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In recent years, with continuous research efforts targeted at studying the effects of pre- and after-treatment
of inhaled anesthetics, significant progress has been made regarding the common clinical use of low concentrations
of inhaled sevoflurane and its effect on induced central ischemia tolerance by pre- and post-treatment. In this
study, we collected, analyzed, classified, and summarized recent literature regarding the effect of sevoflurane
on central ischemia tolerance and its related mechanisms. In addition, we provide a theoretical basis for the
clinical application of sevoflurane to protect the central nervous system and other important organs against

ischemic injury.
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INTRODUCTION

In recent years, the inhaled anesthetic sevoflurane has
been widely used for general anesthesia and sedation,
especially for the induction and maintenance of general
anesthesia in children during surgeries. In addition to its
anesthetic properties, pre- and after-treatment with
sevoflurane may be useful for the treatment of cerebral
ischemic injury and related diseases. Evidence suggests
that sevoflurane administration either prior to or after
surgery can provide tolerance to ischemia both directly
and indirectly, but the effects of pre- and post-treatment

and the mechanisms underlying these effects are not

exactly the same [1]. In this paper, we review the effect
of sevoflurane on central ischemia tolerance and the

underlying mechanisms.

THE EFFECT OF SEVOFLURANE PRE-TREATMENT
ON ISCHEMIA TOLERANCE

Cerebral ischemia pre-processing refers to the ability
of brain tissue to tolerate severe ischemia, which would
normally be fatal, but is a self-protection phenomenon
of the brain against ischemia. A recent study has shown
that sevoflurane pre-conditioning can produce tolerance

to ischemia. Using various central nervous system (CNS)
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damage models, this tolerance effect as a result of
pre-treatment has been confirmed by studies in neuro-
science, histopathology, immunohistochemistry, molecu-
lar biology, and behavioral science. For example, Chen
et al. used a Sprague-Dawley (SD) rat model of middle
cerebral artery occlusion (MCAO) to show that pre-
treatment with 2.7% sevoflurane for 45 min significantly
reduced neurological deficit scores and decreased cerebral
infarction volume [2]. Previous reports have shown that
2% sevoflurane pre-treatment for 60 min significantly
improved nerve function in SD rats after MCAO and
reduced the cerebral infarction volume, alleviating
neuronal apoptosis [3]. Hu et al. also found that 2.4%
sevoflurane pre-treatment for 60 min effectively im-
proved spatial learning and memory ability in a focal
cerebral ischemia animal model [4]. Yang et al. not only
confirmed that sevoflurane pre-conditioning induced
brain ischemic tolerance, but also observed that 2.5%
sevoflurane treatment for 60 min over 5 consecutive days
significantly improved neural function in C57BL/6 mice
after MCAO and alleviated neuronal apoptosis [5]. Bedirli
et al. also confirmed that 2% sevoflurane pre-treatment
for 60 min relieved the inflammatory response induced
by cerebral ischemia, reduced the extent of Ilipid
peroxidation and tissue damage, and regulated apoptosis-
related protein expression, thus diminishing neuronal
apoptosis. In a rat model of whole cerebral ischemia [6],
Wang et al. showed that 4% sevoflurane pre-treatment
for 15 min improved neural structure and function, as
did 2% sevoflurane pre-treatment for 1 h [7]. Further-
more, Li et al. employed a spinal cord ischemia/
reperfusion injury model and showed that 2.4%
sevoflurane pre-conditioning inhibited microglial activa-
tion, alleviated neuronal apoptosis caused by inflam-
matory reactions, and promoted the recovery of motor
function in injured animals [8]. However, the effect of
sevoflurane pre-treatment may only be observed in adult
animals, as it has been shown that 2% sevoflurane
induced hippocampal neuronal apoptosis in rats at
puberty, and transiently affected the ability of young rats

to form memories in response to noxious stimuli,
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although it did not cause a decline in spatial memory [9].
In summary, concentrations of 2% to 4% sevoflurane for
pre-treatment for periods of 60 min or less induced
tolerance to ischemia in adult rodent models of focal
cerebral ischemia, whole brain cerebral ischemia, and

spinal cord reperfusion injury.

THE EFFECT OF SEVOFLURANE AFTER-TREATMENT
ON ISCHEMIA TOLERANCE

In 2013, Zhu et al. found that sevoflurane after-
treatment had certain protective effects on damaged
myocardium [10]. The effect of sevoflurane after-
treatment on ischemic tolerance has received increasing
attention and recognition in recent years. Li et al. used
the MCAO model to study the effect of sevoflurane
inhalation after-treatment on cerebral ischemic tolerance;
treatment with 2.6% sevoflurane for 60 min immediately
after reperfusion injury significantly reduced neurologic
deficit scores, decreased cerebral infarction volume, and
resulted in lower levels of oxidative stress, thus exerting
a neuroprotective effect [11]. Yu and Jia found that 2.5%
sevoflurane after-treatment for periods ranging from 30
min to 24 h administered immediately after 90 min of
local ischemia and reperfusion, improved neurological
function scores and significantly reduced cerebral
infarction volume [12]. Jeon et al. used an SD rat model
of bilateral common carotid artery occlusion in which
2.5% sevoflurane was administered twice after reper-
fusion, 5 min per treatment, with a 5-min processing
interval. By the 7th day after treatment, sevoflurane
after-treatment had clearly reduced apoptosis in the
hippocampal Cornu Ammonis 1 (CAl) area and improved
nerve function scores [13]. Wang et al. also studied the
protective effect of different concentrations of sevoflurane
against focal cerebral ischemic injury and found that
minimum alveolar concentrations (MAC) of 1.0 and 1.5
administered for 30 min immediately after reperfusion
increased the neurologic deficit score, reduced cerebral

infarction volume and brain edema, and significantly
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improved learning and memory ability. The mechanism
for these effects of sevoflurane post-treatment involved
the regulation of apoptosis-related protein expression to
reduce apoptosis and protect the brain [14]. Peng et al.
used an in vitro oxygen and glucose deprivation model,
and found that providing oxygen during 60 min of 2%,
4%, and 6% sevoflurane after-treatments significantly
reduced hippocampal neuron damage in a
concentration-dependent manner [15]. A study by Deng
et al. further found that after exposure to an electro-
magnetic pulse, 2% and 4% sevoflurane after-treatments
for 20 min protected SD rats from electromagnetic
radiation damage in the cerebral cortex by promoting
nerve cell survival; in vitro experiments further confirmed
that the tolerance effect was related to inhibition of neural
apoptosis and a reduction in oxidative stress levels. In
summary, concentrations of 6% sevoflurane or less with
after-treatment times for less than 60 min exerted
dose-dependent protective effects in adult rodent models
of focal cerebral ischemia and whole brain ischemia, after
electromagnetic pulse radiation and in an in vitro model
of oxygen and glucose deprivation [16].

It is worth noting that the post-treatment effect of
sevoflurane occurs after damage has been induced and
before behavioral intervention. Perioperative application
of sevoflurane can not only cause a general anesthesia
effect but may also produce tolerance to ischemia and

achieve the goal of reducing brain injury.

THE EFFECT OF SEVOFLURANE PRE-TREATMENT
AND POST-TREATMENT ON MECHANISMS OF
ISCHEMIC TOLERANCE

Sevoflurane has been widely used for -clinical
anesthesia, but the mechanism underlying its effect on
ischemic tolerance is still being explored. In recent years,
research results have suggested that the mechanisms
controlling sevoflurane-induced ischemic tolerance may
be related to regulation of cerebral blood flow [17],

inhibition of apoptosis, relief of antioxidant stresses,

inhibition of excitatory toxins, activation of mitochondrial
ATP-sensitive potassium channels, and stimulation of
phosphatidylinositol 3-kinase/protein kinase signaling

pathways.
1. Cerebral blood flow regulation

Research by Bundgaard et al. suggests that in surgical
operations to remove brain tumors, inhaled sevoflurane
at 1.5% (0.7 MAC) to 2.5% (1.3 MAC) can increase
cerebral blood flow and reduce cerebral vascular
resistance in a dose-dependent manner [18]. However,
Zhang et al. found that sevoflurane post-treatment
reduced cerebral blood supply after ischemic damage
[19]. Reinsfeh and colleagues believe that sevoflurane
affects extracorporeal circulation to regulate cerebral
blood flow and metabolism [20]. Due to contradictory
reports, there is not yet a consensus on the effect of
sevoflurane on cerebral blood flow regulation . Therefore,
whether cerebral blood flow changes can explain the

cerebral protective effect of sevoflurane is unclear.
2. Anti-apoptotic mechanisms

Several reports have confirmed that sevoflurane pre-
processing or post-treatment has an anti-apoptotic effect.
These studies have focused not only on specific markers
of apoptosis and cell morphology analysis, but also on
apoptosis pathways and related molecules.

Classical apoptotic pathways include intracellular and
extracellular pathways. Intracellular pathways related to
cell apoptosis consist of caspase-dependent and caspase-
independent signaling pathways. It has been confirmed
that sevoflurane pre- and post-treatment can control
caspase 3, as well as the expression of activated caspase
3, leading to the reduction of apoptosis of neurons after
cerebral ischemic injury [7]. Li et al. has recently found
that sevoflurane pre-processing can inhibit phospho-
rylation of astrocyte differentiation-related genes, thus
inhibiting the expression of activated caspase 3,
alleviating neuronal apoptosis, and inducing ischemic
tolerance [2]. These experiments on the mechanisms by

which sevoflurane pre-processing affects ischemic

http://www.jdapm.org 3



Hao Xu, et al

tolerance provides a new theoretical basis for under-
standing targets of cerebral ischemia/reperfusion injury.

Closely associated with cell apoptosis are extracellular
pathways. These pathways are mainly associated with the
Bcl-2 family, in which Bcl-2 is the main anti-apoptotic
factor and Bax promotes apoptosis; the balance between
pro-apoptotic and anti-apoptotic members regulates
apoptosis [21]. After brain injury produces ischemia, the
apoptosis protein Bax and anti-apoptotic protein Bcl-2
migrate from the cytoplasm into the mitochondria, where
their distribution is consistent with the release of
cytochrome C and caspase-9. Thus Bax, mediated by the
mitochondrial apoptosis pathway in injured neurons,
plays an important role [22]. It is reported that 2.5%
sevoflurane post-treatment has a protective effect against
whole cerebral ischemic injury in rats, which is achieved
by increasing Bcl-2 protein levels. Post-treatment with
sevoflurane combined with albumin can strengthen the
effect of sevoflurane on ischemic tolerance [13]. In
addition, sevoflurane post-treatment can also increase
Bcl-2 protein and mRNA levels, and reduce Bax protein
and mRNA expression, thus promoting tolerance to
ischemia [23]. Sevoflurane post-treatment can reduce the
number of apoptotic cells after cerebral ischemic injury
by raising Bcl-2 protein levels and decreasing Bax protein
levels, thus inhibiting apoptosis. Preliminary results from
our current study show that sevoflurane can reduce the
expression of Bax, increase Bcl-2 expression, and
diminish electromagnetic pulse radiation-induced mito-
chondria damage and apoptosis in rat cortical neurons.
This suggests that sevoflurane can regulate the mito-
chondrial apoptosis pathway mediated by Bax and play
a protective role in the CNS [16].

3. Anti-oxidant stress mechanisms

After severe injury, the CNS produces large numbers
of oxygen free radicals. If these free radicals produced
are not completely removed by the body due to their large
numbers, it will lead to oxidation, specifically, lipid
peroxidation, which may induce serious CNS injury [24].

Yang et al. reported that sevoflurane pre-processing
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increased the activity of antioxidant enzymes after
cerebral ischemia/reperfusion to provide nerve protection
in a dose-dependent manner [25]. Wang et al. found that
sevoflurane post-treatment can increase spinal cord
superoxide dismutase numbers, catalase activity after
ischemia/reperfusion injury, and reduce malondialdehyde
content, thus playing a role in CNS protection [26].

In order to determine whether sevoflurane post-
conditioning induces the expression of nuclear factor
erythroid 2-related factor (Nrf2, a master transcription
factor regulating antioxidant defense genes) and
hemoxygenase-1 (HO-1, an antioxidant enzyme), and
whether protein kinase C (PKC) is involved in Nrf2
activation, in a rat model of transient global cerebral
ischemia/reperfusion (I/R) injury. Eighty-six rats were
assigned to five groups: sham, control, sevoflurane
post-conditioning (two cycles with 2 vol% sevoflurane
inhalation for 10 min), chelerythrine (a PKC inhibitor;
5 mg kg (-1) intravenous administration), and sevoflurane
post-conditioning plus chelerythrine. The levels of
nuclear Nrf2 and cytoplasmic HO-1 were assessed 1 or
7 days after ischemia. The results showed that on day
1, but not day 7, post-ischemia, Nrf2 and HO-1 ex-
pression were significantly higher in the sevoflurane
post-conditioning group than in the control group.
Chelerythrine administration reduced the elevated Nrf2
and HO-1 expression induced by sevoflurane post-
conditioning. It was concluded that sevoflurane post-
conditioning increased Nrf2/HO-1 expression via PKC
signaling in the early phase after transient global cerebral
I/R injury, suggesting that activation of antioxidant
enzymes may be responsible for sevoflurane post-
conditioning-induced neuroprotection in the early phase
after cerebral I/R injury [27].

We have also found in previous reports that sevoflurane
post-treatment can inhibit the oxidative stress reaction and
decrease the extent of electromagnetic pulse radiation

damage in rat cerebral cortex neurons.
4. Inhibition of excitatory toxin release

It has been confirmed that excitatory amino acids
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(EAA) play an important role in neuronal death induced
by CNS injury. EAA are widely present in the mam-
malian CNS, and in addition to providing excitatory
information, may also function as neurotoxins, particu-
larly glutamic acid and aspartic acid. Glucose content is
high in the cerebral cortex and hippocampus. Normally,
after interaction with their receptors, released EAA are
quickly taken up by neurons and glial cells, degraded by
enzymes, and rapidly cleared. However, after CNS injury,
including cerebral ischemia/reperfusion injury, the release
of EAA from nerve and glial cells is increased, while
reuptake and inactivation declines. This results in
abnormal increases in glutamic and aspartic acid
concentrations in the intercellular space which produce
cascading reactions leading to cell death [28]. Zhang et
al. confirmed that sevoflurane can reduce glutamate
excitatory toxicity [29], but also questioned the effect of
sevoflurane [30]. Therefore, further investigation is
required to determine whether sevoflurane exerts a
neuroprotective effect by inhibiting excitatory toxin

release.

5. The activation of mitochondrial ATP-sensitive pota-
ssium channels

Mitochondrial ATP-sensitive potassium (mitoKATP)
channels are present on the inner mitochondrial mem-
brane of many tissues and cells, and play an important
role in brain injury. The protective effects of sevoflurane
pre-processing are associated with activation of
mitoKATP channels, and sevoflurane-induced channel
opening promotes ischemic tolerance [31]. Velly et al.
found that early sevoflurane pre-treatment for ischemia/
reperfusion brain protection had a “threshold effect” and
was dose-dependent in a clinically relevant concentration
range, and that the mechanism was related to opening
of mitoKATP channels [32]. Adamczyk reported that
whether sevoflurane was administered as pre-treatment or
as after-treatment, it played a neuroprotective role by
inducing the opening of mitoKATP channels. A recent
study has also pointed out that sevoflurane post-treatment

can play a protective role in the CNS via mitoKATP

channels [33], which can be reversed by the mitoKATP
inhibitor 5-hydroxydecanoic acid [34].

6. Activation of the phosphatidylinositol 3-kinase/
protein kinase B (PI3K/Akt) signaling pathway

It has recently been observed that activation of the
PI3K/Akt signaling pathway by inhalation anesthetics
promotes resistance to apoptosis and neuronal survival.
New discoveries by Chen et al. have shown that
sevoflurane pre-treatment can activate the PI3K/Akt
signaling pathway and increase the level of phospho-
rylated glycogen synthase kinase-3B, which also plays a
role in CNS protection [1]. Ye et al. confirmed that
sevoflurane post-treatment can activate the PI3K/Akt
signaling pathway and increase mRNA and protein levels
of hypoxia inducible factor-1 alpha and hemoglobin
oxidase-1, thus reducing damage to neurons via their

neuroprotective effect [35].
7. Anti-inflammatory effects

The anti-inflammatory actions of sevoflurane post-
conditioning are suggested as an important mechanism
of sevoflurane post-conditioning-induced neuroprotection
against cerebral ischemia. A study determined whether
the anti-inflammatory effects of sevoflurane post-
conditioning were mediated via inhibition of the toll-like
receptor (TLR)-4/nuclear factor kappa B (NF-«B)
pathway after global transient cerebral ischemia in rats.
Forty-five rats were randomly assigned to five groups as
follows: (1) control (10 min of ischemia, n = 10); (2)
sevoflurane post-conditioning (two periods of sevoflurane
inhalation after ischemia for 10 min with a wash period
of 10 min, n = 10); (3) resatorvid (intraperitoneal injection
of a selective TLR-4 antagonist (3 mg/kg) 30 min before
ischemia, n = 10); (4) sevoflurane post-conditioning plus
resatorvid (n = 10), and sham (n = 5). The numbers of
necrotic and apoptotic cells in the hippocampal CAl
region, the expression levels of TLR-4, NF-«B, cleaved
caspase-3, and tumor necrosis factor alpha (TNF-) in the
anterior part of each brain, and the serum levels of TNF-e,
interleukin 6 (IL-6), and interleukin 1 beta (IL-153) were
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assessed 1 day after ischemia. The necrotic cell counts
and expression levels of TLR-4, NF-«B, caspase-3, and
TNF-a in brain tissue as well as serum levels of pro-
inflammatory cytokines (TNF-a, IL-6, and IL-15) were
significantly higher in the control group than in the other
groups. These findings suggest that the anti-inflammatory
actions of sevoflurane post-conditioning via inactivation
of the TLR-4/NF-«B pathway and subsequent reduc-
tion in pro-inflammatory cytokine production, in part,
contribute to sevoflurane post-conditioning-induced
neuroprotection after global transient cerebral ischemia
in rats [36].

Another study investigated whether combined admin-
istration of celecoxib and sevoflurane after ischemia
produces additive neuroprotection against transient global
cerebral ischemia in rats. Cerebral ischemia was induced
by bilateral common carotid artery occlusion with
hemorrhagic hypotension for 8 min. After ischemia, no
drugs were administered in the sham (n = 4) and control
(n = 10) groups. In the celecoxib group (n = 10),
celecoxib 2 mg/kg was administered after reperfusion. In
the sevoflurane group (n = 10), after reperfusion,
sevoflurane 2.4% was inhaled two times for 5 min each
at an interval of 10 min to achieve post-conditioning. In
the celecoxib + sevoflurane group (n = 10), administration
of celecoxib 2 mg/kg and the sevoflurane after-treatment
were performed simultaneously. Necrotic or apoptotic
cells were examined in the hippocampus 7 days after
ischemia. Serum levels of proinflammatory cytokines
including tumor necrosis factor-a and interleukin-15 were
measured 2 h, and 3 and 7 days after ischemia. Necrotic
or apoptotic cells were observed more frequently in the
control group than in the celecoxib or sevoflurane groups
7 days after ischemia (P < 0.05). Cytokine levels were
higher in the control group when compared with the
celecoxib or sevoflurane groups 2 h after ischemia (P <
0.05). However, the histological outcomes and cytokine
levels were similar in all three groups treated with
celecoxib or sevoflurane. It was concluded that combined
treatment with celecoxib and sevoflurane after global

cerebral ischemia has no additive neuroprotective effects
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in rats [37].

CONCLUSION

From the discussion, we can conclude that the
protective effects of sevoflurane inhalation against CNS
damage have been widely confirmed, although specific
mechanisms require further investigation. We believe that
further study on the neuroprotective effect of sevoflurane
and its underlying mechanism will provide a more

thorough theoretical basis for its clinical application.

Hao Xu: https://orcid.org/0000-0002-0044-1231
Xiao-Peng Mei: https://orcid.org/0000-0001-6661-1507
Li-Xian Xu: https://orcid.org/0000-0003-4049-0684

ACKNOWLEDGMENT: This work was supported by grants
from the National Natural Science Foundation of China
(n0:81471265 and 81500063).

NOTES: There are no financial or other issues that might

lead to conflict of interest.

REFERENCES

1. Wang H, Shi H, Yu Q, Chen ], Zhang F, Gao Y.
Sevoflurane preconditioning confers neuroprotection via
anti-apoptosis effects. Acta Neurochir Suppl 2016; 121:
55-61.

2. Chen Y, Nie H, Tian L, Tong L, Deng J, Zhang Y, et
al. Sevoflurane preconditioning-induced neuroprotection
is associated with Akt activation via carboxy-terminal
modulator protein inhibition. Br ] Anaesth. 2015; 114: 327-
35.

3. Li X, Luo P, Wang F, Yang Q, Li Y, Zhao M, et al.
Inhibition of N-myc downstream-regulated gene-2 is
involved in an astrocyte-specific neuroprotection induced

by sevoflurane preconditioning. Anesthesiology 2014; 121:



Sevoflurane and central ischemia

10.

11.

12.

549-62.

. Hu X, Zhang Y, Li W, Liu J, Li Y. Preconditioning with

sevoflurane ameliorates spatial learning and memory deficit
after focal cerebral ischemia-reperfusion in rats. Int ] Dev

Neurosci 2013; 31: 328-33.

. Yang Q, Yan W, Li X, Hou L, Dong H, Wang Q, et

al. Activation of canonical notch signaling pathway is
involved in the ischemic tolerance induced by sevoflurane
preconditioning in mice. Anesthesiology 2012; 117: 996-
1005.

. Beditli N, Bagriacik EU, Emmez H, Yilmaz G, Unal Y,

Ozkose Z. Sevoflurane and isoflurane preconditioning
provides neuroprotection by inhibition of apoptosis-related
mRNA expression in a rat model of focal cerebral ischemia.
J Neurosurg Anesthesiol 2012; 24: 336-44.

. Wang J, Lei B, Popp S, Meng F, Cottrell JE, Kass IS.

Sevoflurane immediate preconditioning alters hypoxic
membrane potential changes in rat hippocampal slices and
improves recovery of CAl pyramidal cells after hypoxia
and global cerebral ischemia. Neuroscience 2007; 145:
1097-107.

. Li XQ, Cao XZ, Wang ], Fang B, Tan WF, Ma H.

Sevoflurane preconditioning ameliorates neuronal deficits
by inhibiting microglial MMP-9 expression after spinal cord
ischemia/repetfusion in rats. Mol Brain 2014; 7: 69.

. Zheng SQ, Chen X, Wang Y], An LX. Effects of

sevoflurane on brain neuroapoptosis and ability of long-
term learning and memory in newborn rats. Beijing Da
Xue Xue Bao Yi Xue Ban 2015; 47: 674-8.

Zhu MH, Yan M. Advances in the study of cell signaling
pathways and downstream effectors in volatile anesthetic
postconditioning-induced cardioprotection. Int | Anesth
Resu 2013; 34: 177-81.

Li B, Sun |, Iy G, Yu 'Y, Wang G, Xie K, et al. Sevoflurane
postconditioning attenuates cerebral ischemia-reperfusion
injuty via protein kinase B/nuclear factor-erythroid 2-
related factor 2 pathway activation. Int ] Dev Neurosci
2014; 38: 79-86.

Yu YB, Jia D. Sevoflurane postconditioning protects
against focal cerebral ischemia/repetfusion injury via

extracellular signa ling-regulated kinase 1/2 pathway. Int

13

14.

15.

16.

17.

18.

19.

20.

21

J Anesth Resu 2014; 35: 6794-583.
. Jeon YT, Hwang JW, Lim Y], Kim AN, Park HP. A
combination of sevoflurane postconditioning and albumin
increases Bcl-2 expression after transient global cerebral
ischemia compared with either sevoflurane postcondition-
ing or albumin alone. ] Neurosurg Anesthesiol 2013; 25:
43-50.
Wang JK, Yu LN, Zhang FJ, Yang MJ, Yu J, Yan M,
et al. Postconditioning with sevoflurane protects against
focal cerebral ischemia and repetfusion injury via PI3K/
Akt pathway. Brain Res 2010; 1357: 142-51.
Peng S, Kalikiri P, Mychaskiw G 2nd, Zhang D, Zhang
Y, Liu GJ, et al. Sevoflurane postconditioning ameliorates
oxygen-glucose deprivation-reperfusion injury in the rat
hippocampus. CNS Neurosci Ther 2011; 17: 605-11.
Deng B, Xu H, Zhang J, Wang J, Han L.C, Li LY, et
al. Neuroprotective effects of sevoflurane against electro-
magnetic pulse-induced brain injury through inhibition of
neuronal oxidative stress and apoptosis. PLoS One 2014;
9: €91019.
Restin T, Kajdi ME, Schlapfer M, Roth Z'graggen B, Booy
C, Dumrese C, et al. Sevoflurane protects rat brain
endothelial batrier structure and function after hypoxia-
reoxygenation injury. PLoS One 2017; 12: e0184973.
Bundgaard H, von Oettingen G, Larsen KM, Landsfeldt
U, Jensen KA, Nielsen E, et al. Effects of sevoflurane
on intracranial pressure, cerebral blood flow and cerebral
metabolism. A dose-response study in patients subjected
to craniotomy for cerebral tumours. Acta Anaesthesiol
Scand 1998; 42: 621-7.
Zhang Y, Zhang FG, Meng C, Tian SY, Wang YX, Zhao
W, et al. Inhibition of sevoflurane postconditioning against
cerebral ischemia reperfusion-induced oxidative injury in
rats. Molecules 2011; 17: 341-54.
Reinsfelt B, Westetlind A, Ricksten SE. The effects of
sevoflurane on cerebral blood flow autoregulation and
flow-metabolism coupling during cardiopulmonary bypass.
Acta Anaesthesiol Scand 2011; 55: 118-23.
Liu G, Wang T, Wang T, Song ], Zhou Z. Effects of
apoptosis-related proteins caspase-3, Bax and Bcl-2 on

cerebral ischemia rats. Biomed Rep 2013; 1: 861-7.

http://www.jdapm.org 7



Hao

Xu, et al

22.

23.

24.

25.

26.

27.

28.

29.

30.

Quirk SM. Apoptosis : a technical overview. Methods Mol
Med 2001; 39: 651-8.

Liu HG, Hua Z, Zhang Y, Wang YX, Meng C, Liang
Y, et al. Effect of Sevoflurane postconditioning on gene
expression in brain tissue of the middle cerebral artery
occlusion rat model. Mol Biol Rep 2012; 39: 10505-13.
Shichiri M. The role of lipid peroxidation in neurological
disorders. | Clin Biochem Nutr 2014; 54: 151-60.
Yang Q, Dong H, Deng J, Wang Q, Ye R, Li X, et al.
Sevoflurane preconditioning induces neuroprotection
through reactive oxygen species-mediated up-regulation of
antioxidant enzymes in rats. Anesth Analg 2011; 112: 931-7.
Wang Q, Chen Q, Ding Q, Yang Q, Peng Y, Iu Y, et
al. Sevoflurane postconditioning attenuates spinal cord
reperfusion injury through free radicals-mediated up-
regulation of antioxidant enzymes in rabbits. ] Surg Res
2011; 169: 292-300.

Lee H, Park YH, Jeon YT, Hwang JW, Lim Y], Kim
E, et al. Sevoflurane post-conditioning increases nuclear
factor erythroid 2-related factor and haemoxygenase-1
expression via protein kinase C pathway in a rat model
of transient global cerebral ischaemia. Br J Anaesth 2015;
114: 307-18.

Phillis JW, O'Regan MH. Charactetization of modes of
telease of amino acids in the ischemic/reperfused rat
cerebral cortex. Neurochem Int 2003; 43: 461-7.
Zhang HJ, Wang ZP, Hu SQ, Xu M, Jiang S. Neuro-
protection of sevoflurane against the ischemia injury in
hippocampal slices of rat. Zhongguo Ying Yong Sheng
Ii Xue Za Zhi 2008; 24: 426-9.

Wang WY, Wang H, TLuo Y, Jia L], Zhao JN, Zhang HH,
et al. The effects of metabotropic glutamate receptor 7
allosteric  agonist N,N'-dibenzhydrylethane-1,2-diamine
dihydrochloride on developmental sevoflurane neuro-
toxicity: role of extracellular signal-regulated kinase 1 and
2 mitogen-activated protein kinase signaling pathway.
Neuroscience 2012; 205: 167-77.

8 U Dent Anesth Pain Med 2018 February; 18(1): 1-8

31.

32.

33.

34.

35.

36.

37.

Ye Z, Guo Q, Wang N, Xia P, Yuan Y, Wang E. Delayed
neuroprotection induced by sevoflurane via opening mito-
chondrial ATP-sensitive potassium channels and p38
MAPK phosphorylation. Neurol Sci 2012; 33: 239-49.

Velly L], Canas PT, Guillet BA, Labrande CN, Masmejean
FM, Nieoullon AL, et al. Early anesthetic preconditioning
in mixed cortical neuronal-glial cell cultures subjected to
oxygen-glucose deprivation: the role of adenosine tri-
phosphate dependent potassium channels and reactive
oxygen species in sevoflurane-induced neuroprotection.
Anesth Analg 2009; 108: 955-63.

Adamczyk S, Robin E, Simerabet M, Kipnis E, Tavernier
B, Vallet B, et al. Sevoflurane pre- and post-conditioning
protect the brain via the mitochondrial K ATP channel.
Br J Anaesth 2010; 104: 191-200.

Wang JK, Wu HF, Zhou H, Yang B, Liu XZ. Post-
conditioning with sevoflurane protects against focal
cerebral ischemia and reperfusion injury involving mito-
chondrial ATP-dependent potassium channel and mito-
chondrial permeability transition pore. Neurol Res 2015;
37: 77-83.

Ye Z, Guo Q, Xia P, Wang N, Wang E, Yuan Y.
Sevoflurane postconditioning involves an up-regulation of
HIF-1alpha and HO-1 expression via PI3K/Akt pathway
in a rat model of focal cerebral ischemia. Brain Res 2012;
1463: 63-74.

Hwang JW, Jeon YT, Lim Y], Park HP. Sevoflurane
Postconditioning-Induced Anti-Inflammation via Inhibi-
ton of the Toll-Like Receptor-4/Nuclear Factor Kappa
B Pathway Contributes to Neuroprotection —against
Transient Global Cerebral Ischemia in Rats. Int | Mol
Sci 2017; 18. pii: E2347.

Seo JH, Park HP, Jeon YT, Lim Y], Nam K, Hwang
JW. Combined treatment with celecoxib and sevoflurane
after global cerebral ischaemia has no additive neuro-

protective effects in rats. Br J Anaesth 2013; 110: 988-95.



