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Isoflurane, a volatile and inhalational anesthetic, has been extensively used in perioperative period for several decades. A large amount
of experimental studies have indicated that isoflurane exhibits neuroprotective properties when it is administrated before or after (pre-
conditioning and post-conditioning) neurodegenerative diseases (e.g., hypoxic ischemia, stroke and trauma). Multiple mechanisms
are involved in isoflurane induced neuroprotection, including activation of glycine and y-aminobutyric acid receptors, antagonism of
ionic channels and alteration of the function and activity of other cellular proteins. Although neuroprotection provided by isoflurane
is observed in many animal studies, convincing evidence is lacking in human trials. Therefore, there is still a long way to go before
translating its neuroprotective properties into clinical practice.
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events (such as apoptosis, degeneration, inflammation and
energy deprivation) related to chronic neurodegenerative

INTRODUCTION
During the perioperative period, central nervous system

neurons are extremely sensitive to any impairment of
substrate delivery, especially oxygen-glucose deprivation
(OGD), which represents one of the major causes of irre-
versible brain injury.' Neuroprotection deals with a series
of mechanisms that can prevent brain tissues from cellular

diseases (e.g., ischemia, stroke and trauma).? In hypoxic
ischemia (HI) injury, cellular regulation is in chaos and
loses balance with demand, causing the adenosine tri-
phosphate (ATP)-dependent ion channels in dysfunction
that finally results in cellular depolarization and release
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of excitatory neurotransmitters such as glutamate.’ As a
result, this process finally leads to cell death by multiple
pathways. It has been demonstrated that isoflurane is neu-
roprotective when used during or immediately prior to an
ischemic accident in brain, which is similar to ischemic
pre-conditioning.** Meanwhile, isoflurane administration
immediately after OGD was found to improve neuronal
viability in brain cells.® However, the mechanisms by
which isoflurane pre-/post-conditioning protects brain
against HI injury are still poorly understood. In this
review, we will focus on the experimental studies in
isoflurane pre-/post-conditioning as well as the potential
mechanisms of the neuroprotective properties provided

by isoflurane.

IsorLuRANE SHows NEuROPROTECTION IN VARIOUS
Stroke MoDELS

Stroke is a clinical syndrome that has diverse causes,’ and
acute ischemic stroke has become a major problem world-
wide.® Anesthetics have made leading advances in develop-
ments of experimental models of stroke.’ Isoflurane has been
demonstrated to provide neuroprotection in various animals
of stroke, which includes neonatal HI, middle cerebral artery
occlusion (MCAO), subarachnoid hemorrhage (SAH), and
intracerebral hemorrhage (ICH) (Table 1).!°

Table 1: Isoflurane shows neuroprotection in various stroke models

Animal model  Isoflurane neuroprotection Reference

HI Reduced infarct volumes, improved neurobehavioral outcomes Zhou et al."

MCAO Reduced brain infarct volumes and improved neurological deficit scores and performance via inhibiting Lietal.”
NF-kB activation and the production of pro-inflammatory cytokine IL-1f3

SAH Suppressed post-SAH blood-brain barrier disruption mediated by sphingosine kinase 1 expression and Altay et al.”

S1P1/3-receptor activation

ICH Reduced brain edema accumulation and structural damage

Khatibi et al."

Note: HI: Hypoxic ischemia; MCAO: middle cerebral artery occlusion; SAH: subarachnoid hemorrhage; ICH: intracerebral hemorrhage; NF-«B:
nuclear factor kappa B; IL-1f: interleukin-1beta; S1P1/3: sphingosine-1-phosphate receptor 1/3.

In the animal model of neonatal HI, unilateral carotid
ligation and 2-hour hypoxia were used to induce HI in
10-day-old rat pups. After that, 2% isoflurane was used
immediately after HI for 1 hour. As a result, isoflurane
post-conditioning remarkably reduced the brain infarct
volume after HL.!! Application of isoflurane at the onset
of reperfusion was reported to be able to reduce infarct
volumes and improved neurological outcome on rotarod
at 4 weeks after MCAO."> After SAH in mice, isoflurane
suppressed the post-SAH blood-brain barrier injury.” In a
study on mouse intracerebral hemorrhagic stroke, results
reveal that isoflurane may be an effective therapeutic option
for ICH because of its ability to depress structural disruption
and preserve brain function.'*!

ExPERIMENTAL STUDIES ON ISOFLURANE
PRE-CONDITIONING

Pre-conditioning refers to the phenomenon that pretreat-
ment of certain drugs or conditions prevent organs against
potential lethal injury.'® Volatile anesthetics pre-condition-
ing in experimental works has been well documented as
well as its neuroprotective properties.'’

In various experimental works, isoflurane pre-condi-
tioning has been demonstrated to reduce brain injury. (1)
Isoflurane pre-conditioning significantly reduced OGD
neuronal injury; and 1.5% concentration of isoflurane

shows the strongest neuroprotection; hypoxia inducible
factor (HIF)-1a protein and inducible nitric oxide synthase
(INOS) mRNA are activated to express in hippocampal
neurons.'®! (2) In a study of Wang and Kong,* the role
of TWIK-related K* channel 1 (TREK1) in the neuropro-
tective effects of isoflurane pre-conditioning was studied
in vitro and in vivo. This study suggested that isoflurane
pre-conditioning activated TREK1 expression in ischemic
spinal cord injury rats, which may suppress apoptosis.
Also, isoflurane pre-conditioning that induces tolerance to
ischemia in neurons can be reduced by down-regulation
of TREAK1 via RNA interference. These findings suggest
that TREK1 acts an important part in the neuroprotection
of isoflurane pre-conditioning. (3) It has been already
known that isoflurane treatment induces neuroprotection
in adult rats. However, compared with the adults brains,
neonatal brains are immature.?! Whether pre-conditioning
with isoflurane in neonatal brains has neuroprotective
properties is unclear. In the study of neonatal brain
ischemia, 7-day-old rats received unilateral common
carotid arterial ligation following 8% oxygen exposure to
simulate human perinatal stroke.?? In a study of Zhao et
al.,” 1) 1.5% isoflurane pre-conditioning in neonatal rats
induced a delayed ischemic tolerance because isoflurane
pre-conditioning reduced brain disruption in the ischemic
cerebral hemisphere of rats preconditioned with isoflurane
before brain HI, compared with the rats with brain HI only;
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2) isoflurane pre-conditioning induced a time-dependent
increase in iNOS expression in neonatal brains; and 3)
iNOS may mediate the neuroprotection induced by iso-
flurane pre-conditioning. (4) Isoflurane pre-conditioning
has been proved to protect neurons against ischemia at
clinically relevant concentrations.’* However, whether
pre-conditioning of isoflurane could protect other brain
cells remains unknown. There is a close correlation be-
tween microglia and inflammation as well as many brain
diseases including stroke.?>? It is reported that 1%, 2% or
3% isoflurane pre-conditioning significantly weaken the
microglial cell activation and injury induced by the lipo-
polysaccharide plus interferon y.2’ (5) In an experimental
study aimed to investigate the dose-dependent effects of
isoflurane pre-conditioning in cerebral ischemic injury,
a rat model of transient focal ischemia was used. Forty
male rats were randomly assigned to four groups (n = 10
per group): 100% oxygen 1 hour/day was given to con-
trol group for 5 days; 0.75%, 1.5%, or 2.25% isoflurane
in oxygen 1 hour per day was given to isoflurane 1, iso-
flurane 2, isoflurane 3 groups for 5 days. The neurologic
deficit scores were used to evaluate the neuron function of
each group. As a result, isoflurane 2 and 3 groups had the
lower neurologic deficit sores than the control group, and
isoflurane 3 group showed lower scores than isoflurane 1
group (P <0.01).%8

ExPERIMENTAL STUDIES IN ISOFLURANE

PosT-conpiTioniNG

It has been proved that pre-conditioning with isoflurane
brain loss/injury induced by HI. However, it is still un-
known that whether post-conditioning with isoflurane has
a similar effect. Subsequently, some representative and
valuable experimental results involving isoflurane post-
conditioning are summarized as follows.

It is well known that isoflurane precondition induces
protective effects in ischemia/reperfuion injury. However,
brain cells respond to ischemic injury in a dynamic pro-
cess, rather than an instant process.!* A study repeated the
foregoing study that isoflurane post-conditioning induced
protective effect on cerebral ischemic/reperfusion injury.
In order to estimate the appropriate dose, 1.5%, 3.0%, and
4.0% of isoflurane postconditioned the isehcmia/reperfu-
sion model for 60 minutes after 90 minutes of MCAO. As
a result, 1.5% isoflurane post-conditioning prominently
decreased the infarct volume and improved the neurobe-
havioral performance. However, this positive effect was
not strengthened synchronously with the increasing
concentration of isoflurane. In addition, the researchers
applied the most appropriate concentration (1.5%) to fur-
ther investigate the neuroprotection induced by isoflurane.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) apoptosis staining results showed that
1.5% concentration of isoflurane could significantly sup-
press the cell death as well as apoptosis.?? (2) Inspired by
ischemic post-conditioning induced neuroprotection,®!
Lee et al.® hypothesized that volatile anesthetics can in-
duce post-conditioning as well. They demonstrated OGD
to rat corticostriatal slice in vitro study; in vivo study, the
rats was given transient MCAO and then postconditioned
with isoflurane. The results indicated that cell damage
was decreased with the isoflurane post-conditioning after
OGD. In conclusion, they successfully proved that suitable
concentration of isoflurane induced the postcondtioning
effect for the first time. (3) Another study showed that
1.5% and 3.0% isoflurane post-conditioning induced the
strongest neuroprotective against cerebral ischemia in a rat
cerebral ischemia/reperfusion model (90-minute ischemia
and 60-minute reperfusion).”’ (4) To further validate the
proper concentration of isoflurane post-conditioning that
induced the strongest neuroprotection, the researchers
performed the dose-response studies. Results revealed that
1.5% isoflurane exposure for 10 minutes after a 14-minute
OGD can induce neuroprotection in rat hippocampal slices.
Interestingly, 3.0% isoflurane exposure for 10 minutes
after a 14-minute OGD resulted in reserved neuroprotec-
tion. With the increase in isoflurane concentration, the
neuroprotective effects were attenuated, and disappeared
at 4.5% isoflurane exposure for 10 minutes. This finding
suggests that higher concentration of isoflurane may not
provide better neuroprotection.’** (5) Xu et al.** investi-
gated the concentrations and time windows of isoflurane
post-conditioning in neonatal cerebral HI. In their ex-
periment, 7-day-old rats were randomly divided into eight
groups (n = 40 per group). The rats received left common
carotid arterial ligation or sham surgery and exposure
to 8% oxygen for 2 hours at 37°C in a thermoregulated
environment. 1%, 1.5%, or 2% isoflurane was performed
immediately after brain HI for 30 minutes. Others were
post-conditioning with 1.5% isoflurane for 30 minutes
at 3, 6, and 12 hours after brain HI. They concluded that
post-conditioning with 1.5% and 2% isoflurane afforded
neuroprotection in neuroprotection in neonatal rats. The
time window for isoflurane post-conditioning to be ef-
fective against neonatal HI-induced brain injury was 0-6
hours after HI.

NEuROPROTECTION OF ISOFLURANE: PoSSIBLE
MecHAnIsms

It has been reported that isoflurane, when it is applied before
or after experimental neural HI, shows the ability to reduce
negative outcomes. Recent studies have indicated that iso-
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Figure 1: Possible mechanism of isoflurane pre-/post-conditioning.
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flurane appeals to be neuroprotective and increase neuronal
viability through a number of mechanisms (Figure 1).
Mechanisms of isoflurane pre-conditioning are reviewed
as follow: Isoflurane provides neuroprotection by sup-
pressing apoptosis in HI neural injury. Isoflurane treat-
ment decreased the hypoxia-induced release of amino acid
neurotransmitters such as aspartate, glutamate and glycine
induced by hypoxia, but the levels of y-aminobutyric acid
(GABA) were elevated. Morphological studies showed that
isoflurane treatment attenuated edema of pyramid neurons
in the CA1 region. It also reduced apoptosis as evident by
lowered expression of caspase-3 and poly-ADP-ribose
polymerase (PARP) genes.* Under hypoxic situation,
isoflurane was proven to be neuroprotective through the
pathways that involve the release of Ca*" and phospholi-
pase C. Phospholipase C triggers the phosphatidylinositol-
3-kinase/protein kinase B and mitogen-activated protein
kinase (PI3K/Akt/MAPK) pathways, which are all anti-
apoptotic.* It was reported that the inositol triphosphate
(IP3) receptor antagonist prevented the phosphorylation
of MAPKSs, indicating that the phenomenon after isoflu-
rane pre-conditioning depends on the small increases in
intracellular Ca*". Meanwhile, this study indicated that
isoflurane enabled neurons to avoid potentially toxic lev-
els of Ca*" increase.”” Akt, an anti-apoptotic protein, was
observed to increase after isoflurane pretreatment. It was
shown that isoflurane prevented apoptosis by activating
Akt and enhancing B-cell lymphoma-2 (Bcl-2) expres-
sion.”® Meanwhile, a recent study indicated that Bcl-2

phosphorylation play a crucial role in triggering autophagy
and reducing mitochondrial damage after stroke with the
involvement of Akt activation.*

Neuroprotection induced by isoflurane pre-conditioning
involves stimulation of ATP-regulated potassium (K, )
channels.** A study * was designed to evaluate the role
of K, , channels in ischemic tolerance induced by iso-
flurane through a rat model of transient focal ischemia.
Glibenclamide (GLB), a nonspecific K, channel blocker,
was administered in the experiment. The isoflurane +
glibenclamide (I + G) group was given glibenclamide
intraperitoneally (i.p. 5 mg/kg) (Sigma Chemical Co., St.
Louis, MO, USA) before isoflurane administration; GLB
group was given GLB (i.p. 5 mg/kg) once a day without
isoflurane pretreatment for 5 days; control group was given
100% oxygen 1 hour/day for 5 days. The neurologic deficit
scores were used to evaluate the neurological outcome of
each group. As a result, the neurologic deficit scores of
Iso group were lower than those of the control and I + G
groups (P < 0.01 and 0.05, respectively). No statistical
difference was found among the control, I + G, and GLB
groups. The infarct volume of the Iso group was smaller
than that of the control and I + G groups (P <0.05). There
was no statistical difference among the control, I + G, and
GLB groups. The results showed that GLB that adminis-
tered before isoflurane pre-conditioning could abolish the
neuroprotection of isoflurane pre-conditioning. Although
it was unable to make it clear whether the neuroprotection
induced by isoflurane pre-conditioning is at the cellular
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or in the mitochondrial membrane, this study did show
that the neuroprotection of isoflurane pre-conditioning is
mediated by activation of K, channels.

Recently, it has been indicated that isoflurane takes part
in the modulation of several genes related to cell survival,
including HIF-1, an important DNA-binding complex +
whose activity is modulated by intracellular oxygen in
vitro*® and in vivo.*’ The functional HIF-1 increases tran-
scriptions of the genes that could enable cells to survive
from HI conditions, such as iNOS gene.* It has been
indicated that extracellular signal-related kinases 1 and
2 (ERK1/2) is concern with the modulation of brain cell
death after ischemia in both in vivo and in vitro studies.*-°
Additionally, isoflurane increased HIF-1a protein content,
and PD98059 (the selective Erk1/2 inhibitor) decreased the
accumulation of HIF-1a protein by isoflurane. This indicat-
ed that isoflurane activated HIF-1a expression via Erk1/2
pathway. The researchers also found that precondition of
isoflurane promotes iNOS activation via HIF-1a pathway
during OGD in hippocampal neurons.!® The downstream
events of iNOS pathway to promote neuroprotection have
been shown in the previous works include activating of
protein kinase C, heat shock proteins and manganese su-
peroxide dismutase expression.’!-%

Mechanisms of isoflurane post-conditioning are re-
viewed as follow: Mitochondrial injury after HI conditions
is a leading cause of cell damage and death.” Therefore, the
release of substances out of mitochondria resulting from
the increasing permeability of mitochondria membrane has
been considered to be a pathological process that leads to
cell damage and death.’*3¢ Thus, Li et al.’” hypothesized
that postcondition with isoflurane could reduce ischemia/
reperfusion-induced mitochondrial membrane permeabil-
ity increasing. As prosurvival protein kinases, such as Akt
and glycogen synthase kinases 3f, are able to modulate
the mitochondrial membrane permeability,*® they also hy-
pothesize that the activation of Akt is concerned with the
neuroprotection promoted by isoflurane post-conditioning.
Their results turn out that isoflurane post-conditioning
significantly attenuated the increase of mitochondrial
membrane permeability.’’

Sphingosine 1-phophate (S1P) is a bioactive sphingo-
lipid metabolite and has been shown to bind to specific G
protein-coupled receptors (the S1P receptors) and regulate
multiple cellular events,* including promoting cell pro-
liferation, survival, migration, and inhibiting apoptosis.
Prosurvival PI3K/Akt have been reported to be down-
stream molecules of the SIP1 receptor signaling pathway.*
Referring to a recent study which found that isoflurane
ameliorates renal ischemia-reperfusion injury by initiat-
ing the S1P/S1P receptor signaling pathway,®' experiments

were done in order to clarify whether the activation of S1P/
S1P receptor signal pathway takes part in the neuroprotec-
tion promoted by isoflurane. In an experiment performed by
Zhou et al.," they found that isoflurane-mediated reduction
in infarct volume depends on the S1P/PI3K/Akt signaling
pathway, and administration of the S1P receptor antagonist
VPC23019 or the PI3K inhibitor wortmannin completely
abrogated the reduction in infarct volume provided by iso-
flurane posttreatment. Additionally, isoflurane posttreatment
not only provides short-term protection against neonatal
HI brain injury, but also confers long-term neuroprotection
against brain atrophy and neurological deficits, which can
also be abolished by the pretreat of VPC23019 and wort-
mannin. What’s more, isoflurane increases phosphoryla-
tion of Akt and decreases expression of cleaved caspase-3
after HI. These findings suggest that isoflurane-mediated
neuroprotection against neonatal HI depends on S1P/PI3K/
Akt signaling. In the animal model of germinal matrix/
intraventricular hemorrhage, isoflurane was evaluated to
improve motor function and prevent neural degeneration,
which was mediated by S1P1/Akt pathway.®?

Aoverse EFFecTs OF ISOFLURANE APPLICATION
Isoflurane, which is widely used in clinical practice as
a violate anesthetic, has been demonstrated to have neu-
roprotective properties. However, it is also reported that
postoperative nausea and vomiting is a common complica-
tion after general anesthesia,®® and what’s worse, isoflurane
exposure may induce neurotoxicity including neuroapop-
tosis,’*% neurodegeneration, and long-term neurocognitive
deficiency®®®® via mechanisms of inhibiting glutamate
receptors, activating GABA receptors and intrinsic pathway
of apoptosis.®® According to a study using motor evoked
potentials to monitor the spinal cord ischemia during the
aortic operations, using isoflurane could increase the rate
of apnea, cause prolonged hypotension, and disturb motor
evoked potentials.” It has been demonstrated that isoflurane
does cause brain cells death and neurocognitive dysfunc-
tion especially in neonatal rats; however, it is difficult to
extrapolate animal data to human practice. Defining the safe
scope of isoflurane application may be helpful to employ
isoflurane as a novel therapy.”!

ConcLusions

It is clear that isoflurane appeals beneficial effects no
matter administrated before or after the brain injury (pre-
conditioning or post-conditioning), as assessed by various
outcome measurements. Although, in most experimental
researches, strong positive effects have been observed,
conclusive clinical studies are lacking to date. Mean-
while, there are evidences in support of isoflurane being
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potentially neurotoxic, but many animal studies indicate
isoflurane application to be convincingly neuroprotective
as discussed above.

It is difficult to explain the opposite effects of neuro-
protection and neurotoxicity induced by isoflurane. One
possibility for this phenomenon is that isoflurane at high
concentrations or for long exposure may cause/enhance
the process to kill cells, which can even overwhelms the
protective properties of isoflurane.® For further explana-
tion for the dual effects of isoflurane, Zhang et al.” pre-
sented the bioenergetic homeostasis hypothesis in 2011.
The hypothesis was based on the evidences that isoflurane
could affect mitochondrial electron transport complexes
and glycolysis related pathways in cells, which could
alter intracellular calcium homeostasis, ROS production
and ATP synthesis, and the duration and concentration
of exposure to isoflurane could play a role in severity
of bioenergy inhibition. The hypothesis considered that
transient or low concentration exposure to isoflurane trig-
gers neuroprotection, and prolonged duration as well as
high concentration exposure could induce neurotoxicity,
even cell death.

As mentioned above, the effects of isoflurane can be
described as “a double-edged sword”, but there is some-
thing we can do to enhance its neuroprotection and lighten
the untoward effects. For example, cocktail treatment is
a classic therapeutic strategy which is proved to be more
effective than single drug treatment. A recent study showed
that normobaric hyperoxia treatment together with agents
enhanced its neuroprotective effects,” so it is possible
that combination therapy of normobaric hyperoxia and
isoflurane could access a stronger neuroprotection. To
summarize, the possibility of clinical isoflurane application
seems to be promising, although much more pre-clinical
or clinical work remains to be done.
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