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Abstract

Exposure to anesthetic agents in early childhood or late intrauterine life might be associated with neurotoxicity and long-term
neurocognitive decline in adulthood. This could be attributed to induction of neuroapoptosis and inhibition of neurogenesis by
several mechanisms, with a pivotal role of microRNAs in this milieu. MicroRNAs are critical regulators of gene expression that
are differentially expressed in response to internal and external environmental stimuli, including general anesthetics. Through this
systematic review, we aimed at summarizing the current knowledge apropos of the roles and implications of deregulated
microRNAs pertaining to anesthesia-induced neurotoxicity in animal models and derived neuronal cultures. OVID/Medline
and PubMed databases were lastly searched on April Ist, 2019, using the Medical Subject Heading (MeSH) or Title/Abstract
words (“microRNA” and “anesthesia”), to identify all published research studies on microRNAs and anesthesia. During the
review process, data abstraction and methodological assessment was done by independent groups of reviewers. In total, 29
studies were recognized to be eligible and were thus involved in this systematic review. Anesthetic agents studied included
sevoflurane, isoflurane, propofol, bupivacaine, and ketamine. More than 40 microRNAs were identified to have regulatory roles
in anesthesia-induced neurotoxicity. This field of study still comprises several gaps that should be filled by conducting basic,
clinical, and translational research in the future to decipher the exact role of microRNAs and their functions in the context of
anesthesia-induced neurotoxicity.
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While anesthesia demanded by necessary surgical interven-
tions may not be harmful, prolonged and repeated exposure
to anesthetics may contribute to cognitive decline (Jevtovic-
Todorovic 2017). In recent years, considerable effort has been
put forth to elucidate the mechanisms underlying anesthesia-
induced neurotoxicity and to decipher the cascades of cellular
events leading to neuronal apoptosis and synaptogenesis im-
pairment (Jevtovic-Todorovic 2016). Anesthetics affect sever-
al processes in the developing brain, including neurogenesis,
neuronal migration and differentiation, action potential gener-
ation and propagation, synaptogenesis, and gliogenesis
(Stratmann 2011). Some of the mechanisms thought to be
involved in anesthetic-induced neurotoxicity involve neuronal
and non-neuronal apoptosis, possibly through direct cytotoxic
effects that alter the integrity of organelles, such as the endo-
plasmic reticulum and mitochondria, thereby affecting func-
tional ATP synthesis (Jevtovic-Todorovic et al. 2012).
Moreover, anesthetics induce changes in the blood brain bar-
rier and cerebral vasculature, and can alter certain neuronal
networks that could contribute to long-term neurocognitive
dysfunction in the developing brain (Gu et al. 2012; Zanghi
and Jevtovic-Todorovic 2017). However, the mechanisms of
action by which anesthetics induce neurotoxicity and the link
between anesthetic-induced neuro-apoptosis and subsequent
cognitive decline are still unclear and require further investi-
gation. Many studies investigated the role of microRNAs
(miRNAs) in this context and how their differential expression
may be involved in the pathogenesis of anesthesia-induced
neurotoxicity. The role of miRNAs in anesthesia-induced tox-
icity has been tackled in several studies; therefore, investigat-
ing their regulation before and after anesthetic exposure may
provide insight into potential novel diagnostic and/or thera-
peutic roles in anesthesia-induced neurotoxicity.

MiRNAs are small single-stranded non-coding RNAs that
bind to target messenger RNA (mRNA) causing alterations in
gene expression (Ardekani and Naeini 2010). Many studies
have described miRNA dysregulation in various human dis-
eases, such as cancer (Chen et al. 2015; Liu et al. 2013; Siu
et al. 2018) and neurodegenerative diseases (Quinlan et al.
2017). In the brain, miRNAs are highly expressed and control
various physiological functions within the cells, through reg-
ulating mRNA expression levels and thereby, many neurogen-
ic processes (Asuelime and Shi 2012; Ji et al. 2013;
Nampoothiri and Rajanikant 2017). Rapid progress in the
field of genomics and microarray analysis allowed thorough
investigation of the role and regulation of miRNAs. They have
been shown to directly regulate axonal and dendritic out-
growth, synaptogenesis, neurogenesis, and neuronal apopto-
sis. Expression of miRNA is critical for both developing and
mature neurons. When subjected to environmental stimuli,
miRNAs can exhibit differential expression (Lin et al. 2018).
Therefore, their regulatory function may be influenced by
stimuli like steroids, opioids, alcohol, and anesthetic agents
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(Nampoothiri and Rajanikant 2017). It has been previously
shown that anesthetics can induce differential expression of
miRNA, with differential effects shown by various anesthetics
(Ishikawa et al. 2012).

Several studies revealed that miRNAs might have a
crucial role in anesthesia-induced neurotoxicity through apo-
ptotic signaling pathways (Neudecker et al. 2016; Xu et al.
2018). Moreover, recent evidence suggests that anesthesia-
associated miRNA gene targets share several
neurodevelopmental pathways associated with axonal guid-
ance, DNA transcription, and protein phosphorylation (Lin
et al. 2018). Various anesthetics have been found to regulate
and change the expression of miRNAs. Therefore, determin-
ing the targets of these differentially expressed miRNAs may
help delineate specific pathways that are involved in mediat-
ing the actions of different anesthetics on neurological and
physiological functions. In this review, we aimed to describe
all known regulated miRNAs after anesthesia exposure in an-
imal models and derived neuronal cultures or human embry-
onic stem cells, and to compare miRNA expression profiles
after exposure to various anesthetics and determine the pres-
ence of commonly targeted miRNAs. We also examined the
upstream and downstream targets of these miRNAs and the
molecular pathways found to be involved.

Methods
Data Sources and Searches

“Preferred Reporting Items for Systematic Reviews and Meta-
Analyses” (PRISMA) 2009 guidelines were followed for the
conduction and reporting of this review (Online resource 1).
Mesh terms, keywords, and combinations related to
“microRNA” and “anesthesia” were used to search two data-
bases comprehensively, namely OVID/Medline and PubMed
databases. However, it should be noted that the chosen articles
were not exclusive to these two databases. Complete search
strategy is provided in online resource 2. Articles were re-
trieved, irrespective of the language of the study, since incep-
tion until April 1st, 2019.

Selection Criteria

Articles were considered eligible if they assessed anesthesia-
induced neurotoxicity in which microRNAs are implicated.
We excluded abstracts, conference lectures, case reports, re-
views, biographies, and editorials.

Study Review

The screening process was completed by four groups of re-
viewers and was split into 2 phases. Phase 1 was fulfilled by
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two groups of reviewers, which included two reviewers per
group who worked independently to screen titles and abstracts
of 1059 studies for relevance and then retrieve the full texts of
the 50 relevant articles. A third group of reviewers was
consulted when disagreement between the first two groups
of reviewers occur. Phase 2 was done by a fourth group of
reviewers, which included other two reviewers who assessed
the full texts of the eligible articles for inclusion in the review
process. Studies that did not meet the inclusion criteria were
excluded. As a result, 29 studies were recognized eligible to
be involved in this systematic review. Online resource 3 rep-
resents a flow chart of the review process according to
PRISMA 2009 Flow Diagram guidelines and online resource
4 table represents a table listing the changes in microRNA
expression.

Data Extraction and Quality Assessment

Data abstracted from the studies that fulfilled the inclusion
criteria included the manuscript title, first author(s), year of
publication, anesthetic agent used, and effect of anesthetic
agent on neural toxicity. In addition, data regarding the
microRNAs involved, their expression status, and their role
in anesthesia-induced neurotoxicity were also retrieved.
Table 1 represents the data of all the articles abstracted.

NSCs, neural stem cells; 1, increased; |, decreased; DRG,
dorsal root ganglion; GDNF, glial cell-derived neurotrophic
factor; ROS, reactive oxygen species; #ESC, human embryon-
ic stem cell; ESC, embryonic stem cell; BDNF, brain-derived
neurotrophic factor; Bax, Bcl-2-associated X protein; IGFIR,
insulin-like growth factor 1 receptor; MDM?2, mouse double
minute 2 homolog; PI3K/AKT, phosphoinositide 3-kinase/
protein kinase B; PPAR-7, peroxisome proliferator-activated
receptor-y; LSDI, lysine-specific histone demethylase 1A;
IGF-1, insulin-like growth factor 1; BCL2LI, BCL2-like 1;
POCD, post-operative cognitive dysfunction; NCAM1, neural
cell adhesion molecule 1; PKC/ERK, protein kinase C/
extracellular signal-regulated kinases; FGFRI, fibroblast
growth factor receptor 1; CDC42, cell division control protein
42 homolog

Results
Results of the Search

In total, 1130 articles were retrieved through database search.
EndnoteX8 referencing program was then used where articles
were inserted. As a result, a total of 71 duplicates were re-
moved, and 1059 articles were eligible for screening. Of those,
50 were selected for full-text review and 29 were included in
the final review. Online Resource 3 illustrates the study flow.

Characteristics of Included Studies

The earliest study retrieved was conducted in 2012 (Ishikawa
etal. 2012), 1 study in 2013 (Yan et al. 2013), 3 in 2014 (Goto
et al. 2014; Huang et al. 2014; Jiang et al. 2014), 6 in 2015
(Cui et al. 2015; Lu et al. 2015; Sun and Pei 2015; Sun et al.
2015a; Xu et al. 2015; Yu et al. 2015), 2 in 2016 (Sun and Pei
2016; Wang et al. 2016), 7 in 2017 (Chen et al. 2017a; Jiang
etal. 2017; Lv etal. 2017; Zhang et al. 2017), and 9 within the
past year (Jiang et al. 2019; Li et al. 2018; Lin et al. 2018;
Shao and Xia 2019; Wang et al. 2018a; Wang et al. 2018b; Xu
et al. 2019; Zhang and Wang 2019; Zhao et al. 2019).
Characteristics of the included studies are presented in
Table 1. These studies reported a total of 23 upregulated and
18 downregulated miRNAs. Most of the aforementioned stud-
ies used either sevoflurane or propofol, while four studies used
bupivacaine (Chen et al. 2017a; Cui et al. 2015; Wang et al.
2016; Zhang and Wang 2019), three used ketamine (Huang
et al. 2014; Jiang et al. 2014; Xu et al. 2015), and two used
isoflurane (Yan et al. 2013; Yu et al. 2015). Microarray anal-
ysis and quantitative real time PCR (qQRT-PCR) were used to
identify involved miRNAs and their targeted signaling path-
ways. Several studies performed wide brain profiling analysis
of miRNAs and found specific differentially expressed
miRNAs after anesthesia exposure, while others focused on
a specific miRNA after exposure. Rats or mice were the main
choice of animal models for in vivo studies and for primary
cultures. Also, human embryonic stem cells (hESCs) and neu-
roblastoma cell lines were used for in vitro studies.

Role of MiRNAs in Anesthesia-Induced Neural Toxicity

Mounting evidence supports the role of miRNAs in mediating
the toxic effects of anesthesia. Several miRNAs have been
found to be regulated after anesthetic exposure. MiRNAs
work by targeting the expression of specific genes; however,
many of their targeted genes after anesthesia exposure are not
known.

Sevoflurane and propofol are among the most widely used
anesthetics. Mice or rats experimentally exposed to these an-
esthetics have been shown to have learning deficits and, in
some instances, abnormal behavior (Lv et al. 2017).
Moreover, newborn rats exposed to increasing concentrations
of inhaled sevoflurane demonstrated decreased proliferation
and differentiation in hippocampal neural stem cells (NSCs)
(Shao and Xia 2019). This effect was correlated with the up-
regulation of miRNA-183 and suppression of NR4A2 expres-
sion. MiRNA-183 had been previously associated with nega-
tive regulation of NSCs after anesthesia through decreasing
Sox2 expression levels (Liu et al. 2014).

Exposure to sevoflurane in neonatal mice induced an up-
regulation of the tumor suppressor miRNA-27a-3p. This
miRNA was shown to target and suppress the peroxisome
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proliferator-activated receptor vy (PPAR~) gene, thus contrib-
uting to sevoflurane-induced neurotoxicity and leading to
learning deficits and abnormal social behaviors (Lv et al.
2017). Early life sevoflurane exposure in mice led to long
lasting alterations in hippocampal miRNAs (miR15a,
miR20b, miR382, miR532, miR129-3p, and miR99a) and
whole brain miRNAs (miR-19a, miR-29a and miR-145)
(Lin et al. 2018). Sevoflurane exposure also caused upregula-
tion of miRNA-98 expression in adult mice leading to a down-
regulation of insulin-like growth factor (IGF)-1 expression—
which is neuroprotective for cognitive impairment (Jiang et al.
2017). Studies have shown that sevoflurane administration
induces neuro-apoptosis within rat hippocampal tissue
through several mechanisms involving miRNA regulation.
Wang et al. have shown that sevoflurane significantly en-
hances miRNA-188-3p expression and negatively regulates
MDM?2 proto-oncogene (MDM?2)-p53 expression (Wang
et al. 2018a). Moreover, Zhou et al. showed that sevoflurane
administration causes downregulation of miRNA-665 expres-
sion via stimulating PI3K/Akt signaling pathway, upregulat-
ing insulin-like growth factor (IGF)-2, increasing Bax/Bcl-2
ratio, and decreasing expression of Beclin 1, PSD95, and p-
CREB (Lv et al. 2017). In addition, sevoflurane caused down-
regulation of miRNA-34c¢ through the mitochondrial pathway
in the hippocampus (Lv et al. 2017). Furthermore, Xu et al.
correlated the increase in miRNA-96 levels after sevoflurane
exposure to impaired learning and memory performance by
using miR-96 mimics without anesthetic (Xu etal. 2019). This
miRNA may be involved in sevoflurane-induced neurotoxic-
ity through downregulation of IGF1R.

Propofol is another widely used anesthetic that has been
found to mediate its toxic effects through miRNA regulation.
It upregulates miRNA-206 expression through PUMA path-
way activation in hESCs (Zhang et al. 2017). It further induces
upregulation of miRNA-665 and cleaved caspase 3 and re-
pression of Bcl2/] in rats (Sun and Pei 2015; Sun et al.
2015a; Sun and Pei 2016). In addition, propofol has been
shown to downregulate hippocampal miRNA-132 expression
and cause learning and memory impairment in rats (Zhang
etal. 2017).

Several studies performed transcriptome wide analysis of
miRNA expression after anesthesia exposure to understand
any common pathways involved in mediating neurotoxic
effects. Goto et al. showed that sevoflurane and propofol
exert differential effects on the expression profile of 14
miRNAs in the rat hippocampus (Goto et al. 2014).
Sevoflurane reduced the expression of 12 miRNAs and
increased the expression of miR-423-3p, miR-24-2, miR-
664 and miR9, while propofol significantly decreased the
expression of 11 other miRNAs (Goto et al. 2014). Another
study showed that expression of several miRNAs in the rat
brain cortex was significantly increased following
sevoflurane (miR-339-3p, miR-448, miR-466b-1) or

propofol (miR-339-3p, miR-347, miR-378, miR-412, miR-
702-3p, and miR-7a-2) and three common miRNAs (miR-
466b-1, miR-3584-5p and miR-702-3p) were differentially
expressed in both anesthetic treatment groups (Lu et al.
2015). Furthermore, the contribution of sevoflurane and
other anesthetics to differential miRNA expression and reg-
ulation within other organs has been also investigated. A
study evaluating the differences in miRNA expression with-
in the liver tissue of rats exposed to sevoflurane versus
propofol revealed that there was significant upregulation
of 16 miRNAs and downregulation of 11 miRNAs in the
sevoflurane group, whereas the propofol group had in-
creased expression of 31 miRNAs and decreased expres-
sion of 8 miRNAs (Ishikawa et al. 2012). Interestingly,
20 expressed miRNAs were common between both anes-
thetics, while 3 miRNAs were differentially expressed:
miRNA-142-3p, miRNA-29a, and miRNA-378 (Ishikawa
et al. 2012).

Another commonly used anesthetic is isoflurane, which
activates Bax and subsequently promotes cell death mecha-
nisms (Yan et al. 2013). Downregulation of miRNA-214 after
isoflurane exposure promotes neuronal cell death and induces
expression of Bax, a prominent target for miRNA-214 (Yan
et al. 2013). Moreover, high expression of miRNA-572 was
seen in the hippocampus of rats with post-operative cognitive
dysfunction (POCD) after exposure to isoflurane (Yu et al.
2015). The high expression of miRNA-572 reduced expres-
sion of its downstream target, NCAM1, which has an impor-
tant role in neural repair. Therefore, upregulation of miR-572
leads to loss of neuronal protection and neuronal degenera-
tion. In contrast, downregulation of miRNA-572 leads to im-
proved POCD (Yu et al. 2015).

The anesthetic bupivacaine is known to significantly ele-
vate mitochondrial calcium levels, reactive oxygen species,
DNA damage, and apoptosis. Therefore, it is associated with
more neurotoxicity than other local anesthetics (Yu et al.
2017). Bupivacaine-induced-neurotoxicity is thought to be
mediated by the glycogen synthase kinase-3 (GSK3) signaling
pathway, mainly through regulation of protein kinase C (PKC)
(Yu and Lin 2016). Recently, miR-33-5p was shown to be
involved in bupivacaine-induced neural damage and apopto-
sis. MiR-33-5p was upregulated after bupivacaine exposure
and it had an inverse suppressive regulation on its downstream
target GDNF which is known to protect from neuronal injury
(Zhang and Wang 2019). Thus, miRNAs could be involved in
neurotoxic pathways after bupivacaine exposure. However,
further investigation is needed to understand whether there is
a correlation between the pathways involved.

Ketamine-induced neurotoxicity has been also related to
changes in miRNA expression. In vitro assessment of keta-
mine neurotoxicity showed that it induces neural apoptosis,
reactive oxygen species augmentation, and neurite degenera-
tion through miRNA-375 upregulation in hESC-derived
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neurons (Zhao et al. 2019) and microRNA 107 upregulation in
rat brain ESC-derived neurons (Jiang et al. 2019). Both
miRNAs have been shown to exert their effects by regulating
BDNF levels. In addition, ketamine-induced neurotoxicity
and neurodegeneration in the mouse hippocampus was found
to be mediated by upregulation of miRNA-124 (Xu et al.
2015) and miRNA-34a (Jiang et al. 2014). miR-124 regulates
AMPA receptor phosphorylation and the PKC-ERK pathway,
while miR-34a directly regulates FGFR 1. Furthermore, exces-
sive ketamine treatment has been shown to induce severe ap-
optosis in hippocampal CA1 neurons and to result in signifi-
cant long-term memory dysfunction in rats through downreg-
ulation of miRNA-137 and its target CDC42 (Huang et al.
2014).

It is worth noting that some miRNAs may contribute to
neuroprotective effects after anesthesia. For instance, overex-
pression of miR-21 in neurons derived from human embryon-
ic stem cells attenuated cell death induced by propofol expo-
sure (Twaroski et al. 2014). The downregulation of miR-21 as
a result of propofol results in the increased expression of its
target gene SPRY2. This gene is a regulator of receptor tyro-
sine kinases that acts to attenuate growth-factor mediated
pathways. Therefore, reversing the propofol induced-
downregulation of miR-21 has a protective effect on such
pathways and is neuroprotective. In addition, ketamine-
induced apoptosis of hippocampal neurons was found to be
mediated by downregulation of miR-137 (Huang et al. 2014).
Inducing the overexpression of miR-137 protects from hippo-
campal neurodegeneration and resulting long-term memory
impairment. The neuroprotective effect of miR-137 is possi-
bly mediated by its direct downstream target, CDC42, which
is also downregulated after ketamine exposure. miR-665 also
has a neuroprotective role against sevoflurane induced toxicity
and cognitive dysfunction. This is mediated through the
ILGF-2 targeting the PI3/Akt signaling pathway (Lu et al.
2017). Several other miRNAs are also involved in neuropro-
tective mechanisms. Epigenetic upregulation of miR-26a (Cui
etal. 2015) and downregulation of miRNA-33-5p (Zhang and
Wang 2019), miRNA-137-3p (Chen et al. 2017a) and
miRNA-210 (Wang et al. 2016) have been shown to be pro-
tective against bupivacaine-induced neural apoptosis in the
mouse dorsal root ganglion. For example, upregulated
miRNA-26a promotes neurite outgrowth and ameliorates ap-
optosis by inhibiting PTEN (Cui et al. 2015). Moreover, the
downregulation of miRNA-137-3p exerts its effects through
inversely modulating its downstream target LSD1 (Chen et al.
2017a), while downregulation of miRNA-33-5p works by
regulation of its target gene, glial cell-derived neurotrophic
factor (GDNF) (Zhang and Wang 2019). Interestingly,
inhibiting miRNA-34a produces a protective effect against
anesthesia-induced hippocampal apoptosis and memory im-
pairment, either through downregulating fibroblast growth
factor 1 (FGFR1) (Jiang et al. 2014) or through normalizing
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the reduced expression of ERK1/2 and upregulating the ex-
pression of p-CREB (Li et al. 2018). Moreover, knockdown of
miRNA-206 decreases cleaved caspase-3 and PUMA expres-
sion and reduces propofol-induced cell apoptosis (Zhang et al.
2017). Furthermore, upregulation of miRNA-383 was found
to be protective against propofol-induced hippocampal neuron
apoptosis and cognitive impairment (Wang et al. 2018b). In
addition, ectopic overexpression and silencing of miR-665
demonstrated its role in the neurotoxic effects of propofol on
immature hippocampal astrocytes (Sun and Pei 2015).
Therefore, upregulation and downregulation of certain
miRNAs can have important protective roles against the toxic
effects of anesthetics depending on their target genes and the
signaling pathways involved.

Discussion

It is widely established that anesthetics may have neurotoxic
effects on the developing and mature brain (Asuelime and Shi
2012; Jevtovic-Todorovic et al. 2003; Loepke et al. 2009;
Rizzi et al. 2008). However, the role of miRNAs in mediating
the effects of anesthetic-induced neurotoxicity has only been
recently recognized as the oldest paper cited in this review was
published in 2012 (Ishikawa et al. 2012). New technological
advancements and avenues in the fields of genomics and mi-
croarray analysis have made it possible to delineate the mo-
lecular pathways and functions of miRNAs and to know
which of these miRNAs are considered targets of anesthetics.
Anesthetics have a role in inducing neuro-apoptosis by regu-
lating signaling pathways such as Wnt, MAPK, and Rapl
which result in effects on miRNA-associated genes. Most of
the studies mentioned in this review found that after anesthe-
sia, regulated miRNAs were inducing their effects through
apoptosis related signaling pathways. For example, miRNA-
665 (Sun et al. 2015a; Sun and Pei 2016), miRNA-96 (Xu
et al. 2019), miRNA-383 (Wang et al. 2018b), miRNA-34a
(Sun et al. 2015a; Sun and Pei 2016) and miRNA- 214 (Yan
etal. 2013) were all found to mediate their effects by targeting
the pro-apoptotic Bax and the anti-apoptotic Bcl-2 and in-
creasing the Bax/Bcl-2 expression ratio which elevated cas-
pase 3 levels. In addition, upregulation of miRNA-206 result-
ed in the elevation of the pro-apoptotic pathway, PUMA, and
caspase 3 expression (Zhang et al. 2017). Moreover, the PI3K/
PKB signaling pathway was also involved and its inactivation
was associated with increased Bax signaling following
miRNA383 (Wang et al. 2018b) and miRNA-665 (Lv et al.
2017) downregulation. Furthermore, upregulation of miR-26a
suppressed PTEN which interferes with the PI3K signaling
pathway through dephosphorylating PIP3 (Cui et al. 2015).
It should be noted that the apoptotic effect after anesthesia
exposure is not always mediated through miRNAs and their
associated signaling pathways.
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Some of the predicted targeted genes of anesthesia-
regulated miRNAs are also involved in CNS development
and in signaling pathways related to synapse function and
neurogenesis. For example, miR-665 is predicted to target
Notchl, which is known to support developmental processes
by controlling cell fate and miR-665 has binding sites in the
3'-untranslated region of Bcl-2-like protein 1 BCL2L1 (Bcl-xI)
mRNA which plays a pivotal role in the developing brain (Sun
and Pei 2016). Moreover, brain-derived neurotrophic factor
(BDNF) elicits several neuroprotective effects in the brain
through processes that include anti-apoptosis, anti-oxidation,
and suppression of autophagy (Chen et al. 2017b). It is worth
noting that BDNF was found to be directly regulated with the
upregulation of miRNAs-210, -107, and -375 following the
use of different anesthetics and it was identified as a down-
stream effector of these miRNAs (Jiang et al. 2019; Wang
etal. 2016; Zhao et al. 2019). The miRNA/BDNF relationship
was demonstrated to be an important epigenetic signaling
pathway in regulating ketamine- and bupivacaine-induced
neural injury in cortical and dorsal root ganglion neurons
(Jiang et al. 2019; Zhao et al. 2019). Inhibition or downregu-
lation of BDNF reverses the protection of miRNA-107, 210,
and 375 inhibition (Jiang et al. 2019; Wang et al. 2016; Zhao
et al. 2019). However, one exception reported was that of
sevoflurane-induced upregulation of miRNA-183 which was
associated with a direct increase in BDNF (Shao and Xia
2019). Furthermore, from the reviewed miRNAs, several have
been reported to have potential roles in hippocampal enriched
learning and memory or to be protective against cognitive
impairment, among these miRNAs are miR-34a (Li et al.
2018), miR-98 (Jiang et al. 2017), miR-132 (Zhang et al.
2017), miR-137 (Huang et al. 2014), and miR-383 (Wang
et al. 2018D).

Some studies have shown that certain functions of
miRNAs can protect from anesthesia-induced neurotoxicity.
These functions target genes involved in cell survival and/or
cell apoptosis such as the Bcl-2 gene (Cao et al. 2012; Shi
et al. 2013). Moreover, several miRNAs were suspected to be
involved in the neuroprotective effect of pre-conditioning to
anesthetics. It has been suggested that neuroprotection
resulting from isoflurane preconditioning might be mediated
by an increased expression of miRNA-203. This miRNA
works by activating and phosphorylating Akt and its down-
stream signaling pathways involved in promoting cell survival
and rescuing from ischemic brain injury (Cao et al. 2012).
Furthermore, it has been shown that sevoflurane precondition-
ing exerts anti-apoptotic effects and has neuroprotective role
against ischemia by reducing miR-15b levels after ischemic
injury (Shi et al. 2013). Thus, decreased levels of miR-15b
would lead to a reduced expression of its downstream target,
Bcl-2. Other miRNAs, such as miR-101a and miR-34b, have
been shown to be involved in the protective effects of
sevoflurane preconditioning as well (Sun et al. 2015b).

Interestingly, studies have conducted transcriptome-wide
miRNA profiling and expression analysis comparing the effects
of two widely used anesthetics, sevoflurane, and propofol. It
was found that there is little in common in their genetic targets
and that they differentially regulate miRNA expression (Goto
etal. 2014; Ishikawa et al. 2012; Lin et al. 2018; Lu et al. 2015).
Therefore, even though these anesthetics share some common
effects such as increased neuronal apoptosis, synaptogenesis,
and memory impairment, they could exhibit these effects
through different regulatory pathways and different targets.
While some drugs like propofol were shown to primarily affect
astrocytes (Sun and Pei 2015), others were shown to affect
hippocampal CA1 neurons or cortical neurons (Xu et al.
2015). It is important to note here that such variations in results
may be due to differences in species, age of experimental ani-
mals, source of isolated cells, drug strategies, and even the
organ or part of the brain that was selected for the study.

Moreover, we noticed some intriguing contradictory find-
ings regarding miRNA-665. In studies that used propofol,
miRNA-665 was found to be upregulated and had exerted
its effects through depressing the anti-apoptotic BCL2L1
while increasing cleaved caspase 3 (Sun and Pei 2015; Sun
et al. 2015a; Sun and Pei 2016). One of these studies con-
firmed the neurotoxic effects of propofol in astrocytes culture
by showing that in vitro treatment with miRNA-665 mimic
increases apoptosis and necrosis (Sun et al. 2015a). This was
further supported by another study which demonstrated that
in vivo treatment with miRNA-665 antagomirs attenuates the
propofol-induced apoptotic cascade in astrocytes (Sun and Pei
2016). Therefore, these studies support the notion of the neu-
roprotective effects of inhibiting miRNA-665 after propofol-
induced neurotoxicity. On the contrary, Lu et al. demonstrated
the neuroprotective effects of miR-665 against sevoflurane
anesthesia-induced cognitive impairment and neurotoxicity
(Lu et al. 2017). In the latter, miRNA-665 was found to be
downregulated in response to sevoflurane in a dose-dependent
manner and was associated with an increased Bax/Bcl-2 ratio
(Lu et al. 2017). Also, in vitro and in vivo transfection with
miRNA-665 mimic significantly reversed neurotoxic molec-
ular changes induced by sevoflurane (Lu et al. 2017).
Therefore, two groups of researchers obtained opposing ef-
fects of mimicking or inhibiting miRNA-665 on the level of
neurotoxicity and apoptotic pathway signaling when using
different anesthesia. This shows that there could be different
targets and mechanisms employed by two different anes-
thetics even when they affect the same miRNA.

It should be noted that there are several limitations to these
studies and many factors that hinder the accuracy and speci-
ficity of their results. There is within the tissue a variation of
the cellular expression of specific miRNAs, and as such, this
may result in differential response in different animals. In
addition, there was variability in the methods used to measure
miRNA expression in these studies. Most of the selected
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studies used either reverse transcription quantitative polymer-
ase chain reaction (RT-qPCR) or real time PCR and/or micro-
array analysis. Others like Goto et al. and Sun et al. referred to
measuring absorbance (Nano Drop spectrophotometry) for
general profiling of miRNAs quantities before selecting the
ones for quantitative analysis (Goto et al. 2014; Sun et al.
2015a). That is in addition to the different miRNA isolation
kits and different miRNA quantitative assays used among
these studies. For example, Li et al. used the mirVana isolation
kit and the TagMan miRNA assay for quantification (Li et al.
2017), while Lin et al. used the miRNeasy Mini isolation kit
and the nCounter miRNA Expression Assay (Lin et al. 2018)
and so on. All these factors introduce variability to the studies.

Conclusions

Taken together, these studies highly suggest the involvement
of microRNA-related mechanisms in anesthesia-induced neu-
rotoxicity and even cognitive decline and memory impair-
ment. However, it should be noted that many of these studies
have their limitations and much of the research in this field has
poorly controlled experiments with many variations between
the studies. At present, there is a sparse availability of data
from human studies that focuses on the role of microRNAs in
anesthesia-induced toxicity. Some experimental settings such
as repeated anesthesia exposure at several timepoints cannot
be replicated in humans nor can human brain tissues be taken
for analysis. Further studies should focus more on examining
the functional contribution of how imbalances in miRNA ex-
pression and in their subsequent targets might be involved in
inducing toxicity. Understanding such a mechanism is crucial
since millions of children are exposed to unavoidable anesthe-
sia every year. This is needed to prevent the potential neuro-
logical outcomes following exposure to anesthesia in the de-
veloping and mature brain where novel protective approaches
might be attained using these microRNA findings. Moreover,
such microRNA findings have the potential to be used as
biomarkers for cognitive impairment and brain or nervous
system toxicity. However, a more systematic approach to-
wards integrating genomics and proteomics is needed to fur-
ther understand the regulatory mechanisms of microRNAs on
their specific gene targets.
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