performed on leukocytes, liver,

kidney and brain cells (Table 1) did not detect any

DNA repair within 24 h after the exposure.

Compared to the control, all treated groups

showed an increase in mean TL, TM and TI values

in peripheral blood leucocytes. Values of TL of

leukocytes in exposed groups (except S2) signifi-

cantly differed from the control group (P < 0.05).

DNA damage of leukocytes 2 h after the treatment

was also higher than in leukocytes of the control

mice but not significant. The most significant in-

crease in TL, TM, and TI was found 24 h after the

exposure. DNA damage of liver cells was the

highest 6 h after the exposure to sevoflurane

(P < 0.05 comparing to the control, S0 and S2).

After 6 h, DNA damage was decreasing, but even

after 24 h it was still higher than the background

level (P < 0.05 comparing to the control and S0).

Opposite to the results for liver cells, the DNA

damage of kidney cells after repeated exposure to

sevoflurane was the highest after 24 h (according

to TL, P < 0.05 vs the control, S0 and S2). In addi-

tion, evaluation of the level of DNA damage in-

duced by sevoflurane indicates that kidney cells

are the most sensitive type of all mentioned cells.

Brain cells of Swiss albino mice after repeated

treatment with sevoflurane showed the highest

DNA damage 6 h after the treatment (P < 0.05 in

all 3 parameters vs the control, S0 and S2). Inter-

estingly, DNA damage after 6 h did not decrease,

and it remained on almost the same level after

24 h.

Micronucleus test

The frequency of micronuclei assessed in 2000 pe-

ripheral blood reticulocytes per group (Table 2)

was the highest 6 h after the last sevoflurane treat-

ment of mice (P <0.05 vs the control, S0, and S48).

A permanent increase in their frequency was ob-

served during the first 6 h. In contrast to the first

6 h, we noticed that their frequency decreased 24 h

and 48 h after the last exposure to sevoflurane. The

frequency of micronuclei in mice exposed to

sevoflurane changed over time and was signifi-

cantly different from the control value (11.75,

13.75, 20.50, 15.25, and 9.75 vs 2.0, respectively).

Discussion

Many drugs and environmental factors can dam-

age DNA, so understanding and predicting the

outcomes of exposure to DNA-damaging agents is

an important challenge in drug development and

in environmental health research. The complex in-

terplay between the numerous cellular pathways
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Table 1. Tail length (TL), tail moment (TM), and tail intensity (TI) in the alkaline comet assay for peripheral blood leucocytes, liver, kidney, and brain cells of mice exposed to

sevoflurane (mean ± standard deviation, per 100 comets).

Treatment Leukocytes Liver cells Kidney cells Brain cells

TL TM TI TL TM TI TL TM TI TL TM TI

Control 14.38± 0.15± 1.77± 15.86± 0.23± 2.30± 17.80± 0.42± 4.18± 13.76± 0.12± 1.43±

2.75bde 0.24e 2.81e 4.13de 1.00d 5.67d 4.00de 0.46de 4.42e 2.41de 0.22de 2.77de

Sevoflurane 0 h (S0) 18.22± 0.28± 2.74± 16.20± 0.21± 2.15± 17.39± 0.43± 4.32± 14.09 0.09± 1.04±

4.57a 0.39 3.71e 3.92de 0.42d 4.08d 4.40de 0.46e 4.59e 2.79de 0.19de 1.96de

Sevoflurane 2 h (S2) 15.80± 0.22± 2.44± 18.19± 0.30± 2.98± 18.24± 0.29± 2.91± 14.98± 0.16± 1.73±

3.63e 0.28e 3.11e 4.60d 0.42d 4.30d 5.00de 0.39de 0.10e 3.12de 0.33de 3.02de

Sevoflurane 6 h (S6) 17.93± 0.22± 1.98± 21.95± 0.77± 6.68± 23.22± 1.08± 8.46± 19.09± 0.40± 4.03±

5.5a 0.35e 3.05e 7.25abc 0.79abc 6.62abc 6.39abc 1.14ac 8.29c 5.46abc 0.59abc 6.04abc

Sevoflurane 24 h (S24) 19.26± 0.42± 4.01± 19.80± 0.39± 3.54± 25.54± 1.26± 10.17± 18.40± 0.46± 4.45±

5.02ac 0.51acd 4.4abcd 4.44ab 0.42 3.96 7.48abc 1.08abc 7.73ac 4.38abc 0.47abc 4.70abc

Small letters denote significant differences (P < 0.05) from: a control; b group S0; c group S2; d group S6 ; e group S24



that influence DNA damage and repair determines

the final biological consequences of exposure. In-

troduction of sevoflurane into clinical practice

stimulated investigations of biochemical mecha-

nisms that are responsible for its toxicity and later

also clinical investigations regarding the relation-

ship between anaesthetic metabolism and organ

toxicity (Kharasch 1995). Information about

genotoxicity of sevoflurane is still insufficient.

Szyfter et al. (2004) concluded that sevoflurane

does not have genotoxic properties in vivo and in

vitro. According to results of our previous studies

we do not agree with them, and we have proven

the genotoxicity of sevoflurane (Rozgaj et al.

2009; Brozovic et al. 2008) on peripheral blood

cells of exposed medical workers and on various

types of cells of Swiss albino mice. The aim of this

study was to investigate the relationship between

DNA damage and repair induced by repeated ex-

posure to sevoflurane. We applied the comet assay

as a particularly useful method in monitoring the

extent of DNA damage as well as DNA repair after

short-term exposure to low doses of toxins or

pharmaceuticals. The alkaline comet assay detects

a mixture of lesions (single- and double-strand

brakes, AP sites, repair intermediates, as well as –

in proliferating cells – breaks associated with rep-

lication (Dusinska and Collins 2008). The results

showed a statistically significant increase in mean

TL, TM, and TI values in all examined organs

when compared to the control. The extent of DNA

damage at the specific time after repeated expo-

sure to sevoflurane was different for each exam-

ined organ. The highest DNA damage was

observed immediately after exposure to

sevoflurane, particularly in leukocytes (S0). These

results obtained in an animal model are compara-

ble with the results obtained in humans with simi-

lar time dynamics, slightly modified due to the

allometric interspecies differences. Karabiyik

et al. (2001) report data on genotoxic properties of

2 inhalation anaesthetics (sevoflurane and

isoflurane) in peripheral blood lymphocytes of pa-

tients before, during, and after anaesthesia, evalu-

ated by the comet assay. Authors observed

significant increases in the mean comet response

in blood sampled from patients in the first and sec-

ond hour of anaesthesia. This is consistent with

our results, but within a shorter time (S0) due to

the faster metabolism of mice. Furthermore, au-

thors report the removal of the DNA damage ob-

served 72 h after anaesthesia. They report that

repair processes start within the first 48 h, and the

complete repair was recorded within 5 days. The

damage we measured in leukocytes also represents

a dynamic steady state, with balance between in-

put and removal (repair). We should keep in mind

that the DNA damage consists mainly of transient

lesions. DNA repair is the crucial element in pro-

tecting against cancer, as it removes potentially

mutagenic changes in DNA (Dusinska and Collins

2008). This explains the lower TL, TM, and TI

values of group S2, indicating that repair mecha-

nisms in leukocytes are functioning. The later in-

crease in their values (after 6 h and 24 h) might be

explained by the fact that genotoxic chemicals can

act by interfering with the repair rate and by the

fact that metabolic transformations increase the

concentration of sevoflurane metabolites in blood.

Such results suggest that ROS may be produced

continuously after inhalation and may cause cellu-

lar DNA damage (Morgan 2003a, 2003b). Pro-

longed oxidative stress was also observed after

irradiation in human skin (Laurent et al. 2006).

No significant removal of broken DNA was

observed prior to 24 h, leading to conclusions that

were similar to human data (Karabiyik et al.

2001). The micronucleus assay was also used to

evaluate the ability of sevoflurane to cause DNA

damage, as a complementing method to the comet

assay. The data demonstrated that both DNA

strand breaks and micronuclei were induced in a

significant and time-dependent manner. The fre-

quency of micronuclei per 2000 blood

reticulocytes of mice exposed to sevoflurane

changed over time and significantly differed from

the control value (11.75, 13.75, 20.50, 15.25, 9.75

vs 2.0, respectively). Their frequency was the

highest in group S6 (6 h after the multiple expo-

sure of mice to anaesthetic sevoflurane), while it

decreased after 24 h and 48 h. These data are con-

sistent with the comet assay data. Regardless of

genetic fragmentation occurring because of

clastogenic or aneugenic mechanisms, the result

after erythropoietic growth is the same: cells that
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Table 2. Frequency of micronuclei in peripheral blood

reticulocytes of mice exposed to sevoflurane (mean ±

standard deviation, per 2000 reticulocytes)

Treatment Frequency of micronuclei

Control 2.0±1.41bcdf

Sevoflurane 0 h (S0) 11.75±4.19ad

Sevoflurane 2 h (S2) 13.75±3.10a

Sevoflurane 6 h (S6) 20.50±3.87abe

Sevoflurane 24 h (S24) 15.25±3.40a

Sevoflurane 48 h (S48) 9.75±4.50ad

Small letters denote significant differences (P < 0.05) from: a con-

trol; b group S0; c group S2; d group S6; e group S24; f group S48



suffer sufficient DNA damage undergo

enucleation but form reticulocytes that contain

micronuclei, i.e. small fragments of nu-

clear-membrane-encapsulated DNA (Heddle et al.

1991). The spleen has a role in removal of dam-

aged erythrocytes, so normally 1% of circulating

erythrocytes contain spontaneous micronuclei

arising from background levels of DNA damage.

Our results are consistent with the data pre-

sented by other authors who suggested that a

long-term occupational exposure to traces of vola-

tile anaesthetics may have adverse effects on the

health of exposed personnel (Byhahn et al. 2001;

Hobbhahn et al. 1998). In contrast, Wiesner et al.

(2008) demonstrated that a single volatile anaes-

thetic (sevoflurane) in low concentrations in-

creased the formation of sister chromatid

exchanges but not of micronuclei. The reason for

this may be a different way of sevoflurane expo-

sure or a different model (mouse vs human).
The patterns of DNA damage induction over

time in the liver kidney and brain were different
than in leukocytes. The induced damage occurred
in blood cells 6 h earlier, which was expected ac-
cording to toxicokinetic models, where blood is
the first compartment to absorb sevoflurane. An-
other reason may be that the haematopoietic sys-
tem is highly sensitive to genotoxic agents, in part
because haematopoietic cells undergo rapid divi-
sion. Although sevoflurane has low blood and tis-
sue solubility and is metabolized to free fluoride
and hexafluoroisopropanol (HFIP), which is rap-
idly glucuronidated and eliminated in the urine
(Kharasch 1995), about 5% of inhaled sevoflurane
is metabolised in the liver by cytochrome P450,
especially by isoenzyme 2E1, and the dominating
oxidative route. Taking into account that signifi-
cant DNA damage in liver, kidney and brain cells
occurred 6 h later than in blood cells, it could be
concluded that this time was required for
biotransformation. During that time, accumulation
of various sevoflurane metabolic residues and in-
hibition of repair processes might be responsible
for higher TL values in liver, kidney, and brain
cells. Between 6 h and 24 h after exposure, the
amounts of broken DNA decrease in liver and
brain cells, probably due to the combined pro-
cesses of xenobiotic elimination and restoration of
the activity of repair enzymes. In addition, evalu-
ating the DNA damage of all mentioned types of
cells indicated that the kidney cells were the most
sensitive. They have a continuous increase in the
level of DNA damage until 24 h, when DNA dam-
age was the highest (P < 0.05 vs the control, S0,
and S2).

Conclusions

None of the assayed tissues revealed signs of re-

pair until 24 h after the exposure. That might be at-

tributed to sevoflurane metabolism and the

remaining biotransformation residues that are still

present within the organism from 6 h to 24 h after

exposure. Further investigations should involve

longer observations, to establish exactly the repair

time of DNA after repeated sevoflurane exposure

in various types of cells.
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