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The commonly used inhalation anesthetic isoflurane has been reported to induce DNA
damage and cytotoxicity. However, the methods to attenuate these effects remain
largely to be determined. Mild hypothermia has neuroprotective effects. We therefore
set out to assess whether mild hypothermia could protect the isoflurane-induced
DNA damage and cytotoxicity. Moreover, we investigated the underlying mechanisms
by assessing the effects of mild hypothermia on the isoflurane-induced changes in
ATP levels. H4 human neuroglioma cells were treated with 2% isoflurane for 3 or
6h with and without mild hypothermia (35°C). We assessed the cell viability by
using 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) and lactate
dehydrogenase (LDH) assay. We determined DNA damage by measuring levels of
phosphorylation of the histone protein H2A variant X at Ser139 (yH2A.X), the marker
of DNA damage. We also measured ATP levels in the cells. Here we showed that
the treatment with 2% isoflurane for 6 h induced cytotoxicity and DNA damage in the
cells. Moreover, the treatment with 2% isoflurane for 3 h decreased ATP levels without
inducing cytotoxicity. Mild hypothermia attenuated the isoflurane-induced cytotoxicity,
DNA damage, and ATP reduction in the cells. Taken together, these data suggest that
the isoflurane-induced reduction in ATP levels occurred before the isoflurane-induced
cytotoxicity. Isoflurane may induce DNA damage and cause cytotoxicity through reducing
ATP levels. Mild hypothermia would ameliorate isoflurane-induced DNA damage and
cytotoxicity by attenuating the isoflurane-induced reduction in ATP levels. These pilot
studies have established a system and will promote the future investigations of anesthesia
neurotoxicity.

Keywords: anesthesia, DNA damage, hypothermia, isoflurane, cytotoxicity

INTRODUCTION

Inhalation anesthetic isoflurane has been reported to induce the neurotoxicity associated with
Alzheimer’s disease (AD) neuropathogenesis [Eckenhoff et al., 2004; Loop et al., 2005; Wei et al.,
2005, 2007; Xie et al., 2006, 2007; Lin and Zuo, 2011, reviewed in Vutskits and Xie (2016)].
Moreover, our recent studies have shown that isoflurane can also cause DNA damage (Ni et al,,
2016). Hypothermia has been classified into: mild (34.5-36.5°C), moderate (34.5-32°C), marked
(28-32°C), and profound hypothermia (<28°C) (Tisherman et al., 1999; Nagel et al., 2008).
Hypothermia has been shown to decrease excitotoxicity, inflammation, free radical levels, and
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intracellular calcium overload, which therefore would protect the
apoptosis (Andresen et al., 2015). Mild hypothermia (e.g., 35°C)
is a neuroprotective strategy and could be useful to treat brain
injuries (Andresen et al., 2015). However, it remains unknown
whether mild hypothermia can protect the isoflurane-induced
DNA damage and cytotoxicity.

During the cellular senescence or cell death, DNA damage
decreases cellular replication, and contributes to the onset
of the aging process (Hoeijmakers, 2009; Lopez-Otin et al.,
2013). As an aging maker, DNA damage is also associated
with neurodegenerative disease (Coppedé and Migliore, 2015;
Shiwaku and Okazawa, 2015), brain tumors (McKinnon,
2009), and AD (McKinnon, 2009; Canugovi et al., 2012).
Histone protein H2A variant X at Ser139 (yH2A.X) has been
reported as one of the markers for DNA damage (Bonner
et al., 2008; Garcia-Canton et al, 2012; Valdiglesias et al.,
2013; Ni et al, 2016), and isoflurane has been shown to
elevate the levels of yH2A.X in H4 human neuroglioma cells
(Ni et al., 2016). Therefore, we assessed the interaction of
isoflurane and mild hypothermia on the levels of YH2A X in
the cells.

Moreover, hypothermia can decrease the metabolic rate,
which may then prevent the reduction in ATP levels (Andresen
et al., 2015). Isoflurane has been shown to decrease ATP
levels in vitro (Zhang et al, 2012). We therefore assessed
the interaction of mild hypothermia and isoflurane on the
DNA damage, cytotoxicity, and ATP levels in cultured cells.
The objective of the current study was to establish a system
of interaction of mild hypothermia and isoflurane in cells
and prove a concept that mild hypothermia might protect
the isoflurane-induced DNA damage and cytotoxicity. The
hypothesis in the present study was that mild hypothermia
attenuated the isoflurane-induced DNA damage and cytotoxicity
though preventing the isoflurane-induced reduction in ATP
levels.

MATERIALS AND METHODS
Cell Line

H4 human neuroglioma cells (H4 cells) were used in the studies.
The cells were cultured in DMEM (high glucose) containing 9%
heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 ug/ml
streptomycin, and 2 mM L-glutamine.

Cell Treatments

Isoflurane was delivered from an anesthesia machine to a sealed
plastic box in a 37°C incubator containing 6-well plates; the 6-
well plates were seeded with one million cells in 1.5 ml cell culture
media per well, as described in our previous studies (Zhang
etal., 2012). A Dash 400 gas analyzer (General Electric Company,
Boston, MA) was used to continuously monitor the delivered
concentrations of carbon dioxide, oxygen, and isoflurane. The
cells were treated with 2% isoflurane, plus 21% O;, and 5%
CO; at for a duration of 3 or 6h as described by our previous
studies (Xie et al., 2006, 2007; Ni et al., 2016). Mild hypothermia
(35°C) was created by putting the sealed plastic box in a 35°C
incubator.

Cell Viability Study

Cell viability was determined by using 3-(4,5-dimethylthiazol-2-
yl1)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma, St. Louis,
MO). Experiments were performed as described in the protocol
provided by the company. Briefly, we added 150 wL of MTT (5
mg/mL) solution to each well, containing 1.5 mL of cell culture
medium, on a 6-well plate for treatment with 2% isoflurane
for 6 h. We then returned the cells to the incubator for 2 h.
Finally, we removed the cell culture medium and added 1.5 mL
isopropanol into each well. We spectrophotometrically measured
the absorbance at a wavelength of 570 nm. We presented the
changes in absorbance, as the levels of cell viability, in the
cells treated with isoflurane and/or mild hypothermia as the
percentage of those in the cells treated with control conditions.
The reduction in cell viability (e.g., decrease in MTT levels)
indicates cytotoxicity.

Lactate Dehydrogenase Release (LDH)

Cell membrane integrity or cell viability was also assessed
using a commercial lactate dehydrogenase (LDH) kit (Roche
Applied Science, Madison, WI). Experiments were performed
as described in the protocol provided by the company. Levels
of LDH released into the medium were used to reflect
cell membrane integrity or cell viability. Briefly, after the
treatments of isoflurane and/or mild hypothermia, we collected
the cell culture medium and assessed LDH levels according
to the manufacturer’s instructions. We spectrophotometrically
measured the absorbance at a wavelength of 490 nm. The ratio
of LDH levels in the supernatant to the total LDH levels served
as the index of cell viability. We presented the changes in
absorbance, as the degree of cell viability, in the cells treated with
isoflurane and/or mild hypothermia as the percentage of those
in the cells treated with control condition. The reduction in cell
membrane integrity (e.g., increase in LDH levels) or cell viability
indicates cytotoxicity.

Cell Harvest, Cell Lysis, and Protein

Quantification

The cells were harvested at the end of the experiments for
Western blot analysis. The pellets of the harvested cells were
detergent-extracted on ice using an immunoprecipitation buffer
plus protease inhibitors, as described in our previous studies
(Zhang et al,, 2012). The lysates were collected, centrifuged at
13,000 rpm for 15 min, and quantified for total protein amount
by a bicinchoninic acid protein assay kit (Pierce, Rockford, IL).

Western Blot Analyses

Western blot analyses were performed as described in our
previous studies (Zhang et al., 2010, 2012). Specifically, yH2A.X
antibody (1:1000 dilution; Cell Signaling Technology, Danvers,
MA) was used to detect the levels of yH2A.X (15 kDa), and B-
actin antibody (1:10,000, Sigma, St. Louis, MO) was used to detect
B-actin (42 kDa). Each band in the Western blot represented
an independent experiment. The results were averaged from six
independent experiments. The intensity of signals was analyzed
using the National Institute of Health image program. We
quantified the Western blots in two steps. First, we used B-actin
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levels to normalize protein levels (e.g., determining the ratio of
yH2A X to B-actin amount) and to control for loading differences
in the total protein amount. Secondly, we presented protein level
changes in cells exposed to isoflurane and/or mild hypothermia
as the percentage of those in the control group. One hundred
percentage of the protein level changes refer to the control levels,
for the purpose of comparison to the experimental conditions.

ATP Measurement

We employed the ATP Determination Kit (Invitrogen) in the
experiments to detect ATP levels, as described in our previous
studies (Zhang et al., 2010, 2012). In short, the cells were placed
in 6-well plates in the incubator overnight. The cells were then
exposed to the isoflurane and/or mild hypothermia treatment.
At the end of the treatment, the amount of fluorescence was
measured, and the levels of ATP in the experimental samples
were calculated from the standard curve made from samples
containing known amounts of ATP.

Statistical Analyses

Data were expressed as means =+ standard deviation (SD).
The number of samples was 6-8 per group, and the power
calculation was performed using information collected from a
preliminary study that was conducted under the same conditions.
Based on the preliminary data, assuming a two-sided Student-
t-test, samples of 6 for each control and treatment group
would lead to 90% power and 95% significance. Student’s
t-test and one-way ANOVA were used to determine the
difference between the treatment (isoflurane vs. isoflurane
plus hypothermia) and control condition. Post hoc analyses
(Bonferroni test) were conducted if the main effects were found
to be statistically significant. P-values < 0.05 were considered
statistically significant. Prism 6 software (GraphPad software, La
Jolla, CA) was used to analyze the data.

RESULTS

Anesthetic Isoflurane Induced Cytotoxicity
in H4 Cells

The objective of the current study was to find the potential
methods to protect the cytotoxicity induced by anesthetic
isoflurane and to illustrate the underlying mechanisms. Our
previous studies had shown that treatment with 2% isoflurane
for 6 h could induce cytotoxicity in vitro (Xie et al., 2006, 2007;
Zhang et al., 2010, 2012). Therefore, we first assessed the effects
of mild hypothermia on the isoflurane-induced cytotoxicity (e.g.,
cell death). The cell viability was determined by MTT assay. As
can be seen in Figure 1A, MTT assay showed that treatment with
2% isoflurane for 6 h decreased the MTT levels as compared to
control condition: 69.5 vs. 100%. However, mild hypothermia
attenuated the isoflurane-induced reduction in MTT levels: 83.5
vs. 69.5%. One-way ANOVA showed the significant difference
among these three conditions: control, isoflurane, and isoflurane
plus mild hypothermia (Figure 1A, F = 22.99, **P = 0.001).
Consistently, the mild hypothermia ameliorated the isoflurane-
induced increase in LDH release: 100% (control condition) vs.
163 (isoflurane) vs. 110% (isoflurane plus mild hypothermia;
Figure 1B, F = 14.42, **P = 0.001). These data suggest that
isoflurane was able to induce the cytotoxicity in H4 cells, and mild
hypothermia could attenuate the isoflurane-induced cytotoxicity
in the cells.

Hypothermia Attenuated the
Isoflurane-Induced Increase in yH2A.X

Levels

Given the findings that mild hypothermia was able to attenuate
the isoflurane-induced cytotoxicity, next we assessed whether the
mild hypothermia could also attenuate the isoflurane-induced
increase in the yH2A X level, the marker of DNA damage, in the
cells. The immunoblotting of yH2A X showed that the treatment
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FIGURE 1 | Mild hypothermia attenuates the isoflurane-induced cells death in H4 cells. (A) Treatment with 2% isoflurane for 6 h (black bar) decreases the
MTT level as compared to the control condition (white bar). Treatment with 2% isoflurane for 6 h plus hypothermia (net bar) leads to lesser reduction in MTT level as
compared to isoflurane alone (black bar) in the H4 cells. (B) Treatment with 2% isoflurane for 6 h (black bar) increases the LDH level as compared to the control
condition (white bar). Treatment with 2% isoflurane for 6 h plus hypothermia (net bar) leads to lesser increase in LDH level as compared to isoflurane alone (black bar)
in the H4 cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT); lactate dehydrogenase (LDH). N = 6-8 in each group. **Indicates that there are
significant differences between control condition and isoflurane treatment in MTT levels (Panel A) and LDH levels (Panel B). ## Indicates that there are significant
differences between isoflurane treatment and isoflurane plus mild hypothermia treatment in MTT levels (Panel A) and LDH levels (Panel B).
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with 2% isoflurane for 6 h (lanes 5-8) induced visible increases in
the density of bands representing yH2A.X as compared to control
condition (lanes 1-4) (Figure 2A). There was no significant
difference in B-actin level between the isoflurane treatment and
control condition (Figure 2A). The quantification of the Western
blot (Figure 2B), based on the ratio of yH2A X to -actin, showed
that the isoflurane treatment (black bar) increased yH2A.X
level as compared to the control condition (white bar): 348 vs.
100%, **P = 0.001. Next, we found that the mild hypothermia
(lanes 7-9) could attenuate the isoflurane-induced increase in
the YH2A X level (lanes 4-6) (Figure 2C). The quantification
of Western blot showed there was a significant difference on
the levels of yH2A.X among the control condition (100%, white
bar), isoflurane treatment (318%, black bar), and hypothermia
plus isoflurane (108%, shadow bar; F = 18.10, **P = 0.0029;
Figure 2D). yH2A X is a maker of DNA damage (Bonner et al,,
2008; Garcia-Canton et al., 2012; Valdiglesias et al., 2013; Ni
et al., 2016), thus, these data suggest that hypothermia was able
to attenuate the isoflurane-induced DNA damage.

Hypothermia Attenuated the
Isoflurane-Induced Decrease in ATP Levels

Isoflurane has been shown to induce the cytotoxicity by
decreasing ATP levels (Zhang et al.,, 2010, 2012). We therefore
determined whether the mild hypothermia could affect the
isoflurane-induced changes in ATP levels. In this experiment,
we treated the cells with 3% isoflurane for 3h, but not 6h to

test whether the short time (3 h) isoflurane treatment was able
to decrease the ATP levels without causing cytotoxicity in the
cells. We found that the treatment with 2% isoflurane for 3 h
decreased ATP levels as compared to the control condition, and
the mild hypothermia rescued the isoflurane-induced reduction
in the ATP levels: control (100%), isoflurane (56%), isoflurane
plus mild hypothermia (78%) (Figure 3A, F = 21.61, P =
0.0001, one-way ANOVA). Moreover, we found the treatment
with 2% isoflurane for 3h did not induce cytotoxicity (MTT
assay) (Figure 3B). These data showed that isoflurane-induced
reduction in ATP levels might occur before the isoflurane-
induced cytotoxicity. These results suggest that isoflurane causes
DNA damage and induces cytotoxicity by decreasing ATP levels,
which can be rescued by the mild hypothermia.

DISCUSSION

Our previous studies showed that the commonly used anesthetic
isoflurane was able to induce neurotoxicity associated with
AD neuropathogenesis [(Xie et al., 2006, 2007; Zhang et al,
2010, 2012), reviewed in Vutskits and Xie (2016)] and DNA
damage (Ni et al, 2016). Mild hypothermia could protect
cytotoxicity (Andresen et al., 2015). In the present studies,
we determined whether mild hypothermia (35°C) was able
to attenuate the isoflurane-induced cytotoxicity and DNA
damage. We found that the mild hypothermia attenuated the
isoflurane-induced cytotoxicity (Figure 1) as evidenced by the
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FIGURE 2 | Mild hypothermia attenuates the isoflurane-induced DNA damage in H4 cells. (A) Treatment with 2% isoflurane for 6 h (lanes 5-8) increases the
yH2A X level as compared to the control condition (lanes 1-4) in the H4 cells. There is no significant difference in the -actin level between the isoflurane treatment and
control condition. (B) Quantification of the Western blot, normalized to -actin level, shows that the isoflurane treatment (black bar) increases the yH2A.X level as
compared to the control condition (white bar) in the cells. (C) Treatment with 2% isoflurane for 6 h plus hypothermia (lanes 7-9) leads to lesser increase in the yH2A.X
level as compared to the isoflurane treatment alone (lanes 4-6) in the H4 cells. There is no significant difference in the p-actin levels among the isoflurane plus
hypothermia, isoflurane treatment alone and control condition. (D) Quantification of the Western blot, normalized to B-actin level, shows that the isoflurane treatment
(black bar) increases yH2A.X level as compared to control condition (white bar) in the cells. The mild hypothermia treatment (net bar) attenuates the isoflurane-induced
increases yH2A.X level (black bar). Phosphorylation of the histone protein H2A variant X at Ser139 (yH2A.X). N = 6-8 in each group. **Indicates that there are
significant differences between control condition and isoflurane treatment in y H2A X levels (Panels B,D). ## |ndicates that there are significant differences between
isoflurane treatment and isoflurane plus mild hypothermia treatment in y H2A.X levels (Panel D).
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FIGURE 3 | Mild hypothermia attenuates the isoflurane-induced cytotoxicity though mitigating the ATP reduction in H4 cells. (A) Treatment with 2%
isoflurane for 3 h (black bar) decreases the ATP level as compared to the control condition (white bar). Treatment with 2% isoflurane for 3 h plus hypothermia (net bar)
leads to a lesser decreases in ATP level as compared to the isoflurane treatment alone (black bar) in the H4 cells. (B) Treatment with 2% isoflurane for 3 h (black bar)
or 2% isoflurane for 3 h plus mild hypothermia (net bar) does not significantly affect the MTT levels as compared to the control condition (white bar) in the H4 cells.
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT). N = 6-8 in each group. **Indicates that there are significant differences between control condition
and isoflurane treatment in ATP levels (Panel A). #7#Indicates that there are significant differences between isoflurane treatment and isoflurane plus mild hypothermia

treatment in ATP levels (Panel A).

changes in the levels of MTT and LDH (Figure1). Then,
we were able to show that the mild hypothermia could
attenuate the isoflurane-induced DNA damage as evidenced
by that the isoflurane-induced elevation in the levels of
yH2A X were reduced by the treatment of hypothermia.
Taken together, these data suggest that the mild hypothermia
would protect the isoflurane-induced cytotoxicity by mitigating
the isoflurane-induced DNA damage. It is unknown whether
the mild hypothermia could also attenuate the isoflurane
neurotoxicity in mice. The future studies should include the
investigation of whether mild hypothermia could rescue the
anesthesia-induced neurotoxicity and neurobehavioral deficits in
rodents.

Hypothermia could protect the brain and other vital organs
during periods of ischemia as well as acute brain injuries
(Andresen et al., 2015). Different temperatures may have
different effects on cellular functions. Specifically, hypothermia
with the temperature of 26-30°C has been reported to induce
Tau phosphorylation (Planel et al., 2007, 2009). However, mild
or moderate hypothermia could reduce brain damage and
neurological deficits before and during cerebral ischemia (Nagel
et al., 2008). The future studies should include the systematic
investigations to assess the interaction of anesthesia and different
temperatures (e.g., 26-35°C) on cell viability, DNA damage and
ATP levels.

Mild hypothermia seemed even safer and more effective as
compared to moderate hypothermia (WSC, 1997). Thus, it is
important to extend the current findings to rodents and even
humans in the future to determine whether mild hypothermia
could also be used to treat or prevent the postoperative cognitive
dysfunction and postoperative delirium in surgical patients.

We further found that mild hypothermia could also rescue
the reduction in ATP levels induced by the treatment with 2%
isoflurane for 3 h (Figure 3A). Note that this 3 h isoflurane
treatment did not cause cytotoxicity (e.g., reduction in MTT
levels; Figure 3B). The treatment with 2% isoflurane for 3 h did

(-) €«———Mild hypothermia

Decrease in ATP levels
DNA damage

FIGURE 4 | Hypothesized pathway that mild hypothermia attenuates
the isoflurane-induced DNA damage and cytotoxicity. Isoflurane reduces
ATP levels, which induces DNA damage, and consequently cytotoxicity. Mild
hypothermia inhibits the isoflurane-induced reduction in ATP levels, which
attenuates the isoflurane-induced DNA damage and cytotoxicity.

not cause DNA damage either (Niet al., 2016). These data suggest
that the isoflurane-induced ATP reduction could occur before
the isoflurane-induced DNA damage and cytotoxicity in the cells.
Collectively, these findings suggest a hypothesized pathway that
isoflurane may cause ATP depletion first, which then induces
DNA damage and finally cytotoxicity (Figure 4). Moreover, the
mild hypothermia could attenuate the isoflurane-induced DNA
damage and cytotoxicity by preventing the isoflurane-induced
reduction in ATP levels (Figure 4).

The current studies have several limitations. First, we did not
compare the effects of different temperatures on the isoflurane-
induced cytotoxicity, DNA damage and reduction in ATP
levels. However, the major goal of the current studies was to
establish a model to assess whether there is an interaction of
hypothermia and isoflurane on cytotoxicity, DNA damage and
ATP levels. The future studies should include the systematic
investigation of the effects of the different temperatures with
various times on the isoflurane-induced cytotoxicity, DNA
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damage and reduction in ATP levels. Second, we did not assess
the effects of mild hypothermia (35°C) alone on cell viability,
DNA damage and ATP levels. This is mainly because the previous
studies have shown that the mild hypothermia (35°C) itself
does not significantly affect cell viability and DNA damage in
cultured cells (LCEcuyer et al,, 2012). Third, hypothermia has
been reported to induce Tau phosphorylation (Planel et al,
2007, 2009). We did not detect the Tau phosphorylation
in the current studies. However, the temperature reported
to induce Tau phosphorylation was between 26 and 30°C
(Planel et al, 2007, 2009). Thus, it was unlikely that the
mild hypothermia (35°C) could induce Tau phosphorylation in
the cells in the current studies. Moreover, the current studies
mainly serve as the proof of a concept that mild hypothermia
was able to mitigate the isoflurane-induced cytotoxicity and
DNA damage via attenuating the isoflurane-induced reduction
in ATP levels. Nevertheless, we will determine the effects
of mild hypothermia on Tau phosphorylation in the future
studies.

In conclusion, we found that mild hypothermia could
attenuate the isoflurane-induced DNA damage, cytotoxicity,
and reduction in ATP levels in H4 human neuroglioma cells.
Moreover, the inhibition of the reduction in ATP levels could
be one of the cellular mechanisms by which mild hypothermia
attenuated the isoflurane-induced DNA damage and cytotoxicity.
These findings suggest that we could use mild hypothermia to
treat or prevent the anesthesia neurotoxicity, pending further
investigation.

REFERENCES

Andresen, M., Gazmuri, J. T., Marin, A., Regueira, T., and Rovegno, M. (2015).
Therapeutic hypothermia for acute brain injuries. Scand. J. Trauma Resusc.
Emerg. Med. 23:42. doi: 10.1186/s13049-015-0121-3

Bonner, W. M., Redon, C. E., Dickey, J. S., Nakamura, A. J., Sedelnikova, O.
A., Solier, S., et al. (2008). yH2AX and cancer. Nat. Rev. Cancer 8, 957-967.
doi: 10.1038/nrc2523

Canugovi, C., Yoon, J. S., Feldman, N. H., Croteau, D. L., Mattson, M. P., and
Bohr, V. A. (2012). Endonuclease VIII-like 1 (NEIL1) promotes short-term
spatial memory retention and protects from ischemic stroke-induced brain
dysfunction and death in mice. Proc. Natl. Acad. Sci. U.S.A. 109, 14948-14953.
doi: 10.1073/pnas.1204156109

Coppedg, F., and Migliore, L. (2015). DNA damage in neurodegenerative diseases.
Mutat. Res. 776, 84-97. doi: 10.1016/j.mrfmmm.2014.11.010

Eckenhoff, R. G., Johansson, J. S., Wei, H, Carnini, A., Kang, B,
Wei, W, et al. (2004). Inhaled anesthetic enhancement of amyloid-
beta oligomerization and cytotoxicity. Anesthesiology 101, 703-709.
doi: 10.1097/00000542-200409000-00019

Garcia-Canton, C., Anad6n, A., and Meredith, C. (2012). YH2AX as a novel
endpoint to detect DNA damage: applications for the assessment of the
in vitro genotoxicity of cigarette smoke. Toxicol. In vitro 26, 1075-1086.
doi: 10.1016/j.tiv.2012.06.006

Hoeijmakers, J. H. (2009). DNA damage, aging, and cancer. N.Engl. J. Med. 361,
1475-1485. doi: 10.1056/NEJMra0804615

LEcuyer, T. J., Aggarwal, S., Zhang, J. P., and Van der Heide, R. S. (2012).
Effect of hypothermia on doxorubicin-induced cardiac myoblast signaling
and cell death. Cardiovasc. Pathol. 21, 96-104. doi: 10.1016/j.carpath.2011.
02.001

AUTHOR CONTRIBUTIONS

CL, YD, and YZ performed experiments, generated and analyzed
the data, contributed to project design and manuscript writing.
DC and ZX contributed to the design of experiments and data
analysis. YZ designed and directed the project, participated in
experiments and wrote the manuscript. All authors read and
approved the manuscript.

FUNDING

This research was supported by R0OIGM088801, R0O1AG041274,
and ROIHD 086977 from National Institutes of Health, Bethesda,
Maryland (to ZX). The research was also supported by young
investigator research grant (No. 81400879) from National
Natural Science Foundation of China (to YZ).

ACKNOWLEDGMENTS

The costs of isoflurane were generously provided by the
Department of Anesthesia, Critical Care and Pain Medicine at
Massachusetts General Hospital. The studies were performed in
the Geriatric Anesthesia Research Unit in the Department of
Anesthesia, Critical Care and Pain Medicine at Massachusetts
General Hospital, Boston, MA. These works should be attributed
to the Department of Anesthesia, Critical Care, and Pain

Medicine at Massachusetts General Hospital and Harvard
Medical School.

Lin, D., and Zuo, Z. (2011). Isoflurane induces hippocampal cell injury and
cognitive impairments in adult rats. Neuropharmacology 61, 1354-1359.
doi: 10.1016/j.neuropharm.2011.08.011

Loop, T., Dovi-Akue, D., Frick, M., Roesslein, M., Egger, L., Humar, M., et al.
(2005). Volatile anesthetics induce caspase-dependent, mitochondria-mediated
apoptosis in human T lymphocytes in vitro. Anesthesiology 102, 1147-1157.
doi: 10.1097/00000542-200506000-00014

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194-1217. doi: 10.1016/j.cell.2013.05.039

McKinnon, P. J. (2009). DNA repair deficiency and neurological disease. Nat. Rev.
Neurosci. 10, 100-112. doi: 10.1038/nrn2559

Nagel, S., Papadakis, M., Hoyte, L., and Buchan, A. M. (2008). Therapeutic
hypothermia in experimental models of focal and global cerebral ischemia
and intracerebral hemorrhage. Expert Rev. Neurother. 8, 1255-1268.
doi: 10.1586/14737175.8.8.1255

Ni, C,, Li, C, Dong, Y., Guo, X., Zhang, Y., and Xie, Z. (2016). Anesthetic
isoflurane induces DNA damage through oxidative stress and p53 pathway.
Mol. Neurobiol. doi: 10.1007/s12035-016-9937-8. [Epub ahead of print].

Planel, E., Bretteville, A., Liu, L., Virag, L, Du, A. L, Yu, W. H, et al.
(2009). Acceleration and persistence of neurofibrillary pathology in a
mouse model of tauopathy following anesthesia. FASEB J., 23 2595-2604.
doi: 10.1096/1j.08-122424

Planel, E., Richter, K. E., Nolan, C. E., Finley, J. E., Liu, L., Wen, Y., et al.
(2007). Anesthesia leads to tau hyperphosphorylation through inhibition
of phosphatase activity by hypothermia. J. Neurosci. 27, 3090-3097.
doi: 10.1523/JNEUROSCI.4854-06.2007

Shiwaku, H., and Okazawa, H. (2015). Impaired DNA damage repair as a common
feature of neurodegenerative diseases and psychiatric disorders. Curr. Mol.
Med. 15, 119-128. doi: 10.2174/1566524015666150303002556

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 15


https://doi.org/10.1186/s13049-015-0121-3
https://doi.org/10.1038/nrc2523
https://doi.org/10.1073/pnas.1204156109
https://doi.org/10.1016/j.mrfmmm.2014.11.010
https://doi.org/10.1097/00000542-200409000-00019
https://doi.org/10.1016/j.tiv.2012.06.006
https://doi.org/10.1056/NEJMra0804615
https://doi.org/10.1016/j.carpath.2011.02.001
https://doi.org/10.1016/j.neuropharm.2011.08.011
https://doi.org/10.1097/00000542-200506000-00014
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/nrn2559
https://doi.org/10.1586/14737175.8.8.1255
https://doi.org/10.1007/s12035-016-9937-8
https://doi.org/10.1096/fj.08-122424
https://doi.org/10.1523/JNEUROSCI.4854-06.2007
https://doi.org/10.2174/1566524015666150303002556
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Lietal

Mild Hypothermia Rescues Isoflurane Cytoxicity

Tisherman, S. A., Rodriguez, A., and Safar, P. (1999). Therapeutic
hypothermia in traumatology. Surg. Clin. North Am. 79, 1269-1289.
doi: 10.1016/50039-6109(05)70077-3

Valdiglesias, V., Giunta, S., Fenech, M., Neri, M., and Bonassi, S. (2013). yH2AX
as a marker of DNA double strand breaks and genomic instability in human
population studies. Mutat. Res. 753, 24-40. doi: 10.1016/j.mrrev.2013.02.001

Vautskits, L., and Xie, Z. (2016). Lasting impact of general anaesthesia on
the brain: mechanisms and relevance. Nat. Rev. Neurosci. 17, 705-717.
doi: 10.1038/nrn.2016.128

Wei, H., Kang, B., Wei, W., Liang, G., Meng, Q. C., Li, Y., et al. (2005). Isoflurane
and sevoflurane affect cell survival and BCL-2/BAX ratio differently. Brain Res.
1037, 139-147. doi: 10.1016/j.brainres.2005.01.009

Wei, H., Liang, G., and Yang, H. (2007). Isoflurane preconditioning
inhibited isoflurane-induced neurotoxicity. Neurosci. Lett. 425, 59-62.
doi: 10.1016/j.neulet.2007.08.011

WSC (1997). Pictures in cell biology Microtubule dynamics in migrating cells.
Trends Cell Biol. 7:407

Xie, Z., Dong, Y., Maeda, U., Alfille, P,, Culley, D. J., Crosby, G., et al
(2006). The common inhalation anesthetic isoflurane induces apoptosis
and increases amyloid beta protein levels. Anesthesiology 104, 988-994.
doi: 10.1097/00000542-200605000-00015

Xie, Z., Dong, Y., Maeda, U., Moir, R. D., Xia, W., Culley, D. ], et al
(2007). The inhalation anesthetic isoflurane induces a vicious cycle of

apoptosis and amyloid beta-protein accumulation. J. Neurosci. 27, 1247-1254.
doi: 10.1523/JNEUROSCI.5320-06.2007

Zhang, Y., Dong, Y., Wu, X,, Lu, Y., Xu, Z, Knapp, A,, et al. (2010). The
mitochondrial pathway of anesthetic isoflurane-induced apoptosis. J. Biol.
Chem. 285, 4025-4037. doi: 10.1074/jbc.M109.065664

Zhang, Y., Xu, Z., Wang, H., Dong, Y., Shi, H. N,, Culley, D. J,, et al. (2012).
Anesthetics isoflurane and desflurane differently affect mitochondrial function,
learning, and memory. Ann. Neurol. 71, 687-698. doi: 10.1002/ana.23536

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer JC and handling Editor declared their shared affiliation, and
the handling Editor states that the process nevertheless met the standards of a fair
and objective review.

Copyright © 2017 Li, Dong, Chen, Xie and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 15


https://doi.org/10.1016/S0039-6109(05)70077-3
https://doi.org/10.1016/j.mrrev.2013.02.001
https://doi.org/10.1038/nrn.2016.128
https://doi.org/10.1016/j.brainres.2005.01.009
https://doi.org/10.1016/j.neulet.2007.08.011
https://doi.org/10.1097/00000542-200605000-00015
https://doi.org/10.1523/JNEUROSCI.5320-06.2007
https://doi.org/10.1074/jbc.M109.065664
https://doi.org/10.1002/ana.23536
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Mild Hypothermia Attenuates the Anesthetic Isoflurane-Induced Cytotoxicity
	Introduction
	Materials and Methods
	Cell Line
	Cell Treatments
	Cell Viability Study
	Lactate Dehydrogenase Release (LDH)
	Cell Harvest, Cell Lysis, and Protein Quantification
	Western Blot Analyses
	ATP Measurement
	Statistical Analyses

	Results
	Anesthetic Isoflurane Induced Cytotoxicity in H4 Cells
	Hypothermia Attenuated the Isoflurane-Induced Increase in γH2A.X Levels
	Hypothermia Attenuated the Isoflurane-Induced Decrease in ATP Levels

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


