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Brain DNA damaging effects of volatile
anesthetics and 1 and 2 Gy gamma
irradiation in vivo: Preliminary results
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Abstract
Although both can cause DNA damage, the combined impact of volatile anesthetics halothane/sevoflurane/
isoflurane and radiotherapeutic exposure on sensitive brain cells in vivo has not been previously analyzed.
Healthy Swiss albino male mice (240 in total, 48 groups) were exposed to either halothane/sevoflurane/
isoflurane therapeutic doses alone (2 h); 1 or 2 gray of gamma radiation alone; or combined exposure. Frontal
lobe brain samples from five animals were taken immediately and 2, 6, and 24 h after exposure. DNA damage and
cellular repair index were analyzed using the alkaline comet assay and the tail intensity parameter. Elevated tail
intensity levels for sevoflurane/halothane were the highest at 6 h and returned to baseline within 24 h for
sevoflurane, but not for halothane, while isoflurane treatment caused lower tail intensity than control values.
Combined exposure demonstrated a slightly halothane/sevoflurane protective and isoflurane protective effect,
which was stronger for 2 than for 1 gray. Cellular repair indices and tail intensity histograms indicated different
modes of action in DNA damage creation. Isoflurane/sevoflurane/halothane preconditioning demonstrated
protective effects in sensitive brain cells in vivo. Owing to the constant increases in the combined use of ra-
diotherapy and volatile anesthetics, further studies should explore the mechanisms behind these effects, in-
cluding longer and multiple exposure treatments and in vivo brain tumor models.
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Introduction
The American Cancer Society listed brain tumors as
one of the top 10 causes of tumor-related deaths, with
a 26% and 21% distribution in the 0–14 and 15–19
age categories, respectively, in the USA in 2012–
2016 (Rasheed et al., 2021). Among the risk fac-
tors for brain tumors is ionizing radiation (IR), a well-
known carcinogen classified into Group 1 (IARC,
2012; Rasheed et al., 2021). IR is also used in ra-
diotherapy (RT) as the gold standard for brain tumor
treatments (Wujanto et al., 2021), usually at a 2 or
1 gray (Gy) dose (TRCR, 2019). Recent studies re-
vealed also that the prefrontal cortex and hippo-
campus are the most radiation-sensitive brain regions
(Baluchamy et al., 2012; Kovalchuk and Kolb, 2017;
Loganovsky and Yuryev, 2004; Makale et al., 2017).
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IR exposure should be kept to a minimum when
combined with general anesthesia (such as volatile
anesthetics or VAs), which can be beneficial in
lowering the necessary number of doses, providing
fast sedation, and maintaining stable conditions in
patients (Borras et al., 2018; Brozović et al., 2009,
2010, 2011, 2017; IARC 2012; TRCR 2019). There
is a yearly increase in VA-RT (also in VA-surgery,
VA-immediate radiation, VA-intraoperative-RT, or
VA-brachytherapy) (Arunkumar et al., 2013;
McMullen et al., 2015; Ntoukas et al., 2020) in both
children and adults with anxiety issues, usually
associated with the required use of masks during
radiation/simulation, long waiting period during the
procedure in a cold dark room, or claustrophobia.
Isoflurane (I), sevoflurane (S), and halothane (H), as
the most frequently used VAs, have similar
mechanisms of action: enhancing the inhibitory
activity of postsynaptic channels (gamma-
aminobutyric acid (GABA) and glycine) and in-
hibiting the excitatory activity of synaptic channels
(glutamate, N-methyl-D-aspartate (NMDA), nico-
tinic acetylcholine, and serotonin) in the central
nervous system (Campagna et al., 2003). Although
VA use is considered safe, increasing evidence in
recent decades about VAs’ damaging effects in in
vitro and in vivo studies conducted in neonatal
animals, and also in occupational personnel/
patients, has raised concerns about VA + IR
safety (Brozović et al., 2009, 2010, 2011, 2017;
IARC, 2012). In vitro VA can change protein and
gene expression, leading to inflammation and ap-
optosis; and preclinical rodent and non-human
primate studies pointed out the possibility of neu-
rodegeneration with possible cognitive sequelae or
the induction of brain plasticity together with long-
term cellular and molecular changes leading to
behavioral and/or cognitive consequences in neo-
nates, children, or adults even after a month from
the initial exposure (Andropoulos, 2018; De Hert
and Moerman, 2015; Drobish et al., 2016; Stenroos
et al., 2021). VAs can also increase blood–brain
barrier permeability (Tétrault et al., 2008) thus
leaving the brain tissue exposed to peripheral in-
flammatory responses. VA adult exposure also af-
fects their offsprings’ brain development (Ju et al.,
2019).

There are only 2 studies on the combined VA + IR
effects (Benković et al., 2021, 2022), and none were
performed on the brain, so we wanted to further in-
vestigate their effects on DNA damage in the IR-

sensitive brain region. As the dynamics of DNA
damage and repair also depend on the target tissue
organ and the time from the exposure, we included
multiple time points following exposure.

Methods
Unless otherwise specified, all chemicals and reagents
were from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Inhalation anesthetics S (Sevorane®), I
(Forane®), and H (Halothane®) were provided by
Abbott Laboratories LTD (Queenborough, UK).

The study was approved by the Ethics Committee of
the Faculty of Science, University of Zagreb (No. 251-
58-508-11-9) and was designed in accordance with
relevant Croatian guidelines: Animal Protection Act
(OG 102/17), the Ordinance on the protection of an-
imals used for scientific purposes (OG 55/13, 39/17),
and EU Directive 2010/63/EU (EU, 2010).

Brain proliferation, metabolism, and survival depend
also on sex hormones (females more prone to X-
chromosome loss and higher DNA damage) (Behl,
2002; Narendran et al., 2019; Schmitz-Feuerhake
et al., 2016; Silasi et al., 2004). Drug metabolism,
target organ, and hormonal balance also influence VA
effects, so adult Swiss male animals were selected
(Brozović et al., 2010; Chiao and Zuo, 2014; Yılmaz
and Çalbayram, 2016). In this study, we used three VAs
at appropriate concentrations for mice anesthesia. These
concentrations, also used in previously published studies
(Brozović et al., 2009, 2010, 2011, 2017; Benković
et al., 2021, 2022), were determined according to the VA
oil/gas partition coefficient and minimal alveolar con-
centration (MAC).Minimal alveolar concentration is the
percentage necessary to prevent movement in 50% of
patients during skin incision (and in rodents corre-
sponding to the dose where 50% of animals lose a motor
response to a noxious stimulus) according to the
guidelines for anesthesia and analgesia in laboratory
animals (American College of Laboratory Animal
Medicine Series, 2008; Navarro et al., 2021). We
should also say that the doses used here have the same
effects as the doses used in human anesthesia- so the
term “corresponding animal doses to human therapy” is
the term used in laboratory animal anesthesia guidelines
to refer how the doses are chosen in order to get the same
effect as in humans (classified Stage 3-Surgical Anes-
thesia) (Siddiqui and Kim, 2020).

DNA damage and repair dynamics were estimated
using the alkaline comet assay, and damage was
monitored immediately and 2, 6, and 24 hours (h) after
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the exposure (in controls, in only irradiated samples, in
only anesthetized mice, in mice exposed to combined
anesthetic, and radiation exposure) as in previous
studies (Brozović et al., 2010; Milić et al., 2011,2021;
Neri et al., 2015; Chiao and Zuo, 2014; OECD-TG
489, 2016).

Mice (Department of Biology, Faculty of Science,
University of Zagreb, Croatia; 22 ± 1°C, humidity 50–
70%, 12/12 h photoperiod; Standard Laboratory Diet
GLP-4RF1-Mucedola, Settimo Milanese MI, Italy;
water ad libitum) with 20–25 g bodyweight and 60 ±
5 days old randomly divided into 48 groups (n = 5).
Except for the control and only-IR groups, VA groups
were anesthetized in an induction chamber connected to
an anesthetic machine (Sulla 800; Dräger, Velbert,
Germany) with a compatible evaporator (S-2.4 vol%,
I-1.7 vol%, H-2.4 vol%; in a 50:50 mixture of oxygen
and air (3 L/min) in continuous flow for 2h), with ac-
ceptable deep anesthesia corresponding to the classified
Stage 3–Surgical Anesthesia (Siddiqui and Kim, 2020).
Afterward, combined-treatment and only-IR groups
were irradiatedwith 1 or 2Gy gamma (ɣ)-radiation (60Co
source, Theratron Phoenix teletherapy unit, Atomic
Energy Ltd., Ontario, Canada; 1.88 Gy/min) (Table 1).

Animals were sacrificed by cervical dislocation ac-
cording to laboratory animal legislation (OG 55/13, 39/
17). Small pieces of freshly resected mouse frontal lobe
brain tissue were mechanically homogenized using fresh
chilled homogenization buffer (0.075 M NaCl, 0.024 M
Na2EDTA, 4°C), with the ratio 1 g tissue/1mLbuffer. For

each animal and sample, a 10 μL single-cell suspension
homogenate at 4°C immersed immediately into agarose
gel was put on a microscopic slide and a comet assay was
carried out under alkaline standardized conditions
(Brozović et al., 2017; Benković et al., 2022). Sample
gels passed through 2 h lysis, 20 min denaturation,
20 min electrophoresis (0.8 V/cm), neutralization, and
ethidium bromide staining (20 μg/mL, 10 min). In each
group, 200 comets were examined by an epifluorescence
microscope (B×40, Olympus, Tokyo, Japan, ×200
magnification) with a CCD camera connected to a
computer-based image analysis system (Comet Assay IV
software, Instem, London, UK). The tail intensity (TI)
parameter was determined as linearly related to the DNA
break frequency over a wide range of damaged DNA
(OECD-TG 489, 2016), defined as % of migrated ge-
nomic DNA in the comet tail.

For cell repair efficiency and possible influence on
faster/slower/delayed repair, a cellular DNA repair
index (CRI) defined as % decrease from the initial
value of the parameter due to repair was calculated
from the TI parameter medians according to the for-
mula of Nair and Nair (2010).

CRI ¼ 1� TI at time t

TI at initial time t0

� �� �
x100:

In statistical analysis (Statistica 13.5.0.17 (TIBCO
Software Inc., Palo Alto, CA, USA), groups were
compared by the non-parametric Kruskal–Wallis test,

Table 1. Design of the experiment. A total of 240 male Swiss albino mice were divided in 48 groups of 5 animals each. The
samples of mouse brain were taken at time periods: 0 h, 2 h, 6 h and 24 h from the exposure for alkaline comet assay. Totally
200 comets (40 comets per animal) from each tested group were analysed.

Control Halothane (2.4% vol.) Sevoflurane (2.4% vol.) Isoflurane (1.7% vol.)

Non-Irradiated
Time points 0 h (n = 5) 0 h (n = 5) 0 h (n = 5) 0 h (n = 5)

2 h (n = 5) 2 h (n = 5) 2 h (n = 5) 2 h (n = 5)
6 h (n = 5) 6 h (n = 5) 6 h (n = 5) 6 h (n = 5)

24 h (n = 5) 24 h (n = 5) 24 h (n = 5) 24 h (n = 5)
Irradiated 1 Gy

Time points 0 h (n = 5) 0 h (n = 5) 0 h (n = 5) 0 h (n = 5)
2 h (n = 5) 2 h (n = 5) 2 h (n = 5) 2 h (n = 5)
6 h (n = 5) 6 h (n = 5) 6 h (n = 5) 6 h (n = 5)

24 h (n = 5) 24 h (n = 5) 24 h (n = 5) 24 h (n = 5)
Irradiated 2 Gy

Time points 0 h (n = 5) 0 h (n = 5) 0 h (n = 5) 0 h (n = 5)
2 h (n = 5) 2 h (n = 5) 2 h (n = 5) 2 h (n = 5)
6 h (n = 5) 6 h (n = 5) 6 h (n = 5) 6 h (n = 5)

24 h (n = 5) 24 h (n = 5) 24 h (n = 5) 24 h (n = 5)
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with significance at p ≤ 0.05. The TI parameter was
expressed as mean, median, standard error (SE), and
standard deviation (SD), used for CRI; and DNA (TI)
damage distribution was represented in histograms.

Results
TI results are represented in Figure 1(a) (control and
samples from mice exposed to only VAs), Figure 1(b)

(1 Gy andVAs+1Gy samples), and Figure 1(c) (2 Gy and
VAs+2 Gy samples). Considering all time points and all
three types of exposures, I had protective effects and
caused lower DNA damage levels when compared to
control or in combined exposures when compared to only
irradiated samples. S demonstrated elevated DNA dam-
age levels when compared to the control but also pro-
tective (lower DNA damage than irradiated samples) in
combined IR exposure. H had higher DNA damage levels

Figure 1. (a) Tail intensity values of brain cells of non-irradiated mice: control samples (non-exposed) (C); after only
halothane (H)/sevoflurane (S)/isoflurane (I) exposure. Data demonstrate values for mean, median, standard error (SE),
and standard deviation (SD). Samples were taken immediately after exposure (0 h) and 2 h, 6 h, and 24 h from the
exposure. *-p values represent significant differences from C, p ≤ 0.05; H* and S* letters also indicate significant H and S
difference from I sample. (b) Tail intensity values of brain cells of 1 Gy-irradiated mice: control samples (1 Gy); after
VA+1Gy combined exposure to halothane (H)/sevoflurane (S)/isoflurane (I) exposure. Data demonstrate values for mean,
median, standard error (SE), and standard deviation (SD). Samples were taken immediately after exposure (0 h) and 2 h, 6 h,
and 24 h from the exposure. *-p values represent significant differences from only 1 Gy samples, p ≤ 0.05; H* and S*
letters also indicate significant H and S difference from I sample. (c) Tail intensity values of brain cells of 2 Gy-irradiated
mice: control samples (2 Gy); after VA+2 Gy combined exposure to halothane (H)/sevoflurane (S)/isoflurane (I) exposure.
Data demonstrate values for mean, median, standard error (SE), and standard deviation (SD). Samples were taken
immediately after exposure (0 h) and 2 h, 6 h, and 24 h from the exposure. *-p values represent significant differences from
only 2 Gy samples, p ≤ 0.05; H* and S* letters also indicate significant H and S difference from I sample.
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in only VA exposure and in VA + IR samples demon-
strated similar levels of damage as irradiated controls.

VA+1 Gy showed no faster DNA damage repair
than 1 Gy samples (CRI results, Figures 2(a) and (b)).
At 2 h after exposure, H (for 60%) and S (for 70%) had
a slower repair rate than 1-Gy 2 h sample. I stopped/
delayed the repair ignition up to 2 h from the exposure.
Afterward, following a similar though slower curve as
the IR sample, I started to repair the damage. These
results suggest the influence of VA on cell proliferation
and mitotic index.

2 Gy-exposure (CRI results, Figure 2(b)) demon-
strated a faster DNA repair rate for I when compared to
2 Gy, but only up to the time point of 2 h, which was
followed by a delay in repair. At 6 h, the I-repair process
started and almost reached the values of the 2 -Gy 24 h
sample. The repair curve for H2 Gy and 2 Gy were
similar up to 6 h, and afterward, H-treated samples
showed slightly decreased repair. The S-treatment
demonstrated a small delay of up to 2 h of 20%. Af-
terward, S started repair that continued up to 6 h, which
was followed by a renewed rapid repair decrease.

Figure 2. Cellular DNA repair index (percentage of repair, CRI) of the tail intensity (TI) parameter of brain cells of Swiss
albino mice exposed to combined treatment with halothane (H), sevoflurane (S), or isoflurane (I) and 1 Gy (a) or 2 Gy (b)
irradiation, immediately (0 h) and 2 h, 6 h, and 24 h (hours) after exposure; control only irradiated with 1 Gy (a) or 2 Gy
(b). The lower values obtained in the combined treatment indicate that repair was slower and less efficient than in the
control samples, and all values higher than the control indicate that repair was faster and more efficient than in the
control samples.
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These repair results indicated an influence on the
decrease of repair and showed a protective effect
(considering the amount of DNA damage induced when
compared to only irradiated samples). The next step was
to determine whether there were any other changes in
the DNA damage distribution that could explain DNA
repair delay processes. This includes changes in the
number of cells or time for cells to start apoptosis
(apoptosis could not be measured by comet assay) or
changes in a different damage distribution that could not
be detected from the mean and median values. Damage
distributions for time points 0, 2, 6, and 24 h are rep-
resented as histograms in Figure 3 (H/S/I exposure),
Figure 4 (H/S/I + 1 Gy), and Figure 5 (H/S/I + 2 Gy). I
and C (control) had a similar histogram for all time
points. I treatment showed a very low number of cells
(Nc) with damage exceeding 5%. H and S caused a
higher number of damaged cells. At the 6 -h time point,
both H and S had a similar Nc with small and higher
damage levels. That rate was also similar at 24 h for H,
while for S, the Nc with higher damage decreased and

the Nc with less damage increased significantly. This
means that S-treated cells had more complex damage
that after the first repair in the first 6 h was left as smaller
or simpler DNA damage to be repaired in the next
round. In our previous studies in vivo, S started to repair
damage in the first 6 h, so these findings and theory
would be in accordance (Brozović et al., 2009, 2010,
2011, 2017; Benković et al., 2021, 2022).

Figure 4 (VA+1 Gy) shows that H and S dem-
onstrated a similar distribution of all types of dam-
aged cells. Numbers for both H and S were slightly
lower than in IR-only cells at the 0 h time point, while
at the 2 h time point, H and S maintained those values
and distribution, likely due to the influence on cell
cycle stopping in proliferation and repair. In the
meantime, IR-only cells had an increase in the highly
damaged Nc, demonstrating the start of the repair
process. The process for IR-only cells was nearly
complete at the 6 h time point, but looking at 24 h
time point, there was still an unrepaired part of DNA
damage. At the 2 h time point, H and S repaired

Figure 3. Histogram of mice brain cells’ tail intensity (% DNA in comet tail) values of time points 0 h, 2 h, 6 h, and 24 h of
control or halothane (H)/sevoflurane (S)/isoflurane (I) exposure, No of obs—number of observations for each category
(0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, 45–50 % DNA in comet tail) of DNA damage measured as
tail intensity.
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highly damaged cells, while at the 24 h time point,
they continued to repair cells with lower levels of
DNA damage. On the contrary, I had a higher amount
of slightly damaged cells at the 0 h time point, 3 times
more than in control cells, though the number of
slightly damaged cells decreased gradually to the 24 h
time point, demonstrating that no newer damage
appeared, as was the case in H or S.

Figure 5 (VA+2 Gy) demonstrates that an increase
of more damaged 2 Gy cells was seen immediately
(0 h), and the damage was repaired during the next 2
and 6 h, with a similar Nc remaining in all of the
damaged categories, like the 1 Gy samples. For the
H-treatment, there was a higher Nc with medium
level damage at 0 h (5–25% damage), and these
values decreased through the other time points, with
a small increase in more damaged cells and an in-
crease in slightly damaged cells. S demonstrated a
similar pattern, though the highest damage was
recorded at the 2 h. On the contrary, I demonstrated a
similar pattern as in 1 Gy, with a wider distribution of
damaged cells.

Discussion

The brain is a radiation-sensitive organ, although the
cognitive, molecular, and histopathological level ef-
fects depend on the dose received and the exposure
period. This was particularly evident after exposure to
dose levels of ≥1 Gy in vivo but also in human patients
(Baluchamy et al., 2012; Loganovsky and Yuryev,
2004; Mizumatsu et al., 2003). Harmful IR effects
are predominantly attributable to reactive oxygen
species (ROS) creation and its interaction with organic
molecules (Von Sonntag, 1994).

The brain represents only 2.5% of the total whole-
body mass, accounts for 15% of heart output, and
consumes more than 50 mL O2 per minute (over 20%
of the general oxygen consumption by a human at rest)
(Loganovsky and Yuryev, 2004). The frontal part
(analyzed in this study) has a significantly higher
blood circulation and therefore a higher oxygen organ/
tissue level directly correlating with increasing radi-
ation effects (cellular structures intensified perox-
idation, further IR-exposure neuron damage) (Coggle,

Figure 4. Histogram of mice brain cells’ tail intensity (% DNA in comet tail) values of time points 0 h, 2 h, 6 h, and 24 h
after 1 Gy radiation, or halothane (H)/sevoflurane (S)/isoflurane (I) + 1 Gy exposure, No of obs—number of
observations for each category (0–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, 45–50 % DNA in comet
tail) of DNA damage measured as tail intensity.
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1983). The brain is not rich in antioxidant defenses
(Floyd and Carney, 1992, 1993), has lower catalase
activity (10% of the liver) (Marklund et al., 1982), and,
in adults, represents low-proliferative post-mitotic
tissue linked with the non-cancer morbidity and
mortality increase as in the Chernobyl accident
(Loganovsky and Yuryev, 2004). The mouse brain
repair half-time after x/ɣ IR-exposure of 7.5–15 Gy is
45 min (most single-strand breaks (SSBs) could be
repaired within 90 min with no repair time for double-
strand breaks (DSBs)) (Olive, 1999; Zheng and Olive,
1996).

Part of DNA damage may be lost due to apoptosis
increase. Since the comet assay cannot measure ap-
optosis levels, to exclude a bias of IR-apoptosis in-
duction on the results, we examined other published
papers. In vitro doses ≥2 Gy can cause apoptosis, while
in vivo, this occurs at ≥6 Gy (Chatterjee et al., 2018;
Lagroye and Poncy, 1997). Doses of 1 and 2 Gy can
cause a decrease in neuron proliferation (Hudson et al.,
2011), whereas 2 Gy can cause significant DNA

damage (Chatterjee et al., 2018; Nairy et al., 2015)
with more than 90% of proliferating (tumor) cells in
the adult mice brain going into apoptosis and can lower
the rate of tumor cell repair (Zhao et al., 2019) with
most of SSB repaired within 48 h of exposure (El-
Nahas et al., 1993; Mut et al., 2004) and residual
damage considered to be DSB (Benitez-Bribiesca and
Sanchez-Suarez, 1999; Mut et al., 2004; Olive, 1998;
Zhang et al., 2014). This approach is also used in RT.

The VA-preconditioning neuroprotection effect is a
shared VA feature, mediated in a concentration-
dependent manner by glutamate transporter activity
modification (after 15 min, maximum 5 h after brain
ischemia), adenosine triphosphate (ATP)–dependent
potassium channel activation, nitric oxide synthase
upregulation, excitotoxic stressors and cerebral met-
abolic rate reduction, augmentation of peri-ischemic
cerebral blood flow, and anti-apoptotic factor upre-
gulation (Wang et al., 2007).

Although VAs should have similar neuroprotection
mechanisms at least within the first 5 h of brain damage,

Figure 5. Histogram of brain cells’ tail intensity values of time points 0 h, 2 h, 6 h, and 24 h after 2 Gy radiation, or 2 Gy+
halothane (H)/sevoflurane (S)/isoflurane (I) exposure, No of obs—number of observations for each category (0–5, 5–10,
10–15, 15–20, 20–25, 25–30, 30–35, 35–40, 40–45, 45–50 % DNA in comet tail) of DNA damage measured as tail
intensity.
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these drugs can have significantly different effects on
many aspects influenced by the rate of metabolization
(H = 15–20%, S = 5%, I < 0.2%) (Davis, 2011; Gyorfi
and Kim, 2021; Martin and Njoku, 2005), metabolites,
and their presence within the body until excretion, di-
verse aspects of cerebral vasodilating potency (H-the
highest, S and I similar), and therefore different influ-
ences on the brain receptors after inhalation and on
different percentage and the velocity of ROS creation
(Chen et al., 2019; Drummond and Patel, 2000).

H-neuroprotection effects are much lower than
other volatile and intravenous anesthetics (Haelewyn
et al., 2003; Kobayashi et al., 2007; Schifilliti et al.,
2010). Due to its high hepatotoxicity and mortality
rate, H has been replaced by other VAs, but is still in
common use in many developing countries (Schifilliti
et al., 2010). In our study, it had the least protective and
the most damaging effect in a single exposure. H-
elevated ROS and liver ROS removal enzyme levels
were seen in anesthetized patients and occupationally
exposed workers (Tankó et al., 2014). Added in vitro
and vivo, H does not directly interact with genome
DNA but causes changes in intracellular signaling
pathways, oxidative biotransformation in the liver, and
antibody-mediated reaction, triggering irreversible
concentration correlated DNA damage effects (from
1.5 up to 100 mM) (Brozović et al., 2011; Jaloszyński
et al., 1999; Karabiyik et al., 2001; Szyfter et al., 2004;
Topouzová-Hristova et al., 2007).

S induces anti-excitotoxic properties during oxygen–
glucose deprivation; decreases ROS generation during
re-oxygenation (Schifilliti et al., 2010; Zheng and Zuo,
2003), without the influence on the neuronal plasma
membrane and cell viability in vitro and in vivo (Dong
et al., 2021), an anti-proliferative effect at 2 mM in C6
glioma cells (Argano et al., 2019; O’Leary et al., 2000),
and cognitive impairment in young mice; and influences
neurogenesis in vitro (Yi et al., 2016; Zhang et al., 2013,
2019) and micro-RNA in vivo (Edgington et al., 2021;
Gentz and Malan Jr, 2001; Shao and Xia, 2019; Yang
et al., 2018).

In our study we used preconditioning with volatile
anesthetics. I-2 h preconditioning in other studies
demonstrated a reduction in neuronal cell death in vitro,
improvement of long-term neurological outcomes and
dose-dependent neuroprotection in vivo during re-
perfusion after oxygen–glucose deprivation or brain
ischemia reduced brain injury in rats (Kitano et al., 2007;
Lee et al., 2008; Li and Zuo, 2009). It also increases anti-
oxidative status and cell viability in Wistar rats and

plasma antioxidant capacity in patients undergoing
minimally invasive surgery (Braz et al., 2013; Rocha
et al., 2015). Protection is connected with heme oxy-
genase-(HO-)1-modulation, anti-inflammatory and anti-
oxidative effects (Hoetzel and Schmidt, 2010; Schmidt
et al., 2007), microglial activation (Li et al., 2011; Sun
et al., 2015), and apoptosis reduction (Lehnardt et al.,
2008; Li et al., 2011; Sun et al., 2015). Compared to
other VAs, I-maintained anesthesia demonstrated better
neuroprotection and lower cerebral blood flow without
electroencephalogram (EEG) during focal brain ische-
mia in vivo (Drummond and Patel, 2000) and among
patients when compared to H-patients (Michenfelder
et al., 1987). I increased both the hydrophilic and total
antioxidant capacity in human patient plasma and in
vivo, with no systemic DNA breaks or oxidative DNA
damage in clinical studies while the same effect was
not seen for S in vivo (Braz et al., 2011a, 2011b,
2013; Rocha et al., 2015). S-repeated exposure in
vivo had a longer DNA damage removal time (more
than 24 h) when compared to isoflurane (6 h),
probably due to I-caused-simpler-DNA-damage
and S-more-complex-DNA-damage type forms
(Brozović et al., 2017). VA exposure caused ele-
vated DNA damage levels in adult brain cells in
vitro and in vivo in both a dose- and time-dependent
manner (Andropoulos, 2018; Brozović et al., 2009,
2010, 2011, 2017; Benković et al., 2021, 2022;
McCann and Soriano, 2019; Rocha et al., 2015). I at
2.5% and 3% suppressed neuronal activities much
higher than 1.5% and 2% in adult male Wistar rats
(Tsurugizawa et al., 2016), while prolonged-4 h-
2.4%-exposure in 60-day-old-rats decreased pro-
genitor neuronal cell proliferation but increased
neuronal differentiation (Stratmann et al., 2009,
2010). At 4.8% or higher, S decreased proliferation
and increased apoptosis in developing brains with high
proliferation potential, and prolonged-6 h-4.1%-S-
treatment caused neuroapoptosis and autophagy (a
prosurvival mechanism) in vitro and in vivo (Chen et al.,
2013; Yang et al., 2018; Zhou et al., 2016).

Conclusions
2 h preconditioning demonstrated differences in
neuroprotection, with I causing the least damage after
single 1 or 2 Gy IR, and with 24 h sufficient for the
repair of most damage. VA + IR impact should be
further explored to avoid short-term and late-term
unrepairable effects and safety. This is particularly
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important for children and adult RT and during VA-
animal treatments in veterinary procedures.
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