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Anesthetic agents provide patient comfort and optimize conditions for surgical and procedural interventions. These agents have been
shown to modulate autophagy, which is a cellular mechanism that maintains tissue homeostasis by degrading and recycling excess,
aged, or dysfunctional proteins. However, it is not always clear if upregulated autophagy is beneficial or harmful. This review assesses
the anesthetic effects on autophagy. In the vast majority of studies, anesthetic modulation of autophagy is beneficial for cell survival.
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INTRODUCTION
Autophagy is a cellular mechanism that helps to maintain
normal tissue homeostasis by degrading and recycling
aged, excess, or dysfunctional proteins.'* However, exces-
sive autophagy may lead to cellular death via induction of
apoptosis (type I programmed cell death) or necrosis, or
via a separate mechanism known as autophagic cell death
(Type 11 programmed cell death).? This process plays a key
role in neurodegenerative disorders, cancers, cardiomyopa-
thies, diabetes, liver diseases, autoimmune disorders, and
infections.*’ Additionally, there is evidence that autophagy
decreases with aging, which may contribute to the develop-
ment of age-related diseases.®

Anesthetic agents are widely used to provide patient
comfort and optimize conditions for procedural or surgical
interventions, and are an integral part of modern medicine.
Agents used for general anesthesia are typically divided
into volatile anesthetics, such as sevoflurane, desflurane,
isoflurane, and halothane, and intravenous agents that
include benzodiazepines, barbituates, local anesthetics,
and opioids. Recently, there has been a growing body of
literature on the effects of anesthetic agents on autophagy.
This review will briefly describe autophagy and contrast it
to apoptosis, provide a discussion on various commonly
used anesthetics, and summarize current literature regarding
anesthetic effects on autophagy.

AutoPHAGY

Autophagy, derived from Greek for “self-eating”, is a cellular
mechanism in which long-lived, dysfunctional, or excess pro-
teins are degraded to maintain normal tissue homeostasis."*¢
Essentially, the cell “eats” itselfto preserve energy and provide
cellular housekeeping.® Autophagy functions to 1) provide
energy and 2) remove unwanted cellular material.®

In autophagy, a double-membraned structure known as an
autophagosome nonspecifically sequesters the cytoplasmic
content of a cell and then fuses with a lysosome.>® The lyso-
some is an organelle which allows for recycling of macromol-
ecules by breaking down cellular structures with proteases
and hydrolases into individual biochemical components, such
as amino acids, fatty acids, sugars, and cholesterol.® These
may then be used to create new cellular structures.?

There are three main types of autophagy: macroautophagy,
microautophagy, and chaperone-mediated autophagy.® In
macroautophagy, portions of the cytosol are sequestered
inside a autophagosome, which then fuses with a lysosome.*
In microautophagy, the lysosomal membrane itself protrudes
to isolate cytoplasmic contents as a single membrane vesicle.®
Macroautophagy and microautophagy may be selective or
non-selective.> Chaperone-mediated autophagy, on the other
hand, is a selective pathway in which soluble cytosolic pro-
teins are delivered to the lysosome after protein unfolding and
translocation across the lysosomal membrane.>®
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Autophagy is regulated by various signaling pathways.
Under normal conditions, autophagy occurs constitutively
at basal levels in most cells, which is thought to promote
cellular upkeep.>® In times of stress or starvation (such
as hypoxia), this pathway is upregulated to promote cell
survival.*¢!® One mechanism of this is through 5’AMP-
activated protein kinase (AMPK) activation.!" However,
excessive and unregulated autophagy may lead to cellular
death possibly due to induction of apoptosis or because of
too much of the cytosolic contents and organelles of the
cell being degraded.*!2 As such, autophagy must be tightly
regulated, present at basal levels most of the time and be
induced only when necessary.? Target of rapamycin (TOR)
kinase is a signaling control point that is active and inhibits
autophagy during conditions that promote growth (such as
nutrient availability).® In turn, nutrient deprivation, such as
during hypoxia, causes repression of TOR kinase.®

Autophagic flux refers to the rate of autophagic degra-
dation, which may be regulated either up or down under
various conditions."”* Common approaches to assess it
include western blot analysis to measure the presence of
specific autophagy related proteins, transmission electron
microscope to evaluate presence of autophagosomes and
autolysosomes, and fluorescence microscopy.'* Autophagy
inhibition may occur in either early stage, during autopha-
gosome formation or at later stages, during fusion between
the autophagosome and lysosome.'* Inhibition during early
stage autophagy may be done with 3-methyladenine (blocks
the type III PI3 kinase complex) or beclin-1 or autophagy-
related protein (Atg) 5 knockout with siRNAs, whereas
later stage inhibition can be accomplished with chloroquine,
bafilomycin A1, or Rab7 knockout.'

Apoptosis, first described by Kerr et al.'s in 1972, is widely
known as programmed cell death.*!> Morphologically, this
occurs in two distinct stages: formation of apoptotic bodies fol-
lowed by phagocytosis and cellular degradation.'® Hallmarks
of apoptosis include chromatin condensation, DNA fragmen-
tation, cellular swelling, and activation of specific proteases
known as caspases.>*!> There are two apoptotic signaling
cascade pathways, the intrinsic and extrinsic pathways.'® The
intrinsic pathway is triggered from cellular stress, such as
DNA damage, starvation, and hypoxia, whereas the extrinsic
pathway is initiated through death receptor activation.!®!”

Although autophagy and apoptosis are morphologi-
cally different processes, the two share several similarities.
Both occur under conditions of cellular stress, although
autophagy typically happens first to attempt to maintain
cellular homeostasis.!”!® Several proteins play a role in
both autophagy and apoptosis.'® These include Atgs, Bcl-2/
beclin-1, caspases, p53, and FADD-like interleukin-1§-
converting enzyme-inhibitory protein (FLIP).!® The Bel-2/
beclin-1 complex inhibits both autophagy and apoptosis. '’
While Atgs are necessary for autophagy, Atg5 and Atgl2
may induce apoptosis during stress, and in turn, apoptosis

inhibits Atg5."” Caspases and FLIP are involved in the
death receptor pathway of apoptosis, and their activation
blocks autophagy.!” p53 may promote proteins that trigger
either the intrinsic or extrinsic pathway of apoptosis, but
also downregulates autophagy via inactivating AMPK and
activating mechanistic TOR (mTOR).!¢

ANESTHETIC AGENTS

Agents used for general anesthesia are divided into two
categories: inhalational anesthetics and intravenous anes-
thetics. There are four components necessary to provide
general anesthesia in humans: hypnosis, amnesia, immobil-
ity, and analgesia. While inhalational anesthetics may provide
all of these components (albeit to different degrees), there is
no single intravenous agent that may do the same. Currently,
the four most commonly used inhalational anesthetics in the
United States are nitrous oxide, isoflurane, sevoflurane, and
desflurane. Isoflurane, sevoflurane, and desflurane are all
halogenated hydrocarbons, and are derivatives of ether.'” The
exact mechanism of action of volatile anesthetics is unknown,
although they are thought to modify neuronal function by
decreasing excitatory neurotransmission and/or increasing
inhibitory neurotransmission through interactions with protein
targets, such as y-aminobutyric acid (GABA) receptor and
voltage-gated sodium channels.?*?!

Drugs that may be used for intravenous anesthesia include
propofol, etomidate, ketamine, sodium thiopental, midazolam,
and opioids. These are commonly used for induction of anes-
thesia but they may be used for maintenance of anesthesia as
well. Etomidate, propofol, midazolam, and sodium thiopental
produce anesthesia by enhancing the inhibitory neurotransmit-
ter GABA in the central nervous system (CNS). Ketamine pri-
marily antagonizes N-methyl-D-asparate (NMDA) receptors,
the site of action of the excitatory neurotransmitter NMDA,
but also acts on nicotinic receptors, muscarinic receptors,
monoaminergic receptors, opioid receptors, voltage-gated so-
dium channels, and L-type calcium channels.?? Opioids work
on opioid receptors to produce analgesia. These drugs are used
in a variety of combinations to produce the desired effects.

A PubMed search was performed using keywords “an-
esthesia” and “autophagy” as well as “anesthesiology” and
“autophagy.” Non-English texts were excluded. Additionally,
relevant citations from texts were reviewed and included.

Since 2010, there are 15 studies linking anesthesia with
autophagy. Among them, 13 studies were animal studies;
whereas the other two used cultured human cells. Six studies
utilized intravenous anesthetic agents, seven studies used
volatile anesthetic agents, one investigation studied both
volatile and intravenous anesthetic agents, and one study
determined the effects of local anesthetics (Table 1).

ANEeSTHETIC EFFEcTS ON CARDIAC AUTOPHAGY
There is a well-established literature that volatile anes-
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thetics result in cardiac preconditioning,*”*! which is a
phenomenon in which a short period of ischemia protects
against a subsequent more drastic ischemic event.*'*? Simi-
lar to ischemic insult, volatile anesthetics induce cardiac
preconditioning by activation of protein kinase C (PKC)
and modulation of nitric oxide synthase, ultimately stimu-
lating the mitochondrial adenosine triphosphate-sensitive
potassium (mitoKATP) channel and triggering reactive
oxygen species (ROS) release.* Sevoflurane precondition-
ing also enhanced AMPK activation in an ROS-dependent
manner, which provides cardioprotection.** Anesthetic
preconditioning, like ischemic reconditioning, provides
both early and delayed protection as well.*! However,
cardioprotection from anesthetic preconditioning is lost
during prolonged ischemic periods.'

Several studies suggest that autophagy plays a role in
anesthetic preconditioning of myocardium (Table 1).
Qiao et al.?® in 2013 found that sevoflurane precondition-
ing resulted in not only nuclear factor-kappa B (NF-kB)
activation, but also the formation of autophagosomes in
rat myocardium, suggesting upregulated autophagy. There
was also a concomitant decrease in inflammatory mark-
ers tumor necrosis factor-B (TNF-kB) and interleukin-1a
(IL-1a), as well as apoptosis markers (active caspase-3).
Administration of a NF-«B inhibitor parthenolide prior
to anesthetic preconditioning decreased autophagy dur-
ing delayed anesthetic preconditioning. However, Qiao’s
group did not use an autophagy inhibitor as part of their
study. Shiomi et al.! published two studies relating to
autophagy and anesthetic preconditioning. In one study,
they examined the involvement of autophagy in the loss
of sevoflurane preconditioning effects during prolonged
ischemia. They found that sevoflurane preconditioning in
guinea pig hearts was lost during longer ischemic insult
(45 minutes of ischemia compared to 30 minutes), but was
restored with administration of chloramphenicol, an au-
tophagy inducer. Administration of an autophagy inhibitor,
on the other hand, abolished protective effects. In another
study, Shiomi et al.?® found that upregulation of autophagy
was mediated by ROS during sevoflurane preconditioning.

Only one study in our literature search used an intra-
venous agent to study ischemia/reperfusion injury in
myocardium and autophagic cell death.” In Noh et al’s*
2010 study, they induced ischemia/reperfusion injury in rat
myocardium and then randomized the rats to one of four
groups, sham operation (no ischemia), and the following
three groups had left coronary artery occlusion associated
myocardial ischemia for 25 minutes followed by reperfu-
sion and either infusion of saline, propofol, or intralipid.
They found that myocardial infarction size was reduced
in the ischemia/reperfusion group treated with propofol.
The autophagy related proteins LC3-II and beclin-1 were
upregulated following ischemia/reperfusion injury but

decreased in the myocardium of rats treated with propofol.
The inhibitory pathway of autophagy mediated by mTOR
phosphorylation and beclin-1/Bcl-2 interaction was also
promoted by propofol, suggesting that propofol attenuated
autophagic cell death following ischemia/reperfusion.
These studies suggest that autophagy plays a role fol-
lowing ischemia/reperfusion injury in the myocardium.
Interestingly, while all studies suggest protection with
volatile anesthetics, the role of autophagy differs. With
volatile anesthetic preconditioning, autophagy induction
was found to be protective whereas Noh’s study® suggests
that intravenous anesthetic agents attenuates autophagic
cell death. This may be explained by autophagy playing
two roles during ischemia/reperfusion; during ischemia,
autophagy is protective as a result of AMPK activation and
mTOR inhibition; whereas during reperfusion following
ischemia autophagy can lead to autophagic cell death.?

Anesthetic Effects on Neuronal Autophagy

Propofol has widely been thought of as a neuroprotective
agent.?* Proposed mechanisms for this effect include anti-
inflammatory/antioxidant effects against free radicals and
reactive oxygen species.”* reduction in cerebral metabolic
rate of oxygen,** activation of GABA  receptors,* cal-
cium channel inhibition,? and inhibition of NMDA subtype
of glutamate receptors.*’

In the adult hippocampus, studies have suggested that
hypoxia-ischemia injury or electroconvulsive shock
therapy (ECT) may result in autophagy.?>** In Cui et al’s?*
2012 study, treatment of neuronal PC12 cells or rats with
an autophagy inhibitor 3-methyladenine (3-MA) resulted
in increased cell survival, decreased autophagy related pro-
teins (LC3-I1, beclin-1, and class III PI3K), and decreased
amounts of autophagosomes and autolysosomes, suggest-
ing that excessive autophagy is deleterious to hippocampal
neurons. Additionally, Cui et al.?**> demonstrated that
administration of propofol also resulted in autophagy
inhibition and increased cell survival in the hippocampus
following hypoxia-ischemia injury. One potential ex-
planation for this effect is inhibition of the p53 pathway
by propofol, as a study showed that following ischemia/
reperfusion in hippocampal cells, propofol, p53 inhibitor
(pifithrin-y, PFT-a) and autophagy inhibitor (3-methyl-
adenine, 3-MA) all resulted in p53 and autophagy related
protein inhibition following ischemia/reperfusion injury.?
ECT is a treatment modality used for depression. Its side
effects include memory and learning impairment.*® Pro-
pofol has been shown to reduce these side effects.’ Li et
al.* in 2016 showed that propofol resulted in reduction
of autophagy nd autophagy related proteins (beclin-1 and
LC-1I/T) in depressed rats that underwent ECT, suggest-
ing that autophagy may be responsible for attenuation of
memory and learning deficits after ECT.
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Table 1: Studies involving anesthesia and autophagy

Study Year Animals/cells Model Results
Nohetal® 2010 Male Sprague- Rats were randomized to sham procedure, or Myocardial infarction size reduced in the ischemia/
Dawley rats left coronary artery occlusion with 25 minutes  reperfusion (I/R) group treated with propofol.
(myocardium) of ischemia and reperfusion with saline, Autophagy related proteins microtubule-
propofol, or intralipid. Western blot assay, associated proteinl lightchain3-II (LC3-II) and
immunohistochemistry, and transmission Beclin-1 was upregulated following I/R injury
electron microscope (TEM) were performed. but decreased in rat myocardium treated with
propofol. Inhibitory pathway of autophagy
mediated by mechanistic target of rapamycin
(mTOR) phosphorylation and Beclin-1/Bcl-2
interaction was promoted by propofol.
Cuietal™ 2012 Male Sprague- In in vivo model, rat carotid arteries were Exposure of the PC12 cells or rats to either
Dawley rats transiently clamped to induce I/R and propofol or 3-methyladenine (3-MA; an
(hippocampus) hippocampal cells harvested, exposed to autophagy inhibitor) resulted in decreased
and neuronal control, propofol, or autophagy inhibitor. creation of autophagosomes and autolysosomes,
PC12 cells In in vitro model, PC12 cells were deprived of as well as autophagy-related proteins. Bcl-2
oxygen and glucose. Western blot assay and (cytoprotective protein) was increased in the
TEM were performed in each. propofol and 3-MA groups.
Cuietal” 2013 Male Sprague- Rat carotid arteries transiently were clamped Propofol reduced I/R-induced autophagy

Qiao etal®® 2013

Shiomi et 2013
al!
Sheng et 2014
al.”’
Shiomi et 2014
al®
Chang et 2015
al”

Dawley rats
(hippocampus)

Adult male
Sprague-
Dawley rats
(myocardium)

Male guinea pigs
(myocardium)

Embryonic day
15-16 embryos
of CD1 mice
(brain)

Male guinea pigs
(myocardium)

Cultured human
umbilical
vascular
endothelial cells
(HUVECs)

to induce I/R, hippocampus cells harvested,
injected with intralipid, propofol, p53 inhibitor
(pifithrin-a, PFT-a), or autophagy inhibitor
3-MA. Real-time polymerase chain reaction
(RT-PCR), immunofluorescent, histochemical,
western blot analysis were performed.

Rats were exposed to 2.5% sevoflurane or
control for anesthetic preconditioning 24
hours prior to I/R of myocardium with
coronary artery occlusion for 30 minutes; then
2 hours of reperfusion, nuclear factor-kappa B
(NF-kB) DNA-binding activity tested, western
blot assay and TEM analysis were performed.

Guinea pig hearts were isolated and subjected
to 30 or 45 minutes of ischemia followed
by 120 minutes of reperfusion. Four groups:
control, preconditioning with 2% sevoflurane,
2% sevoflurane + autophagy upregulator
(chloramphenicol), or 2% sevoflurane +
autophagy inhibitor (3-MA). Western blot
assay and TEM analysis were performed.

Cells were cultured for 7 days, exposed to
either 2% isoflurane preconditioning or
4% oxygen hypoxic preconditioning for 30
minutes and then harvested 12, 24, 48, and 72
hours later. Cell viability, western blot assay,
immunofluorescence, immunohistochemistry,
and TEM analysis were performed.

Guinea pig hearts were isolated and subjected
to 30 minutes of ischemia followed by 120
minutes of reperfusion. Four groups: control,
preconditioning with 2% sevoflurane, 2%
sevoflurane + reactive oxygen species (ROS)
scavenger (N-methylpurine DNA glycosylase,
MPG), or MPG alone, analyzed by western
blot assay and TEM.

HUVECSs were exposed to lipopolysaccharide

(autophagy inducer) or propofol, analyzed by
western blot analysis.

activation, pyramidal neuronal death, and
upregulation of p53.

Anesthetic preconditioning with sevoflurane was
cardioprotective, leading to reduced infarct
size, reduction of inflammation and apoptosis,
upregulation of autophagy prior to I/R, and
activation of NF-xB transcription factor.

Myocardial infarction size was reduced in group
with anesthetic preconditioning with sevoflurane
with 30 minutes of ischemia but with more
prolonged ischemia (45 minutes) this protective
effect was gone. Addition of chloramphenicol
prior to sevoflurane resulted in restoring the loss
of sevoflurane induced cardioprotective effects
with prolonged ischemia. 3-MA abolished this.

Preconditioning with both isoflurane and
hypoxia led to induction of autophagy and
resistance to cell death due to oral glucose
deprivation or glutamate; whereas treatment with
autophagy inhibitors abolished this response.
Pretreatment with sphinokinase-2 inhibitor or
in sphinokinase-2 knock-out mice induction of
autophagy was abolished.

2% sevoflurane preconditioning led to less
ischemia and increased autophagy compared to
control. Concomitant administration of MPG
abolished these protective effects, suggesting
that cardiac preconditioning with sevoflurane is
influenced by ROS mediation of autophagy.

Propofol and lipopolysaccharides augmented
expression of autophagic markers including
mTOR, Beclin-1, Atg5, LC3, and Rab7.
Functionally, propofol improved the angiogenic
capabilities of HUVECs, but effect was
significantly diminished with autophagy
inhibitors including bafilomycin A, 3-MA, and
chloroquine.
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Table 1: Continued

Study Year Animals/cells Model Results
Kashiwagi 2015 Transgenic mice Mice were anesthetized with isoflurane, Anesthesia with pentobarbital demonstrated
etal’ expressing an pentobarbital, ketamine, xylazine, or propofol,  time-dependent upregulation of autophagy,
autophagosome compared autophagy with anesthesia versus but muscle disuse without anesthesia did
maker, green muscle disuse without anesthesia using not lead to autophagy upregulation. Muscle
fluorescent protein tibialis anterior muscle and western blot and contraction during anesthesia reduced autophagy
(GFP)-LC3 histological analysis. upregulation during anesthesia. All other
(skeletal muscle) anesthetic agents studied upregulated autophagy.
Kwon et 2015 Human Human keratinocytes underwent hypoxia- Remifentanil increased proliferation of cells
al.”! keratinocytes reoxygenation while treated with 0.01, 0.1, damaged by hypoxia-reoxygenation, enhanced
0.5 and 1 ng/mL remifentanil, analyzed by autophagy activity, and decreased apoptotic cell
quantitative real-time PCR and western blot death. Autophagy inhibitor negated protective
analysis. effects of remifentanil.
Lietal. 2015 Aged male Sprague- Rats were randomly exposed to 1.5% isoflurane Escape latencies of rats exposed to isoflurane for
Dawley rats or control for 1 or 4 hours, Morris water maze 4 hours was prolonged 4-5 days post anesthesia,
(hippocampus) task was assigned after 24 hours and western decreased autophagy markers beclin 1 and
blot analysis was performed. LC3B, but autophagic flux marker p62 was
unchanged. There was no difference in escape
latencies or expression of markers in 1 hour
isoflurane and control group. Expression of
autophagy markers was initially increased in the
first several hours following isoflurane exposure
for 4 hours then decreased in the next 12 to 24
hours; whereas this did not occur with controls.
Lietal.” 2016 Male Sprague Rats were stressed for 40 days to create Rat hippocampus of electroconvulsive shock
Dawley rats depression model, split into four groups therapy group had increased expression of
(hippocampus) (control, electroconvulsive shock therapy, autophagy related proteins Beclin-1 and LC3-11I/
propofol, and electroconvulsive shock therapy  I; whereas those in the group treated with both
and propofol). Western blot analysis was electroconvulsive shock therapy and propofol had
performed. decreased expression of Beclin-1 and LC3-1I/1.
Zhang et 2016 Male Sprague- Rats were randomly selected into one of six Treatment of rats with sevoflurane led to impaired
al* Dawley rats groups: control, rapamycin, chloroquine, memory performance and resulted in apoptosis
(hippocampus) sevoflurane, sevoflurane + rapamycin, and in hippocampal neuronal cells. However,
sevoflurane + chloroquine, then subjected to treatment with autophagy inducer (rapamycin)
the Morris water maze test after 24 hours. resulted in more autophagic markers and
TEM, terminal deoxynycleotidyl transferase decreased cognitive deficit; whereas treatment
(tdT)-mediated dUTP nick end labeling with autophagy inhibitor chloroquine resulted in
(TUNEL) assay, reverse transcription the opposite effect.
polymerase chain reaction (RT-PCR), and
western blot analysis were performed.
Zhou et 2016 H4 human H4 human neuroglioma cells were exposed to Sevoflurane induces autophagy in H4 cells
al.”? neuroglioma cells 4.1% sevoflurane for 6 hours, flow cytometry mediated by endoplasmic reticulum stress.
was used to assess cell viability and apoptosis, ~ Additionally, exposure with 4.1% sevoflurane
TEM was used to detect autophagosomes, and  for 6 hours leads to apoptosis and decreased
western blot analysis was performed. cell viability, which is attenuated by autophagy
inducers and increased by autophagy inhibitors.
Xiong et 2017 Human Human neuroblastoma cells were exposed Local anesthetics induced neurotoxicity and
al.’ neuroblastoma to local anesthetics (procaine, tetracaine, increased autophagic flux (decreased p62,
SH-SYSY cells ropivicaine, bupivacaine, lidocaine). increased autolysosomes, LC3-II). In cells with

Autophagy inhibition was provided by
beclin-1 knockout. Neurotoxicity and
autophagic flux were assessed.

beclin-1 knockout, local anesthetic induced
neurotoxicity was worse, suggesting autophagy
upregulation attenuated neurotoxicity.

Volatile anesthetics during adulthood are typically consid-
ered safe and may even confer neuroprotection in ischemia/re-
perfusion injury®’; however, recently there has been a growing
concern that volatile anesthetics used in animals and humans
at the extremes of age may be detrimental. Some animal stud-
ies have suggested that inhalational anesthetics may increase
the risk of postoperative cognitive dysfunction, a temporary
or mid-term decline in cognitive function after surgery and
anesthesia that primarily affects older individuals.3>343!:52

The dual effects of volatiles may however depend upon the
concentration of volatile anesthetics used™ or the duration
of exposure,** in which deleterious effects occur with high
concentration and long duration of use, whereas protective
effects are present at low concentration and short term use.
Autophagy may play a role in these effects as discussed in the
following paragraphs. In this connect, impaired autophagy has
been implicated in the pathogenesis of several neurodegen-
erative diseases due to accumulation of autophagosomes in
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neurons, such as Alzheimer’s disease, Huntington’s disease,
and Parkinson’s disease.”

There are four recent studies**2**3% that more closely
examine the relationship between volatile anesthetics, au-
tophagy, and their ties to neurocognitive disorders. Li et al.*?
in 2015 conducted a study which investigated hippocampal
autophagy of aged rats exposed to 1.5% isoflurane of various
durations compared to oxygen. They found that exposure
of aged rats to isoflurane for 4 hours resulted in impairment
of spatial learning and memory, whereas this effect did not
occur with only 1 hour of isoflurane exposure. Additionally,
after 4 hours of exposure to isoflurane, there was a transient
activation of autophagy evidenced by increased amounts
of beclin-1 and LC3B-II, followed by a decrease in levels
afterwards indicating autophagy suppression.

Zhang et al.** in 2016 similarly studied the effects of sevo-
flurane on aged rats. Their study showed that sevoflurane in
aged rats led to impaired memory and induced hippocampal
neuronal apoptosis. These processes might involve autophagy.
When rats were given an autophagy inhibitor (chloroquine),
sevoflurane-induced neuronal apoptosis and memory im-
pairment worsened, while conversely, treatment with an
autophagy inducer, rapamycin, reduced the cognitive deficit.

Another study examining sevoflurane and possible neuro-
nal cell damage was performed by Zhou et al.**in 2016, in
which they exposed H4 human neuroglioma cells to various
concentrations of sevoflurane (0, 4.1%, or 8%) for 6 hours.
They noted that sevoflurane resulted in increased apopto-
sis, increased expression of C/EBP homologous protein
and glucose-regulated protein 78 (markers of endoplasmic
reticulum stress), decreased cell viability, and autophagy
activation. Autophagy activation with rapamycin led to
decreased apoptosis, decreased markers of endoplasmic
reticulum stress, and increased cell viability; whereas the
opposite effects occurred with autophagy inhibition with
3-MA. Using 4-phenylbutyrate, an inhibitor of endoplasmic
reticulum stress, also increased cell viability and decreased
sevoflurane-induced autophagy and apoptosis.

Sheng et al.”’ discovered in 2014 that autophagy from anes-
thetic or hypoxic preconditioning in mouse cortical neurons
may be mediated by sphinosine kinase 2 (SPK2). Sheng’s
group demonstrated similar results from the aforementioned
studies, and found that preconditioning with either isoflurane
or hypoxia led to increased autophagy (evidenced by increased
LC3-1I/LC3-I ratio) and increased cell viability (resistance
to oral glucose deprivation and glutamate). Autophagy plays
a key role in the protective effects of preconditioning as
autophagy inhibition with 3-MA abrogated the benefits of
preconditioning. Additionally, preconditioning upregulated
SPK2, and SPK2 inhibitors or SPK2 knockout prevented
autophagy from preconditioning, suggesting that SPK2 is
essential to autophagy and preconditioning.

These studies suggested that autophagy occurs in con-

junction with administration of anesthesia, which indeed is
important in modulating cellular survival. However, there
is some conflicting data between these studies. In certain
studies, autophagy induction resulted in increased cell sur-
vival,?’?* whereas in others, cell survival decreased.?>>333
This is consistent with previous research that shows that
autophagy is both pro-survival and pro-death, depending
on cell type and cellular conditions.>®

ANEsTHETIC EFFECTS ON AUTOPHAGY IN OTHER CELL
Types

Chang et al.” in 2015 investigated the effects of propofol on
vascular endothelium. Cultured human umbilical vascular
endothelial cells (HUVECSs) were exposed to either lipo-
polysaccharide, which is known to be an autophagy inducer
in HUVECs, or propofol. Using western blot analysis,
Chang et al.” found that both propofol and lipopolysac-
charides augmented the expression of autophagic markers
including mTOR, Beclin-1, Atg5, LC3, and Rab7. The
group also showed that propofol improved the angiogenic
capabilities of HUVECs. However, this effect was sig-
nificantly diminished with autophagy inhibitors including
bafilomycin A, 3-MA, and chloroquine.

Either prolonged general anesthesia or sedation leads to
skeletal muscle atrophy.*® Kashiwagi et al.* in 2015 studied
whether anesthesia or muscle disuse was responsible for the
atrophy. They anesthetized mice with a variety of anesthetic
agents (pentobarbital, ketamine, ketamine and xylazine
combined, isoflurane, and propofol) and detected upregula-
tion of autophagy. Electrical stimulation of muscle during
anesthesia attenuated autophagy. However, autophagy was
not present when they immobilized muscle by denervation
without anesthesia. Their study suggests that both anesthesia
and muscle inactivity may be responsible for skeletal muscle
autophagy upregulation.

Kwon et al.’! studied effects of remifentanil on human
keratinocytes and hypoxia-reoxygenation injury. Human
keratinocytes underwent hypoxic injury by being cultured
under 1% oxygen tension for 24 hours, exposed to several
different concentrations of remifentanil, then reoxygenated
over 12 hours. Their group found that remifentanil treatment
resulted in autophagy activation, increased keratinocyte
proliferation, and decreased apoptosis. 3-MA inhibited
autophagy and prevented the protective actions of remifen-
tanil. Their results suggest that remifentanil is protective
against hypoxia-reoxygenation and that these effects were
mediated through increased autophagy.

Xiong et al.* in 2017 examined local anesthetic agents-
induced neurotoxicity. They used both ester (procaine and
tetracaine) and amide-type (bupivacaine, lidocaine and
ropivicaine) on human neuroblastoma cells and assessed
neurotoxicity and presence of autophagy. Additionally, they
inhibited autophagy by transfecting human neuroblastoma
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cells with siRNA beclin-1, causing knockout of beclin-1.
They found that local anesthetics induced neurotoxicity
and increased autophagic flux (evidenced by decreased
p62, increased autolysosomes, LC3-1I). When autophagy
was inhibited, local anesthetic-induced neurotoxicity was
greater, suggesting that autophagy upregulation attenuated
local anesthetic induced neurotoxicity.

ConcLusion
Autophagy is a cellular mechanism that maintains cellular
homeostasis. This is a process that must be closely regulated
as too much or too little autophagy may result in cellular
death. Dysregulated autophagy may play a role in many dif-
ferent disease processes.®’ Anesthetic agents, both volatiles
and intravenous, are shown to modulate autophagic flux.
However, unlike apoptosis, it is not always clear whether
upregulated autophagy is good or bad. In the vast majority of
studies, which included in vitro and in vivo studies, anesthetic
modulation of autophagy is beneficial. The only study where
this was not the case was Kashiwagi’s,* in which anesthesia
resulted in upregulated autophagy and skeletal muscle atrophy.
In some cases, upregulated autophagy was beneficial, whereas
in others the opposite is true. Possible explanations include
the degree to which autophagy is upregulated, or during when
in the autophagy cycle regulation occurs. The mechanism by
which anesthetic agents are able to affect autophagic flux is
not entirely clear. This may be due to direct cause-effect or
indirect effects mediated via other signaling molecules.
There are ample areas for future research. There is a grow-
ing area of research connecting autophagy with many disease
processes, including neurodegenerative disorders, cancers,
cardiomyopathies, diabetes, liver conditions, autoimmune
disorders, and infections.®” Given that anesthetics may modu-
late autophagy, anesthetics may alter these disease processes
via autophagy as well. Anesthetic modulation may depend
on the amount or duration of anesthesia delivered or type of
anesthetic agent. In instances where autophagy modulation
is beneficial, in the future, autophagy inhibitors or inducers
may be given clinically. Additionally, it is not known what
the long-term effects of anesthetics are on autophagic flux, as
all the studies in this review were over periods of time lasting
days at the most. However, we must be cautious in applying
data from animal studies and in vitro studies to clinical prac-
tice. Nonetheless, autophagy and anesthetic modulation of
autophagy are an exciting area for future research.
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