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Abstract  

Purpose: Patient immobilization by general volatile anesthesia (VA) may be necessary during 

medical radiology treatment, and its use has increased in recent years. Although ionizing 

radiation (IR) is a well-known genotoxic and cytotoxic agent, and VA exposure has caused a 

range of side effects among patients and occupationally exposed personnel, there are no 

studies to date comparing DNA damage effects from combined VA and single fractional IR 

dose exposure.  

Material and methods: We investigate whether there is a difference in white blood cells 

DNA damage response (by the alkaline comet assay) in vivo in 185 healthy Swiss albino mice 

divided into 37 groups, anesthetized with isoflurane/sevoflurane/halothane and exposed to 1 

or 2 Gy of IR. Blood samples were taken after 0, 2, 6 and 24 hours after exposure, and comet 

parameters were measured: tail length, tail intensity and tail moment. The cellular DNA repair 

index was calculated to quantify the efficiency of cells in repairing and re-joining DNA strand 

breaks following different treatments. 

Results: In combined exposures, halothane caused higher DNA damage levels that were 

dose-dependent; sevoflurane damage increase did not differ significantly from the initial 1 Gy 

dose, and isoflurane even demonstrated a protective effect, particularly in the 2 Gy dose 

combined exposure. Nevertheless, none of the exposures reached control levels even after 24 

hours. 

Conclusion: 

Halothane appears to increase the level of radiation-induced DNA damage, while sevoflurane 

and isoflurane exhibited a protective effect.  DNA damage may have been even greater in 

target organs such as liver, kidney or even the brain, and this is proposed for future study.   
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Introduction 

The International Agency for Research on Cancer (IARC), World Health Organization 

(WHO) and Global Cancer Observatory GLOBOCAN project and database have predicted 

that by 2025, up to 2 million newly diagnosed cancer patients in Europe will require 

radiotherapy treatment at least once during the treatment of their disease (Borras et al., 2016). 

Given that ionizing radiation (IR) is a known genotoxic and cytotoxic agent (IARC 

monograph 100D, 2012), exposure in general, and particularly the dose and number of 

exposures to IR, should be kept at a minimum. Improvements to equipment, precision of the 

irradiated area of the body, treatment planning, imaging and the use of novel irradiation 

techniques (Fiorino et al., 2020; Mondini et al., 2020) in different types of radiotherapy, such 

as intraoperative radiotherapy, brachytherapy, fractionated and hypofractionated radiotherapy, 

have all demonstrated the possibility of reducing radiation exposure and side effects (Vaidya 

et al., 2020). According to the newest version of the Guidelines of the Royal College of 

Radiologists, tumor treatment typically involves the administration of a dose of 1 or 2 Gy 

during one fraction in conventional radiotherapy or in hypofractionated doses, especially in 

the early phases (Royal College of Radiologists, 2019). However, there is still no clear 

evidence that fewer, higher fractionated doses give better results than more, smaller doses 

(Brunt et al., 2020; Vaidya et al., 2020). Better area restriction, less tissue damage and more 

precise doses received at the target area, even if the target area is larger, can be also improved 

by patient immobilization (Royal College of Radiologists, 2019). This can be achieved either 

physically, where patients are awake and aware, or using general anesthesia in certain cases, 

such as in child cancer patients or cancer patients with anxiety problems and/or 

claustrophobia (due to occasional long single-dose treatment periods, requirement of wearing 

a face mask during radiation, being alone in a cold, dark room for longer periods of time, etc.) 

(Arunkumar et al., 2013; Ntoukas et al., 2020). General anesthesia is also used during 
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intraoperative radiotherapy or brachytherapy. Although there is a wide selection of anesthetics 

for use during radiotherapy, for most anaesthetics, the use of a needle presents an additional 

stress. Therefore, volatile anaesthetics are less invasive and therefore more acceptable. 

Volatile anesthetics, among them isoflurane, sevoflurane and halothane, have similar 

mechanisms of action, enhancing inhibitory postsynaptic channel activity (gamma-

aminobutyric acid (GABA) and glycine) and inhibiting excitatory synaptic channel activity 

(N-methyl-D-aspartate (NMDA), nicotinic acetylcholine, serotonin, and glutamate) in the 

central nervous system (Campagna et al., 2003). They are generally considered safe for 

patients, though studies have demonstrated different side effects among patients (depending 

on the type used) but also among occupationally exposed personnel. Toxic effects are both 

dose- and duration-dependent (exposure and number of exposures) and also depend on the 

metabolism and toxicokinetics of these anesthetics in the liver, kidney or brain (Brozović et 

al., 2010; Eger 2010; Schifilliti et al., 2010; Chiao & Zuo, 2014; Yilmaz et al., 2016; Hawkley 

et al., 2020).  

 In a previous study, we demonstrated elevated DNA damage levels from multiple 

exposures to volatile anesthetics in vivo (Brozović et al., 2009, 2010, 2011, 2017), with 

different effects on the damage and repair and level of damage for each individual anesthetic. 

We also demonstrated elevated levels of DNA damage in ex vivo human blood samples 

irradiated at similar doses (Milić et al., 2011). We believe that, in combination with another 

known cytotoxic and genotoxic agent, such as IR, these anesthetics can result in higher DNA 

damage after a single exposure, causing different levels of DNA damage and DNA repair with 

a synergistic effect, depending on the type of anesthetic used in the target tissue. However, 

they could also increase normal tissue damage during radiotherapy. 

 Since there have been no studies comparing the DNA damage effect from exposure to 

volatile anesthetics in combination with single-dose exposure to IR, in this study we examine 
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whether there is a difference in the DNA damage response in vivo in healthy Swiss albino 

mice anesthetized with one of three anesthetics and exposed to either 1 or 2 Gy of IR. In our 

previous studies, we showed that the dynamics of DNA damage and repair also depend on the 

target tissue organ and the time elapsed from exposure, and therefore, we examined similar 

time periods (0, 2, 6 and 24 hours from exposure) for DNA damage levels and repair 

(Brozović et al., 2017). To avoid inter-individual and gender differences that could also 

influence the results, only healthy male mice were used, and the first blood compartment and 

DNA damage differences were compared. The alkaline comet assay was used, as a sensitive 

technique for primary in vivo DNA damage estimation. This technique is one of four DNA 

damage techniques used in the estimation of DNA damage in human biomonitoring studies of 

persons exposed to anesthetics and IR (Brozović et al., 2010; Milić et al., 2011; Yilmaz et al., 

2016). 

Materials and Methods 

The study was approved by the Ethics Committee of the Faculty of Science (University of 

Zagreb, Croatia) and designed in accordance with relevant Croatian guidelines: Animal 

Protection Act (OG 102/17); Ordinance on the protection of animals used for scientific 

purposes (OG 55/13; 39/17) and EU Directive (2010/63/EU). 

 Swiss albino male mice were obtained from the breeding unit of the Department of 

Biology, Faculty of Science, University of Zagreb, Croatia. Animal housing was compliant 

with EU Directive 2010/63/EU (European Union, 2010): housed at 22 ± 1°C, with 50–70% 

humidity, 12-hour photoperiod, receiving a standard laboratory diet (Standard Diet GLP, 4RF 

1, Mucedola, Settimo Milanese MI, Italy) and water ad libitum. 

 On the day of the experiment, a total of 185 mice, 60±5 days old with body weight 20–

25 grams, were divided into 37 groups (of 5 animals each): control; only irradiation (1 Gy or 
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2 Gy); only anesthetic (sevoflurane, isoflurane or halothane), and combined treatments of 

each anesthetic with each dose of irradiation (i.e., sevoflurane + 1 Gy, sevoflurane + 2 Gy, 

isoflurane + 1 Gy, isoflurane + 2 Gy; halothane + 1 Gy and halothane + 2 Gy). In each group, 

there were subgroups from which blood samples were taken from the tail at different time 

points: 0h (immediately after the treatment), 2h, 6h and 24h after the treatment. 

 Unless otherwise specified, all chemicals and reagents were purchased from the 

Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The inhalation anesthetics sevoflurane 

(Sevorane®), isoflurane (Forane®) and halothane (Halothane®) were provided by Abbott 

Laboratories LTD (Queenborough, UK). 

Anesthesia and irradiation  

Using a specially designed induction chamber connected to an anesthetic machine (Sulla 800; 

Dräger) with a compatible evaporator, mice anesthesia with either sevoflurane (2.4 vol %), 

isoflurane (1.7 vol %) or halothane (2.4 vol %) in a 50:50 mixture of oxygen and air (3 L 

/min) was maintained at a continuous flow for 2h. A satisfactory anesthesia depth was 

considered when mice were sleeping calmly, breathing spontaneously, and not wiggling their 

tail (Fish et al. 2008; Siddiqui & Kim, 2020).  

 After 2 hours of anesthesia, the mice planned for radiation (together with the radiation 

only groups) were irradiated with either 1 or 2 Gy (
60

Co source, Theratron Phoenix 

teletherapy unit, Atomic Energy Ltd., at Sveti Duh Clinical Hospital, Zagreb) at a dose rate of 

1.88 Gy/min. 

Sampling 

A blood sample (5 μL) was taken from the mouse tail at four time points: immediately after 

the treatment (0 h), two, six, and 24 h afterwards. The blood was immediately immersed into 

agarose gel for the comet assay at room temperature.  
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Alkaline comet assay 

The alkaline comet assay or single cell gel electrophoresis assay was carried out under 

alkaline conditions in standardized conditions as previously described (Collins, 2004; Singh et 

al., 1988). For each assay, 5 μL blood was mixed with 100 µl 0.5% low melting point (LMP) 

agarose and layered on pre-coated microscopic slides (1% normal melting point (NMP) 

agarose and then with a layer of 0.6% LMP agarose). Slides were covered with coverslips and 

kept horizontally at 4ºC for 10 minutes. Another layer of 0.5% LMP agarose was put on top. 

After solidification and coverslip removal, slides were immersed for two hours at 4ºC in a 

freshly prepared ice-cold lysis solution (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris-HCl, 

1% sodium sarcosinate, pH 10, with 1% Triton X-100 and 10% dimethyl sulfoxide (Kemika, 

Zagreb, Croatia). Denaturation and electrophoresis were carried out at 4°C under dimmed 

light in a freshly prepared electrophoresis solution (300 mM NaOH, 1 mM Na2 EDTA, pH 

13). After 20 min of denaturation, slides were randomly placed in a horizontal gel-

electrophoresis unit, facing the anode, and electrophoresis was carried out in the same but 

new freshly prepared cold alkaline (denaturation) solution for 20 min at 25 V (300 mA, 

0.8V/cm). After electrophoresis, slides were neutralized three times at five-minute intervals 

by adding 0.4 M Tris-HCl buffer, pH 7.5. Images of 40 randomly selected cells were analyzed 

for each sample (animal). The slides were stained with ethidium bromide (20 μg/mL) and 

examined under at 200x magnification, using an epifluorescence microscope (Olympus 

BX40, Japan) connected with a CCD camera to a computer-based image analysis system 

(Comet Assay IV software, Instem, London, UK). A total of 200 comets for each tested point 

were analyzed. Comets were randomly captured at a constant depth of the gel, avoiding the 

edges of the gel, occasional death cells, and superimposed comets. DNA damage was 

determined as tail length (TL, distance of DNA migration from the center of the body of the 

nuclear core, expressed in μm), tail intensity (TI, percentage of genomic DNA that migrated 
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during electrophoresis from the nuclear core to the tail) and tail moment (TM, calculated from 

the Comet Assay Iv software, as the product of TL and TI). These parameters are usually 

represented together in most of our work on DNA damage assessment after exposure to 

ionizing radiation or anesthetics, and they serve to compare whether all parameters follow the 

same pattern. The most important parameter is TI, as it demonstrates the actual amount of 

damaged DNA in the comet tail. 

Cellular DNA repair index 

We also calculated the cellular DNA repair index (CRI) for the quantification of the 

effectiveness of DNA repair using the TI parameter according to the formula by Nair & Nair 

(2010). To quantify the efficiency of the cells to repair and re-join DNA strand breaks 

following different treatments, CRI was derived based on the comet parameters and was 

defined as the percentage decrease from the initial value of the parameter (in our case TI, or 

tail intensity) due to repair: 

 

CRI = [1 − (
𝐶𝑜𝑚𝑒𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 𝑡𝑖𝑚𝑒 t

𝐶𝑜𝑚𝑒𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑡𝑖𝑚𝑒 𝑡 0
)]  𝑥 100 

 

Statistical analysis 

Statistical analysis was performed in Statistica 9.0 (Statsoft, Tulsa, USA) and Statistica 

13.5.0.17 (TIBCO Software Inc., California, Palo Alto, USA). Descriptive statistics of TL, TI 

and TM parameters were calculated for mean, median, standard error (SE) and standard 

deviation (SD). The data were statistically compared using the Mann Whitney U-test. The 

level of statistical significance was set at P<0.05.  
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Results  

The results of all three tested DNA damage parameters for all treatments are shown in Figure 

1 (TL values), Figure 2 (TI values) and Figure 3 (TM values) with the values of the mean, 

median, SE and SD. Significance for all treatments and time points compared to the control 

are presented in Table 1. For easier comprehension, we first compared each anesthetic with 

the control values and then compared the effect of all combinations. During electrophoresis, a 

small part of the DNA fragment can travel far from the core nucleus, making the values of the 

TL statistically significant, whereas, except for small fragments, there is no high quantity of 

actual DNA damage amount in the tail (TI demonstrates the percentage of DNA in tail); this 

makes the TL value falsely significant. Nevertheless, it is always useful to compare these two 

parameters together, as demonstrated in Figure 3, and to examine the TM parameter (obtained 

as a combination of TL and TI by the software) to determine their patterns. 

Exposure to anesthetics only 

All three anesthetics demonstrated significantly elevated levels of DNA damage for all three 

DNA damage parameters at all time points when compared to the control values, with the 

exception of sevoflurane, where the TL value reached control levels at 24h after exposure. 

TM values followed the TI pattern, so the TM parameter can also be explained through the TI 

parameter values and differences (Figures 1A, 2A and 3A; Table 1).  

 The highest levels of TI for halothane treatment compared to the control were 

observed immediately after exposure and at 2h after, and continued to decrease following this, 

demonstrating the onset of DNA repair. The highest TL value was at 6h, indicating that most 

of the DNA damage had already been repaired during the first 2 hours, with still smaller DNA 

damage fragments existing that prevented TL from following the TI pattern. Sevoflurane 

demonstrated higher TL values at 0h and 2h from exposure, while TI was highest at 24 hours 
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after exposure when compared to the control. Isoflurane levels of DNA damage for TL and TI 

did not differ significantly at any time point (Figures 1A, 2A and 3A).  

 Immediately after exposure, sevoflurane had the highest TL values, followed by 

halothane, and then isoflurane, and all significantly differed from one another. Two hours 

after exposure, sevoflurane had a significantly higher TL value than isoflurane (p=0.0067) 

and halothane (p=0.0000), while isoflurane was significantly higher than halothane 

(p=0.0000). As for TI, halothane had the highest value, and sevoflurane and isoflurane 

demonstrated lower but similar values. Halothane was also significantly higher than 

sevoflurane for TM (p=0.0042). At 6 hours after exposure, halothane had the highest TL 

values, followed by sevoflurane and isoflurane, and this difference of halothane was 

significantly higher (p=0.0000). Halothane also had the highest DNA damage levels of TI, 

followed by isoflurane and sevoflurane, which were similar, and halothane was significantly 

higher than isoflurane (p=0.0243) and sevoflurane (p=0.0341). The same was also established 

for TM values for both isoflurane (p=0.0002) and sevoflurane (p=0.001) compared to 

halothane. At 24 hours after exposure, sevoflurane significantly differed from halothane and 

isoflurane for both TL (p=0.0000, p=0.0001) and TI (p=0.0488, p=0.0023) and from 

isoflurane for TM values (p=0.0078). 

Exposure of Swiss albino mice to a combination of anesthetic and 1 Gy irradiation 

Exposure to 1 Gy caused a significant increase in DNA damage compared to the non-

irradiated control for all three parameters at all time points (see and compare Figures 1A and 

B, Figures 2A and B, Figures 3A and B; Table 1).  

 For halothane exposure at 1 Gy for all three parameters and at all time points, 

significantly higher values were observed compared to the control. Sevoflurane demonstrated 

significantly lower values of TL and TM at 0h and TL in 6h compared to the control. 
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Isoflurane had significantly lower values for all three parameters immediately after and 2 

hours after exposure compared to the control (Figures 1B, 2B, 3B; Table 1).  

 When all three anesthetics were compared, halothane had significantly higher levels 

(p<0.05) of DNA damage compared to sevoflurane and isoflurane for all three parameters. 

Isoflurane had significantly lower values than sevoflurane for TI and TM at 1 Gy and at 0h 

(p=0.0000). Two hours after the combined exposure, sevoflurane had significantly higher 

levels than isoflurane for all three parameters (TL: p=0.032; TI: p=0.04, TM: p=0.033), while 

at 6 and 24 hours from the combined exposure, only the TL value was statistically higher 

compared to isoflurane.  

Exposure of Swiss albino mice to a combination of anesthetic and 2 Gy irradiation 

Exposure to 2 Gy caused slightly higher DNA damage when compared to the 1 Gy irradiated 

samples. In the control exposure to 2 Gy only, at 6h after irradiation, significantly different 

values were observed for TL and TM when compared to 0h (Figures 1C, 2C and 3C; Table 1). 

 Halothane demonstrated significantly higher values at all time points for all three 

parameters compared to control values. Excluding 0h, TL values for sevoflurane were 

significantly lower at all other time points, as were the TI and TM parameters at 6 hours after 

exposure compared to control. Isoflurane had significantly lower TL values at 0h, 2h and 6h 

in the combined exposure when compared to the control (Figures 1A, 1B and 1 C). 

 Comparing all three anesthetics at all time points, halothane had significantly higher 

values for all three parameters compared to both sevoflurane and isoflurane. Comparing 

sevoflurane and isoflurane, they significantly differed for TL at 0h, TI at 2h and TM at 2h. 

 The findings after the 2 Gy irradiation combination revealed again that halothane had 

the highest level of DNA damage, and that damage repair did not begin even after 24 hours. It 

was also significantly higher than the values in the 1 Gy and halothane combination, and 

significantly higher than in the 1 and 2 Gy irradiated samples. Sevoflurane and isoflurane 
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revealed similar values of DNA damage as in the only 2 Gy irradiated samples for the 

respective time points.  

 Interestingly, for TI, sevoflurane showed a similar amount of DNA damage for both 

the 1 Gy and 2 Gy combined exposure, while isoflurane demonstrated even slightly lower 

values for the 2 Gy combined exposure than 1 Gy exposure.  

Cellular DNA repair index (CRI) for Tail intensity 

Since certain protective effects were seen in the 1 Gy and 2 Gy combined treatment with 

sevoflurane and isoflurane, we calculated the CRI index to determine whether that protective 

effect influenced the level and speed of DNA repair. The results of the CRI for TI are shown 

in Figure 4. It was calculated only for TI, as the parameter that demonstrates the actual 

percentage of damaged DNA.  

 For 1 Gy exposure, sevoflurane and halothane did not demonstrate an influence on the 

speed of DNA repair; on the contrary, halothane exposure did not start to repair DNA until 

after 6 hours, while isoflurane had an interesting curve declining to 6 hours and then 

remaining at the same level. Sevoflurane demonstrated an influence on DNA repair, but this 

was not faster than in only 1 Gy irradiated samples, in which the highest rate of repair was 

seen 2 hours after exposure, as opposed to 6 hours after exposure for sevoflurane, but then the 

repair started to decrease. 

 As for 2 Gy, halothane demonstrated an influence on the DNA repair velocity, but 

only up to 2 hours; afterwards, there was no DNA repair. As in 1 Gy, sevoflurane displayed a 

peak at 6 hours after exposure, followed by a decline in DNA repair. Interestingly, isoflurane 

followed the curve of the only 2 Gy irradiated samples, even having a faster DNA repair 

effect.   
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Discussion 

Since IR is a well-known genotoxic and cytotoxic agent (IARC, 2012), a certain amount of 

DNA damage (both dose- and duration-dependent, though kept at minimum levels to spare as 

much healthy tissue as possible during the procedure) will undoubtedly occur during each 

radiotherapy treatment. Although volatile anesthetics (VA) used during that procedure are 

generally considered safe, they have demonstrated side effects and elevated levels of DNA 

damage in patients, in occupationally exposed personnel and in vivo experiments (Brozović et 

al., 2008, 2009, 2011, 2017; Karabiyik et al., 2001; Yilmaz et al., 2016). The effect of all 

three VA anesthetics (halothane, sevoflurane and isoflurane) or the combined effect of IR and 

VA exposure has not previously been examined. Therefore, in this study we demonstrated that 

one-time exposure of Swiss albino male mice in vivo to one of three VA, at concentrations 

used in general anesthesia (adjusted to the animal model according to the guidelines for 

animal anesthesia procedures, also confirmed in our previous studies (Brozović et al., 2008; 

2010; 2011; Siddiqui & Kim, 2020)) caused elevated levels of DNA damage. This damage 

was highest following halothane exposure, followed by sevoflurane and isoflurane.  

 Employing an IR dose of either 1 Gy or 2 Gy, as the standard dose in 

hypofractionation or conventional fractionation radiotherapy (Royal College of Radiologists, 

2019), combined exposure demonstrated a significant dose-dependent increase in halothane 

DNA damage levels, while sevoflurane showed a slightly protective, and isoflurane a 

protective effect. Male mice were chosen to avoid gender differences from IR exposure, since 

females are more prone to DNA damage due to the easier loss of one x chromosome, as also 

influenced by hormone levels (Narendran et al., 2019).  

 Despite the lack of similar articles, we aim to compare our results with data from other 

studies. Control level values before and after irradiation in mice of similar age, gender and 

weight were similar to other studies (Brozović et al., 2010; Kuznetsova 2020). Studies with 
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non-comparable arbitrary units (Brozović et al., 2009; 2011; Dobrzyn’ska, 2007), together 

with the literature review on human studies using the comet assay and other DNA damage 

biomarkers, also confirmed our results (Yilmaz et al., 2016).  

 Comparing our previous studies on the same animal model, a single 2h exposure to 

sevoflurane caused higher TI DNA damage levels than 2h exposure daily during three 

consecutive days, with slightly lower values at 24h after treatment for 3-day exposure; 

however, in all studies, DNA damage values at 24h after exposure to sevoflurane were still 

significantly higher than the control values, with no inclination to decrease (Brozović et al., 

2008, 2009, 2010, 2011, 2017). Sevoflurane and isoflurane exhibited similar DNA damage 

levels in this study and in a study on patients (Karabiyik et al., 2001), suggesting that 

isoflurane would also cause less DNA damage after three consecutive days of exposure than 

in a single dose exposure. 

 One would expect that in combination with 1 Gy or 2 Gy, the levels of DNA damage 

from a single exposure would be much higher than from irradiation alone, as with halothane. 

However, the observed values were similar to the irradiated ones for both sevoflurane and 

isoflurane, and in the case of a higher 2 Gy dose exposure, demonstrated an even more 

obvious protective effect.  

 The cellular repair index did not demonstrate a protective effect or higher levels of 

DNA damage at different time points, and therefore the delay in DNA repair is responsible for 

the results observed here. Since apoptosis or necrosis (which can also influence damage 

levels) cannot be detected properly with the comet assay, we used the findings of other 

scientists who demonstrated that anesthetics did not induce higher levels of apoptosis or 

necrosis in vivo in animal models or human and patients (Braz et al., 2011a, b; Rocha et al., 

2015). 
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 The time when a certain anesthetic expresses the highest levels of DNA damage 

depends both on the dose and exposure duration, though this is certainly influenced by the 

metabolism of the anesthetic in the organism. VA metabolites (trifluoroacetic acid (TFA), Br-, 

Cl- conjugates of TFA, compound A, inorganic F, etc.) are not considered toxic, though their 

oxidative liver biotransformation can result in an antibody-mediated reaction, triggering 

irreversible DNA damage effects in vivo. In vitro VA effects predominantly consist of 

(generally transient) dose- and time-dependent inhibition of immune products, while in vivo 

inhibitory effects have been recorded in neutrophil function, decrease in 

lymphocyte/leukocyte proliferation, suppression of cytokine release from peripheral blood 

mononuclear cells, and changes in the expression of inducible nitric oxide synthase (iNOS) by 

reversible inhibition of voltage-dependent calcium channels and decreased intracellular 

calcium concentrations  (Kurosawa & Kato 2008; Colucci et al., 2015; Yoon-Mi et al., 2015; 

Cruz et al., 2017). 

 Knowing the mechanism of anesthetic action, toxicity of VA in vivo is causally linked 

with the metabolized amount in the body, where about 15–20% of halothane is metabolized 

by the liver (Davis et al., 2011), as opposed to only 5% of sevoflurane (Edgington et al., 2020; 

Gentz & Malan, 2001; Shao & Xia, 2019; Yang et al., 2018) and ≤0.2% of isoflurane (Martin 

Jr. & Njoku, 2005).  

 From in vitro animal and human studies on lymphocytes, halothane does not directly 

interact with genome DNA, but instead triggers irreversible DNA damage effects (starting 

from 1.5 mM) via intracellular signaling pathways. This causes stress-induced apoptosis in 

part of the cell population, releasing and accumulating oxygen free radicals inside cells, which 

in turn produces dose- and concentration-dependent DNA damage (Jaloszynski 1999, 

Karabiyik 2001, Szyfter 2004, Topouzova-Hristova 2007, Hussein 2008, Brozović 2011; 

Gyofry & Kim 2020).  
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 Very low blood and tissue solubility, with no impact on hemodynamics or body 

temperature during 2h anesthesia are advantages of sevoflurane and isoflurane; however, 

metabolized sevoflurane could directly cause slightly elevated levels of reactive oxygen 

species (ROS), such as the generation of peroxynitrite, peroxides and nitric oxide (Brozovic et 

al., 2008; Rocha et al., 2015). Slightly elevated levels of oxidative species can still lead to 

DNA damage levels (Cadet et al., 2003). On the contrary, as with sevoflurane, isoflurane also 

demonstrated an absence of systemic and oxidative DNA damage in clinical studies and 

patients, and higher plasma antioxidative status in animal studies and in patients (Braz et al., 

2011a; 2013; Rocha et al., 2015).  

 The hematopoietic system is extremely sensitive to IR and demonstrates damage even 

at a low dose of IR exposure (0.5 Gy). Damages is also caused by the creation of ROS that 

can damage the self-renewal and differentiation ability of hematopoietic stem/progenitor cells, 

which are usually still and reside in a low oxygen environment (Han et al., 2019; Shao et al., 

2014; Zhang et al., 2017). Since both IR and sevoflurane cause elevated levels of ROS, higher 

levels of DNA damage would be expected after combined exposure to 1 Gy and especially to 

2 Gy; however, this was not the case in our study. This could be due to the fact that exposure 

was not simultaneous, i.e., irradiation followed the 2-hour exposure to sevoflurane. Under 

these circumstances, the small amount of ROS to which blood cells were exposed prior to IR 

exposure caused the activation of the adaptive protective mechanisms. Prior exposure to a 

small amount of hydrogen peroxide (30–500 nM/L), as a more stable ROS species, was able 

to protect mouse white blood cells even from higher IR doses such as 4 Gy of X-radiation, 

with damage measured by comet assay (TI value after pre-exposure and 4 Gy was 5%, similar 

to 1 Gy here and especially for 2 Gy exposure (around 5% in most time points), with no 

protective effect of hydrogen peroxide from exposure to higher concentrations (Gapeyev et 

al., 2014). 
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 When comparing sevoflurane and isoflurane TI DNA damage values at the end of the 

observed period for both treatments in combination with 1 Gy or 2 Gy, the values were 

similar, although slightly different at the time points before 24 hours. Similar results were also 

seen in other experiments with mice and patients receiving presurgical anesthesia with 

isoflurane or sevoflurane (Karabiyik et al., 2001; Braz et al., 2011a; Rocha et al., 2015). In 

Sprague-Dawley rats, isoflurane treatment caused increased time-dependent DNA damage 

detected in lymphocytes (Kim et al., 2006), as a result of different behavior patterns in mice 

and rats (Siller-Matula & Jilma, 2008), as studies on mice did not demonstrate any increase in 

DNA damage (Rocha et al., 2015). In 24 patients, isoflurane and sevoflurane anesthesia 

increased comet assay damage values, and the levels were similar 120 minutes later, with 

repair starting on the third day and finishing on the fifth day postoperative (Karabiyik et al., 

2001). 

 Isoflurane pre-treatment also demonstrated a protective effect (anesthetic 

preconditioning by different modulation of mitochondrial reactive oxygen species production 

via forward versus reverse electron transport flow) in tissue ischemic injuries involving ROS, 

such as ischemia-reperfusion injury (Hirata et al., 2011) or rat liver ischemia injury (Schmidt 

et al., 2007), and in cardiomyocytes from damage by oxidative stress, reducing myocardial 

infarction magnitude by modulating mitochondrial ROS at clinical concentrations (Hirata et 

al., 2011). Isoflurane can modulate heme oxygenase- (HO-) 1, which exerts anti-inflammatory 

and antioxidative effects (Hoetzel & Schmidt, 2010; Schmidt et al., 2007), and can be induced 

via nuclear factor kappa B (NF�B) (Li Volti et al., 2008). Sarcolemmal and mitochondrial 

adenosine triphosphate- (ATP-) sensitive potassium channels play essential and distinct roles 

in protection afforded by this anesthetic (Marinovic et al., 2006).  

 Brozović et al. (2017) suggested that the differences in the possible toxic mechanisms 

of sevoflurane and isoflurane, and therefore the differences in comet assay values, were due to 
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the different inductions of DNA repair by different types or forms of DNA damage, 

suggesting that sevoflurane is a potent inducer of more complex DNA damage. Repair took 

more than 24 h, while isoflurane caused an immediate increase of simple forms of DNA, with 

most damage repaired within the first six hours after the cessation of exposure, when looking 

at the comet assay results in kidney cells from Swiss albino mice exposed for three 

consecutive days. 

Conclusions 

In this study, we examined the DNA damage effects on mouse blood, and found that white 

blood cells can demonstrate elevated levels of DNA damage, especially in case of halothane, 

while sevoflurane and isoflurane appeared to have a protective effect. The levels of DNA 

damage would likely have been even higher in target organs such as liver, kidney or even the 

brain, and this is a direction for future study. Further studies should also include lower doses 

such as 0.5 Gy or less, as the surrounding tissue near the exposed tumor would be expected to 

receive lower exposure from the 1 Gy or 2 Gy fractionated treatment doses; this would allow 

for an analysis of how the combined effects of VA and IR could impact healthy surrounding 

cells.  
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Table 1. Statistically differences of comet parameters values: tail length, tail intensity and tail moment in white 

blood cells of Swiss albino mice treated with anesthetics: halothane, sevoflurane and isoflurane alone or in 

combination with irradiation of 1 Gy or 2 Gy compared to control. 

NON - IRRADIATED 

Group halothane sevoflurane isoflurane 

                       TL TI TM TL TI TM TL TI TM 

0h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

2h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

6h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

24h 
0.00000

0 

0.00000

0 

0.00000

0 
n.s. 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

IRRADIATED 1 Gy 

Group halothane sevoflurane isoflurane 

                       TL TI TM TL TI TM TL TI TM 

0h 
0.00000

0 
n.s. n.s. 

0.00000

0 
n.s. 

0.00602

1 

0.00000

0 

0.00000

0 

0.00000

0 

2h 
0.00000

0 

0.00000

0 

0.00000

0 
n.s. n.s. n.s. 

0.01172

1 

0.02983

3 

0.01652

2 

6h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 
n.s. n.s. 

0.00000

0 
n.s. n.s. 

24h 
0.00000

0 

0.00016

5 

0.00000

9 
n.s. n.s. n.s. 

0.00000

0 
n.s. n.s. 

IRRADIATED 2 Gy 

Group halothane sevoflurane isoflurane 

                       TL TI TM TL TI TM TL TI TM 

0h 0.00000 0.00000 0.00000 n.s n.s 0.00000 0.00000 n.s. n.s. 

2h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00022

9 
n.s. n.s. 

0.00000

0 
n.s. n.s. 

6h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00000

0 

0.00207

3 

0.02449

5 

0.00000

0 
n.s. n.s. 

24h 
0.00000

0 

0.00000

0 

0.00000

0 

0.00046

1 
n.s. n.s. n.s. n.s. n.s. 

Statistically different to control (Mann–Whitney U test. p<0.05). TL-tail length. TI-tail intensity. TM-tail 

moment. n.s.- statistically not significant 
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