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Abstract: The inhalation anesthetic isoflurane has been reported to induce caspase
activation and apoptosis, which may lead to learning and memory impairment. However,
the underlying mechanisms of these effects are largely unknown. Isoflurane has been
shown to induce elevation of cytosol calcium levels, accumulation of reactive oxygen
species (ROS), opening of the mitochondrial permeability transition pore, reduction in
mitochondria membrane potential, and release of cytochrome c. The time course of these
effects, however, remains to be determined. Therefore, we performed a pilot study to
determine the effects of treatment with isoflurane for various times on ROS levels in
HEK-293 cells. The cells were treated with 2% isoflurane plus 21% O2 and 5% CO2 for 15,
30, 60, or 90 min. We then used fluorescence imaging and microplate fluorometer to detect
ROS levels. We show that 2% isoflurane for 60 or 90 min, but not 15 or 30 min, induced
ROS accumulation in the cells. These data illustrated that isoflurane could cause
time-dependent effects on ROS levels. These findings have established a system to further
determine the time course effects of isoflurane on cellular and mitochondria function.
Ultimately, the studies would elucidate, at least partially, the underlying mechanisms of
isoflurane-induced cellular toxicity.
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1. Introduction
It has been reported that children who have multiple exposures (e.g., three times) to anesthesia and
surgery at an early age (e.g., before age 4) may develop deficiency of cognitive function ([1,2],
reviewed in [3]). In the animal studies, it has been reported that anesthesia may induce neurotoxicity
and neurobehavioral deficits in rodents ([4–6] and monkey [7,8], reviewed in [3]). However, the
cellular mechanisms of these effects remain largely to be determined.
The commonly used inhalation anesthetic isoflurane has been shown to induce caspase activation
and apoptosis, and induces oligomerization and accumulation of beta-amyloid protein (Aβ) in vitro and
in vivo [8–15]. Isoflurane has also been shown to induce caspase-3 activation and potentiate the
nociceptive stimulation-induced cognitive impairment [16]. However, the up-stream mechanism by
which isoflurane induces caspase activation and apoptosis remains largely to be determined. Reactive
oxygen species (ROS) also plays an important role in Alzheimer’s disease neuropathogenesis and
cognitive impairment [17–20]. Specifically, ROS may induce mitochondrial dysfunction, which then
releases cytochrome c to the cytosol, leading to caspase-9 activation and finally caspase-3 activation
(reviewed in [21]).
ROS generation is mainly through inhibition of complex I and III of mitochondria electron transport
chain (ETC) [22,23]. Specifically, the electron donors NADH and FADH2 can be generated by the
oxidation of glucose-derived pyruvate. The flow of the donated electrons (e−) through the ECT in the
inner mitochondrial membrane pumps H+ ions into the inter-membrane space. ROS is generated when
the voltage gradient is high because of increased flux of electron donors. However, whether the ROS
generation is time dependent remains largely to be determined.
Anesthetic isoflurane has been shown to inhibit complex I of mitochondria [24], thus it is conceivable
that isoflurane may increase ROS levels, via, at least partially, the inhibition of complex I. Our previous
studies have shown that isoflurane can induce ROS accumulation, which may cause caspase-3
activation [25,26]. However, the time course of isoflurane’s effects on ROS is unknown. Therefore, in
the present study, we set out to determine the effects of the treatment with 2% isoflurane for different
periods of time (e.g., 15, 30, 60, and 90 min) on ROS levels in cultured cells. The hypothesis in the
current study is that the isoflurane-induced ROS accumulation is time dependent.
2. Experimental Section
2.1. Methods
2.1.1. HEK-293 Cells Culture
We used human embryonic kidney cells (HEK-293 cells) in the experiments. The cell line was
cultured in Eagle’s Minimum Essential Medium (EMEM) (ATCC® 30-2003™) containing 9%
heat-inactivated fetal calf serum, 100 units/mL penicillin, and 100 µg/mL streptomycin. We employed
HEK-293 cells in this system-generation pilot study because the HEK-293 cells with genetically-regulated
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mitochondrial functions are available [27], which would allow us to use both wild-type and transgenic
HEK-293 cells to further assess the effects of isoflurane on ROS levels and other mitochondrial
function, and furthermore, to elucidate the underlying mechanisms in the future studies.
2.1.2. Treatments for Cells
Isoflurane was delivered from an anesthesia machine to a sealed plastic box in a 37 °C incubator.
The box containing either 35 mm fluorodish cell culture dish (World Precision Instruments, Sarasota,
FL, USA) seeded with 0.2 million cells in 1.5 mL cell culture media or 96 well plate seeded with
50,000 cells in 100 µL cell culture media. A Date infrared gas analyzer (Ohmeda, Tewksbury, MA,
USA) was used to continuously monitor the delivered concentrations of carbon dioxide, oxygen, and
isoflurane. The cells were treated for six hours with 2% isoflurane plus 21% O2 and 5% CO2 as
described in our previous studies [25,26,28].
2.1.3. ROS Accumulation Staining
OxiSelectTM ROS assay kit (Cell Biolabs, Inc., San Diego, CA, USA) was used in the experiments
according to the protocol provided by the company. Briefly, 0.2 million cultured cells were placed on
35 mm fluorodish cell culture dish (World Precision Instruments) overnight in the incubator. We then
added the 2,7-dichlorofluorescein diacetate (DCFH-DA)/media solution to the cells for 30 min. The
DCFH-DA was rinsed by phosphate-buffered saline (PBS) twice. The DCFH-DA loaded cells were
then exposed to 2% isoflurane for 15, 30, 60, and 90 min, respectively, and away from light. Finally,
the cells were analyzed in warm PBS under a fluorescence microscope. Digital images were taken by
a Nikon fluorescence microscopy (Nikon, Melville, NY, USA). Images were captured using 60×
objective lens.
2.1.4. ROS Accumulation Quantification
OxiSelectTM ROS assay kit (Cell Biolabs Inc., San Diego, CA, USA) was used in the experiments
according to the protocol provided by the company. Briefly, cultured cells were placed in a clear
96-well cell culture plate overnight in the incubator. We then added the 2,7-dichlorofluorescein
diacetate (DCFH-DA)/media solution to the cells. The DCFH-DA loaded cells were then exposed to
2% isoflurane for 15, 30, 60, and 90 min, respectively. The treated cells were lysed by adding 100 μL
of cell lysis buffer and were mixed thoroughly and incubated for five min at room temperature. One
hundred and fifty μL of the mixture was transferred to each well of a 96-well plate for fluorescence
measurement. Finally, the fluorescence was read with a fluorometric plate reader (Molecular Devices,
LLC, Sunnyvale, CA, USA) at 480 nm/530 nm.
2.1.5. Statistical Analysis
Data were expressed as mean ± standard deviation (SD). The number of samples varied from 3 to 5.
Student-t test was used to analyze the difference between control condition and isoflurane. p-values
less than 0.05 were considered statistically significant. Prism 6 software (La Jolla, CA, USA) was used
to analyze the data.
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3. Results and Discussion
3.1. Results
Our previous studies have shown that treatment with 2% isoflurane for 6 h can induce ROS
accumulations in vitro and in vivo [25,26]. However, the time course of the effects of isoflurane on
ROS levels remains unknown. We therefore assessed whether isoflurane was able to induce ROS
accumulation with a time-dependent manner. HEK-293 cells were treated with 2% isoflurane for
15, 30, 60 and 90 min, respectively. The control condition was the carrying gas (21% O2 and 5% CO2)
without isoflurane. The cells were harvested at each time point after the treatment and subjected to the
fluorescence imaging. The fluorescence image showed that there was a visible increase of the
fluorescence staining of ROS (green) in the cells treated with 2% isoflurane for 60 min and 90 min as
compared to the control condition (Figure 1). However, the treatment with 2% isoflurane for 15 min
and 30 min did not lead to visible increase in the fluorescence staining of ROS (green) in the HEK-293
cells (Figure 1). These data suggested that 2% isoflurane induce ROS accumulations only after a
60 min or longer duration of treatment. The treatment with 2% isoflurane for a short time (e.g., 15 or
30 min) did not induce ROS accumulation in the HEK-293 cells.
Figure 1. Fluorescence imaging studies of isoflurane’s effects on ROS levels in HEK 293
Cells. The green fluorescence image shows the of ROS levels in cells. (1) shows the ROS
images in the cells treated with control condition; (2) shows the ROS images in the cells
treated with 2% isoflurane for 15 min; (3) shows the ROS images in the cells treated with
2% isoflurane for 30 min; (4) shows the ROS image in the cells treated with 2% isoflurane
for 60 min; (5) shows the ROS images in the cells treated with 2% isoflurane for 90 min.
The treatments with 2% isoflurane for 15 and 30 min (2,3) do not induce visible increases
in ROS levels inside the cells as compared to the control condition (1). The treatments with
2% isoflurane for 60 and 90 min (4,5) lead to accumulation of ROS inside the cells as
compared to the control condition (1).

Next, we assessed the effect of isoflurane on ROS levels in the HEK-293 cells using the
fluorometric plate reader. The fluorescence reading showed that the treatment with 2% isoflurane
(black bar) for 15 min (Figure 2A, p = 0.26, N.S.) or 30 min (Figure 2B, p = 0.36, N.S.) did not
increase the ROS levels in the HEK-293 cells as compared to control condition (white bar). However,
the treatment with 2% isoflurane (black bar) for 60 min increased the ROS levels as compared to
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control condition (white bar) in the HEK-293 cells: 221% vs. 100%, ** p = 0.001 (Figure 2C). Finally,
the treatment with 2% isoflurane for 90 min (black bar) increased the ROS levels as compared to
control condition (white bar) in the HEK-293 cells: 318% vs. 100%, ** p = 0.0001 (Figure 2D).
Figure 2. Fluorescence reading studies of isoflurane’s effects on ROS levels in HEK 293
Cells. (A) A fluorescence assay shows that the treatment with 2% isoflurane for 15 min
(black bar) does not increase ROS levels compared with the control condition (white bar);
(B) A fluorescence assay shows that treatment with 2% isoflurane for 30 min (black bar)
does not increase ROS levels compared with the control condition (white bar); (C) Treatment
with 2% isoflurane for 60 min (black bar) increases ROS levels compared with the control
condition (white bar) (** p = 0.001); (D) Treatment with 2% isoflurane for 90 min (black bar)
increases ROS levels compared with the control condition (white bar) (** p = 0.0001).
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Taken together, these data from both fluorescence image studies and fluorometric plate reader
studies suggested that the isoflurane-induced ROS accumulation was time dependent. While the
treatment with 2% isoflurane for 60 or 90 min increased ROS levels in the HEK-293 cells, the
treatment with 2% isoflurane for 15 or 30 min did not.
3.2. Discussions
In current studies, we assessed the time-dependent effects of isoflurane on reactive oxygen species
(ROS) accumulation in HEK-293 cells. The fluorescence imaging and fluorometric plate reader studies
showed that isoflurane induced ROS accumulation in HEK-293 cells. More importantly, we found
that the treatment with 2% isoflurane for 15 or 30 min did not induce ROS accumulation, but the
treatment with 2% isoflurane for 60 or 90 min increased the ROS levels in the HEK-293 cells. These
findings demonstrated the time-dependent effects of isoflurane on ROS levels, and showed that
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isoflurane might only induce ROS accumulation following a long (e.g., 60 min), but not short
(e.g., 15 min), time treatment.
The findings that isoflurane can induce a time-dependent change in ROS levels will promote more
studies to determine the up-stream mechanism by which isoflurane induces caspase-3 activation. Our
previous studies have shown that isoflurane is able to increase calcium concentration in cytosol [29],
open mitochondrial permeability transition pore, decrease mitochondrial membrane potential [30] and
release cytochrome c [26]. Moreover, free radicals can contribute to the increased generation of
ROS [31,32]. Therefore, the comparison of the time course effects of isoflurane on free radicals, ROS,
cytosol, and/or mitochondrial calcium levels, mitochondrial permeability transition pore, mitochondrial
membrane potential, and cytosol cytochrome c levels could demonstrate the potential signaling pathway
underlying the isoflurane-induced caspase-3 activation.
We have found that isoflurane induced the accumulation of ROS and caspase-3 activation in
H4-APP cells, B104 cells, mouse hippocampus neurons [25,26,28] in our previous studies. In the
current experiments, we found that isoflurane was able to induce ROS accumulation in the HEK-293
cells. These findings have illustrated that the isoflurane-induced ROS accumulation is not cell
type dependent.
ROS has been reported to have dual effects, which plays a role in both cellular protection
and cellular toxicity. Specifically, ROS may contribute to the protection of heart and brain
ischemia [33–36]. On the other hand, ROS has been very well shown to induce tissues damage in the
heart and brain (reviewed in [37]). The dual effects of ROS could be dose-dependent [33]. The further
studies may include the determination of whether different concentrations and durations of isoflurane
treatments cause different amounts of ROS accumulation, leading to cellular protection or cellular
toxicity. Such findings would elucidate, at least partially, the underlying mechanisms of anesthesia
toxicity and anesthesia protection.
ROS generation is mainly through inhibition of complex I and III of mitochondria electron transport
chain (ETC) [22,23]. Specifically, the electron donors NADH and FADH2 can be generated by the
oxidation of glucose-derived pyruvate. The flow of the donated electrons (e−) through the ECT in the
inner mitochondrial membrane pumps H+ ions into the inter-membrane space. ROS is generated when
the voltage gradient is high because of increased flux of electron donors. However, whether the ROS
generation is time dependent is largely to be determined.
There are several limitations in the current studies. First, we did not assess the effects of different
concentrations of isoflurane on ROS levels in the studies. This was mainly because our previous
studies showed that treatment with 2%, but not 1%, isoflurane for 6 hours was able to induce the
caspase-3 activation in cultured cells and neurons [11,12,38]. Second, we did not compare the effects
of isoflurane on other mitochondrial functions, e.g., opening of the mitochondrial permeability
transition pore and mitochondrial membrane potential at different time points. However, the current
findings have established a system and identified the treatment duration (e.g., 60 min) when isoflurane
can induce ROS accumulation. These findings will promote a systematical investigation of the time
course of isoflurane’s effects on ROS levels, mitochondrial function and cellular toxicity in our future
studies. Finally, the studies were performed in human embryonic kidney cells (HEK-293 cells);
therefore, the data from these studies might not be closely associated with neurotoxicity. Rather, these
findings were more associated with cellular toxicity. We employed the HEK-293 cells in this
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system-generation pilot study to establish a system, because the HEK-293 cells stably expressed
mitochondrial calcium uniporter are available [27]. In the future studies, we will compare the effects of
isoflurane on ROS levels and other mitochondrial functions between the wild-type HEK-293 cells and
the transgenic HEK-293 cells.
4. Conclusions
We have found that inhalation anesthetic isoflurane can induce the time-dependent effects on ROS
accumulations in HEK-293 cells. Specifically, the treatment with 2% isoflurane for 60 or 90 min, but
not 15 or 30 min, can induce ROS accumulation in cultured cells. These findings will promote
more studies to investigate the effects of isoflurane on ROS levels, mitochondrial function and
cellular toxicity.
Acknowledgments
This study was supported by R21AG038994, R01 GM088801, and R01 AG041274 from the
National Institutes of Health, Bethesda, Maryland; Investigator-initiated Research grant from Alzheimer’s
Association, Chicago, Illinois to Zhongcong Xie. The Department of Anesthesia, Critical Care and
Pain Medicine at Massachusetts General Hospital and Harvard Medical School provided the cost of
inhalation anesthetic isoflurane.
Author Contributions
Z.X., T.L., and Y.Z. conceived and designed the project. Y.Z., Y.S., B.C., and Y.D. performed all
the experiments and prepared the figures. Z.X. and Y.Z wrote the manuscript. All authors reviewed
the manuscript.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

2.

3.
4.

Wilder, R.T.; Flick, R.P.; Sprung, J.; Katusic, S.K.; Barbaresi, W.J.; Mickelson, C.; Gleich, S.J.;
Schroeder, D.R.; Weaver, A.L.; Warner, D.O. Early exposure to anesthesia and learning
disabilities in a population-based birth cohort. Anesthesiology 2009, 110, 796–804.
Flick, R.P.; Katusic, S.K.; Colligan, R.C.; Wilder, R.T.; Voigt, R.G.; Olson, M.D.; Sprung, J.;
Weaver, A.l.; Schroeder, D.R.; Warner, D.O. Cognitive and behavioral outcomes after early
exposure to anesthesia and surgery. Pediatrics 2011, 128, e1053–e1061.
Sun, L. Early childhood general anaesthesia exposure and neurocognitive development. Br. J.
Anaesth 2010, 105, i61–i68.
Jevtovic-Todorovic, V.; Hartman, R.E.; Izumi, Y; Benshoff, N.D.; Dikranian, K.; Zorumski, C.F.;
Olney, J.W.; Wozniak, D.F. Early exposure to common anesthetic agents causes widespread
neurodegeneration in the developing rat brain and persistent learning deficits. J. Neurosci. 2003,
23, 876–882.

Brain Sci. 2014, 4
5.

6.

7.

8.

9.

10.

11.

12.

13.

14.
15.
16.

17.
18.
19.
20.

318

Satomoto, M.; Satoh, Y.; Terui, K.; Miyao, H.; Takishima, K.; Ito, M.; Imaki, J. Neonatal
exposure to sevoflurane induces abnormal social behaviors and deficits in fear conditioning in
mice. Anesthesiology 2009, 110, 628–637.
Stratmann, G.; Sall, J.W.; May, L.D.; Bell, J.S.; Magnusson, K.R.; Rau, V.; Visrodia, K.H.;
Alvi, R.S.; Ku, B.; Lee, M.T.; et al. Isoflurane differentially affects neurogenesis and long-term
neurocognitive function in 60-day-old and 7-day-old rats. Anesthesiology 2009, 110, 834–848.
Brambrink, A.M.; Back, S.A.; Riddle, A.; Gong, X.; Moravec, M.D.; Dissen, G.A.; Creeley, C.E.;
Dikranian, K.T.; Olney, J.W. Isoflurane-induced apoptosis of oligodendrocytes in the neonatal
primate brain. Ann. Neurol. 2012, 72, 525–535.
Brambrink, A.M.; Evers, A.S.; Avidan, M.S.; Farber, N.B.; Smith, D.J.; Zhang, X.; Dissen, G.A.;
Creeley, C.E.; Olney, J.W. Isoflurane-induced neuroapoptosis in the neonatal rhesus macaque
brain. Anesthesiology 2010, 112, 834–841.
Eckenhoff, R.G.; Johansson, J.S.; Wei, H.; Carnini, A.; Kang, B.; Wei, W.; Pidikiti, R.;
Keller, J.M.; Eckenhoff, M.F. Inhaled anesthetic enhancement of amyloid-beta oligomerization and
cytotoxicity. Anesthesiology 2004, 101, 703–709.
Xie, Z.; Dong, Y.; Maeda, U; Moir, R.D.; Xia, W.; Culley, D.J.; Crosby, G.; Tanzi, R.E. The
inhalation anesthetic isoflurane induces a vicious cycle of apoptosis and amyloid beta-protein
accumulation. J. Neurosci. 2007, 27, 1247–1254.
Xie, Z.; Dong, Y.; Maeda, U.; Moir, R.; Inouye, S.K.; Culley, D.J.; Crosby, G.; Tanzi, R.E.
Isoflurane-induced apoptosis: A potential pathogenic link between delirium and dementia.
J. Gerontol. A Biol. Sci. Med. Sci. 2006, 61, 1300–1306.
Xie, Z.; Dong, Y.; Maeda, U.; Alfille, P.; Culley, D.J.; Crosby, G.; Tanzi, R.E. The common
inhalation anesthetic isoflurane induces apoptosis and increases amyloid beta protein levels.
Anesthesiology 2006, 104, 988–994.
Xie, Z.; Culley, D.J.; Dong, Y.; Zhang, G.; Zhang, B.; Moir, R.D.; Frosch, M.P.; Crosby, G.;
Tanzi, R.E. The common inhalation anesthetic isoflurane induces caspase activation and increases
amyloid beta-protein level in vivo. Ann. Neurol. 2008, 64, 618–627.
Wei, H.; Liang, G.; Yang, H. Isoflurane preconditioning inhibited isoflurane-induced
neurotoxicity. Neurosci. Lett. 2007, 425, 59–62.
Wei, H.; Kang, B.; Wei, W.; Liang, G.; Meng, Q.C.; Li, Y.; Eckenhoff, R.G. Isoflurane and
sevoflurane affect cell survival and BCL-2/BAX ratio differently. Brain Res. 2005, 1037, 139–147.
Shu, Y.; Zhou, Z.; Wan, Y.; Sanders, R.D.; Li, M.; Pac-Soo, C.K.; Maze, M.; Ma, D. Nociceptive
stimuli enhance anesthetic-induced neuroapoptosis in the rat developing brain. Neurobiol. Dis.
2012, 45, 743–750.
Good, P.F.; Werner, P.; Hsu, A.; Olanow, C.W.; Perl, D.P. Evidence of neuronal oxidative
damage in Alzheimer’s disease. Am. J. Pathol. 1996, 149, 21–28.
Smith, M.A.; Perry, G.; Richey, P.L.; Sayre, L.M.; Anderson, V.E.; Beal, M.F.; Kowall, N.
Oxidative damage in Alzheimer’s. Nature 1996, 382, 120–121.
Querfurth, H.W.; LaFerla, F.M. Alzheimer’s disease. N. Engl. J. Med. 2010, 362, 329–344.
Markesbery, W.R. The role of oxidative stress in Alzheimer disease. Arch. Neurol. 1999, 56,
1449–1452.

Brain Sci. 2014, 4

319

21. Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in
apoptosis induction. Apoptosis 2000, 5, 415–418.
22. Chen, Q.; Vazquez, E.J.; Moghaddas, S.; Hoppel, C.L.; Lesnefsky, E.J. Production of reactive
oxygen species by mitochondria: Central role of complex III. J. Biol. Chem. 2003, 278,
36027–36031.
23. Hirata, N.; Shim, Y.H.; Pravdic, D.; Lohr, N.L.; Pratt, P.F., Jr.; Weihrauch, D.; Kersten, J.R.;
Warltier, D.C.; Bosnjak, Z.J.; Bienengraeber, M. Isoflurane differentially modulates
mitochondrial reactive oxygen species production via forward vs. reverse electron transport flow:
Implications for preconditioning. Anesthesiology 2011, 115, 531–540.
24. Kayser, E.B.; Suthammarak, W.; Morgan, P.G.; Sedensky, M.M. Isoflurane selectively inhibits
distal mitochondrial complex I in Caenorhabditis elegans. Anesth. Analg. 2011, 112, 1321–1329.
25. Zhang, Y.; Xu, Z.; Wang, H.; Dong, Y.; Shi, H.N.; Culley, D.J.; Crosby, G.; Marcantonio, E.R.;
Tanzi, R.E.; Xie, Z. Anesthetics isoflurane and desflurane differently affect mitochondrial
function, learning, and memory. Ann. Neurol. 2012, 71, 687–698.
26. Zhang, Y.; Dong, Y.; Wu, X.; Lu, Y.; Xu, Z.; Knapp, A.; Yue, Y.; Xu, T.; Xie, Z. The
mitochondrial pathway of anesthetic isoflurane-induced apoptosis. J. Biol. Chem. 2010, 285,
4025–4037.
27. Sancak, Y.; Markhard, A.L.; Kitami, T.; Kovacs-Bogdan, E.; Kamer, K.J.; Udeshi, N.D.;
Carr, S.A; Chaudhuri, D.; Clapham, D.E.; Li, A.A.; et al. EMRE is an essential component of the
mitochondrial calcium uniporter complex. Science 2013, 342, 1379–1382.
28. Dong, Y.; Zhang, G.; Zhang, B.; Moir, R.D.; Xia, W.; Marcantonio, E.R.; Culley, D.J.; Crosby, G.;
Tanzi, R.E.; Xie, Z. The common inhalational anesthetic sevoflurane induces apoptosis and
increases beta-amyloid protein levels. Arch. Neurol 2009, 66, 620–631.
29. Zhang, G.; Dong, Y.; Zhang, B.; Ichinose, F.; Wu, X.; Culley, D.J.; Crosby, G.; Tanzi, R.E.; Xie, Z.
Isoflurane-induced caspase-3 activation is dependent on cytosolic calcium and can be attenuated
by memantine. J. Neurosci. 2008, 28, 4551–4560.
30. Zhang, B.; Tian, M.; Zhen, Y.; Yue, Y.; Sherman, J.; Zheng, H.; Li, S.; Tanzi, R.E.;
Marcantonio, E.R.; Xie, Z. The effects of isoflurane and desflurane on cognitive function in
humans. Anesth. Analg. 2012, 114, 410–415.
31. Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82,
47–95.
32. Gupta, S.; Agarwal, A.; Krajcir, N.; Alvarez, J.G. Role of oxidative stress in endometriosis.
Reprod. Biomed. Online 2006, 13, 126–134.
33. Yang, Q.; Dong, H.; Deng, J.; Wang, Q.; Ye, R.; Li, X.; Hu, S.; Dong, H.; Xiong, L. Sevoflurane
preconditioning induces neuroprotection through reactive oxygen species-mediated up-regulation
of antioxidant enzymes in rats. Anesth. Analg. 2011, 112, 931–937.
34. Ohtsuki, T.; Matsumoto, M.; Kuwabara, K.; Kitagawa, K.; Suzuki, K.; Taniguchi, N.; Kamada, T.
Influence of oxidative stress on induced tolerance to ischemia in gerbil hippocampal neurons.
Brain Res. 1992, 599, 246–252.

Brain Sci. 2014, 4

320

35. Sedlic, F.; Pravdic, D.; Ljubkovic, M.; Marinovic, J.; Stadnicka, A.; Bosnjak, Z.J. Differences in
production of reactive oxygen species and mitochondrial uncoupling as events in the
preconditioning signaling cascade between desflurane and sevoflurane. Anesth. Analg. 2009, 109,
405–411.
36. Lamberts, R.R.; Onderwater, G.; Hamdani, N.; Vreden, M.J.; Steenhuisen, J.; Eringa, E.C.;
Loer, S.A.; Stienen, G.J.; Bouwman, R.A. Reactive oxygen species-induced stimulation of
5′AMP-activated protein kinase mediates sevoflurane-induced cardioprotection. Circulation 2009,
120, S10–S15.
37. Venditti, P.; di Stefano, L.; di Meo, S. Mitochondrial metabolism of reactive oxygen species.
Mitochondrion 2013, 13, 71–82.
38. Zhen, Y.; Dong, Y.; Wu, X.; Xu, Z.; Lu, Y.; Zhang, Y.; Norton, D.; Tian, M.; Li, S.; Xie, Z.
Nitrous oxide plus isoflurane induces apoptosis and increases beta-amyloid protein levels.
Anesthesiology 2009, 111, 741–752.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

