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Abstract

Postoperative delirium (POD) is an acute cognitive dysfunction that is mainly characterized by memory impairment and disturbang
in consciousness. POD can prolong the hospital stay and increase the 1-month mortality rate of patients. The overall incidence
of POD is approximately 23%, and its prevalence can go up to 50% in high-risk surgeries. Neuroinflammation is an important
pathogenic mechanism of POD that mediates microglial activation and leads to synaptic remodeling. Neuroinflammation, as an
indispensable pathogenesis of POD, can occur due to a variety of factors, including aseptic inflammation caused by surgery,
effects of anesthetic drugs, disruption of the blood-brain barrier, and epigenetics. Understanding these factors and avoiding the
occurrence of risk factors may help prevent POD in time. This review provides a brief overview of POD and neuroinflammation and
summarizes various factors affecting POD development mediated by neuroinflamsmation, which may serve as future targets for
the prevention and treatment of POD.

Abbreviations: AD = Alzheimer disease, BBB = blood-brain barrier, BDNF = brain-derived neurotrophic factor, CNS = central
nervous system, GABA = gamma-aminobutyric acid, HDAC = histone acetyltransferases and deacetylases, IL = interleukin, LPS
= lipopolysaccharide, NLRP3 = NLR family pyrin domain containing 3, POCD = postoperative cognitive dysfunction, POD =

postoperative delirium, TLR = toll-like receptor, TNF-a = tumor necrosis factor-a.
Keywords: cognitive impairment, microglial cell, neuroinflammation, postoperative delirium, synaptic plasticity

1. Introduction

Postoperative delirium (POD) is a serious post-surgi-
cal complication of the central nervous system (CNS). It
mainly manifests as postoperative disturbances in con-
sciousness, cognitive dysfunction, and impairment of the
sleep-wake cycle.[t?' POD generally occurs 2 to 5 days after
surgery, and prolongs the hospital stay of patients by 2
to 3 days, leading to an increase of the 1-month mortal-
ity rate by 7 to 10%.5! According to statistics, the overall
incidence of POD is approximately 23%, and the preva-
lence is 50% in high-risk surgeries, such as hip fractures
and cardiac surgery, reaching 20% in the elderly popula-
tion (>60 years).*! In addition, it has been suggested that
POD may be an early expression of Alzheimer disease (AD)
and that there may be a common pathogenesis for both
ailments.”! Multiple mechanisms contribute to the devel-
opment of POD, including neuroinflammation, neurotrans-
mitter imbalance, altered biological rhythms, altered brain
metabolism, and impaired neuronal network connectivity.
Among these, the role of neuroinflammation in POD may
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have been underestimated. Numerous studies have shown
that neuroinflammation plays an important role in POD
development. Aseptic inflammation in the periphery of sur-
gery activates the innate immune system and initiates the
inflammatory process, ultimately leading to POD.!¢-% This
review briefly introduces the role of neuroinflammation in
POD and summarizes the effects of surgery, blood-brain
barrier (BBB), inflammatory factors and pathways, and
anesthetic drugs on POD.

2. Methods

We searched for relevant research articles in PubMed from 2000
to 2022 using the keywords POD combined with neuroinflam-
mation. The search included clinical trials, primary research,
reviews, and original articles. We selected relevant articles based
on the content of the manuscript; further, some research articles
on epigenetics were included. Grey literature and non-English
articles were excluded from the analysis. Finally, a total of 99
articles were included.
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3. Results
3.1. POD

The word “delirium” derives from the Latin “delirare,” which
means “to get out of the ravine,” that is, to deviate from a
straight line and become insane.””’ POD is a severe neuropsychi-
atric syndrome characterized by acute postoperative episodes of
attention and other cognitive deficits. A recent study found that
the probability of POD developing into long-term postopera-
tive cognitive dysfunction (POCD) after 3 months is approxi-
mately 10%, and perioperative POD and POCD are collectively
referred to as perioperative neurocognitive disorders.!" In addi-
tion, POD may eventually develop into AD. A decrease in the
ratio of B-amyloid and Tau, a biomarker of AD, is associated
with POD.F! This indicates that POD, a serious postoperative
complication, will develop into more severe POCD and AD
without timely intervention.

POD can be divided into 3 subtypes: hypoactive, hyperac-
tive, and mixed."!! The diagnosis of POD consists of 2 steps.
First, a direct assessment of the patient’s level of attention and
arousal is performed at the bedside. Second, an indirect assess-
ment is sought from the patient’s family members, medical staff,
and medical records to determine whether the patient has acute
mental and behavioral abnormalities."! More than 50 tools
are available for diagnosing POD. The Confusion Assessment
Method scale is the most commonly used method for evalu-
ating POD, but its sensitivity is low.!'>!3] The Delirium Rating
Scale-98 is a simplified version of DRS that provides an appro-
priate balance of specificity and sensitivity.'"*!"! The Delirium
Observation Scale is a commonly used and accurate screening
tool for the early identification of delirium. It is a short scale
with 13 observations that is mainly completed by nurses and
has a sensitivity of 90% and a specificity of 92%.!"%! In the case
of hip fractures, the single-question delirium scale is often used,
and if a patient’s score is positive, the 4 ‘A’s Test scale is imple-
mented.!"”) The Confusion Assessment Method for the inten-
sive care unit and Intensive Care Delirium Screening Checklist
are the most effective and reliable tools for assessing POD in
critically ill patients. In addition, the Stanford Proxy Test of
Delirium and the Three-Minute Delirium Diagnostic Scale are
commonly used to diagnose POD.!'$!”]

Currently, there are no specific methods for the treatment
of POD. Sedatives and antipsychotic drugs such as dexmede-
tomidine and haloperidol are mainly used in clinical palliative
treatment. In addition, anti-inflammatory drugs have therapeu-
tic value. Studies have found that a certain dose of dexameth-
asone administered during surgery can reduce the incidence of
POD.?! Some nonsteroidal anti-inflammatory drugs, such as
acetaminophen and parecoxib, have shown a protective effect
against POD during the application of multimodal analgesia
(Fig. 1).121221
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3.2. Neuroinflammation

Neuroinflammation refers to the peripheral inflammatory
response triggered by surgery, trauma, or infection. It causes a
large number of inflammatory mediators such as interleukin (IL)-
6, IL-1pB, and tumor necrosis factor-o. (TNF-a) to pass through
the BBB and induces damage to central neurons and synapses.?’!
Disruption of the BBB is thought to cause neuroinflammation.?*!
According to a murine tibial fracture surgery model, activation
of T cells increases the levels of IL-17A, and disruption of the
BBB is thought to be associated with POD-like behavior.l?’!
Sometimes, the body has a systemic inflammatory response such
as sepsis. Sepsis endows microglia with pro-inflammatory func-
tions and microglia produce a series of pro-inflammatory and
neurotoxic factors, thereby expanding the central inflammatory
response and neuronal damage.??! In response to endotoxemia,
astrocytes secrete chemotactic ligand factor 11. This leads to
microglial migration and production of reactive oxygen species
that impair learning and memory in the adult brain, resulting
in hippocampal neuronal damage, behavioral changes, and
memory impairment.”?”! In addition to triggering a more severe
inflammatory response, endotoxemia also promotes damage to
the BBB. Stubbs et al showed that vasogenic edema and white
matter hyperintensities were present on magnetic resonance
imaging in patients with sepsis-associated encephalopathy, indi-
cating BBB disruption.!?!! Simultaneously, a systemic inflamma-
tory response activates the toll-like receptor (TLR) 4/nuclear
factor-k-gene binding pathway, altering the structure and func-
tion of tight junctions (a structure that makes up the BBB).1”!
Rat and mouse surgical models are commonly used to assess
postoperative inflammatory responses and cognitive function,
and orthopedic and open surgical models are the most fre-
quently used.3%31 In addition, there have been studies using
only neuroinflammatory models to evaluate cognitive function.
Intraperitoneal or lateral ventricle injection of lipopolysac-
charide (LPS) is a common technique used to simulate neu-
roinflammation in animal models. Several studies have shown
that intraperitoneal or lateral injection of LPS can induce the
infiltration of inflammatory factors into the brain, resulting in
delirium-like behavioral changes in mice.?*51 In cell exper-
iments, exogenous administration of LPS caused microglia to
secrete a large number of inflammatory factors, such as IL-1{.5
Thus, IL-18 may play a key role in cognitive dysfunction. In
the APP/PS1 mouse model, administration of IL-1p disrupted
gamma network activity in the mouse hippocampus, impairing
cognitive functions such as learning, memory, and executive
abilities.’”! Recruitment of IL-1B, monocytes, and neutrophils
plays an important role in the occurrence and development of
cognitive dysfunction. However, some studies have found that
LPS-induced systemic inflammatory response is dependent on
the IL-1 receptor, and the resulting neurotic electrophysiological
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* Major surgery ¢ Haloperidol e 4-AT
» Benzodiazepines and opioids * Dexmedetomidine * S-PTD
» Long anesthesia time * Sedative drugs *« CAM-ICU
 Hypo-perfusion * Antipsychotics « ICDSC
» Alcohol abuse + Anti-inflammatory drugs
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Figure 1. Prevention, diagnosis, and treatment of POD. POD = postoperative delirium.
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Figure 2. Neuroinflammatory pathway: Surgical trauma can induce central inflammation by upregulating the expression of HMIGB1 and other DAMPs, activat-
ing MAPK/JAK/STAT, NLRP3/IKK, and other inflammatory pathways through RAGE, P2Y, TLR4, and TREM2 receptors, and releasing ROS, NO, IL-6, IL-1f3, and
other inflammatory mediators. DAMPs = damage-associated molecular patterns, HMGB1 = high mobility group box 1, IKK = IkappaB kinase, IL = interleukin,
JAK = janus kinase, NLRP3 = NLR family pyrin domain containing 3, NO = nitric oxide, RAGE = receptor for advanced glycation end products, ROS = reactive
oxygen species, STAT = signal transducer and activator of transcription, TLR4 = toll-like receptor 4, TREM2 = triggering receptor expressed on myeloid cells-2.

hyperexcitability and neuronal death are mechanistically dif-
ferent from LPS-induced acute cognitive impairment.?®!
Scopolamine injection is another commonly used method to
model POD and is based on the theory that systemic inflam-
matory responses are controlled by vagal-regulated cholinergic
anti-inflammatory pathways.’” In a laparotomy mouse model,
intraperitoneal injection of scopolamine resulted in the develop-
ment of POD in mice.B"

3.3. Neuroinflammation mediates factors influencing POD

Regardless of which inflammatory pathway causes POD, neu-
rons, and synapses are ultimately affected, resulting in changes
in synaptic function. Currently, it is believed that neuroinflam-
mation-mediated POD is mainly related to microglial activation.
Microglia in the healthy CNS have highly branched processes at
rest, but when activated, they become ameboid and are associ-
ated with phagocytic debris, antigens, and synaptic pruning.'*’!
Damage to the BBB can cause microglial activation, and an
anti-inflammatory and repair phase is rapidly initiated, which
entails the polarization of microglia into the M1 and M2 phe-
notypes.!! M1 microglia play an immediate role in injury or
infection and can produce a large number of pro-inflammatory
factors, such as TNF-a, IL-1p, nitric oxide, and reactive oxygen
species.*?! M2 microglia are related to anti-inflammatory effects
and tissue repair and are mainly used for anti-inflammatory
factors, IL-4, IL-13, IL-10, and TGF-$ to mitigate the inflam-
matory response.*}! The polarization of microglial M1 and M2
phenotypes is only a theoretical outline, and they can induce

acute inflammation and neuronal death in the process of injury
repair, thereby impairing cognitive function. These factors may
be involved in neuroinflammation-mediated POD (Fig. 2).

3.3.1. Surgery. The concept of brain immune privileges has
recently been revised. Surgery causes sterile trauma, and the
resulting cellular damage triggers endogenous factors called
damage-associated molecular patterns.**! A prospective study
of elderly patients undergoing tumor surgery found that surgery
in itself can cause an increase in IL-10, IL-6, and IL-1p in the
peripheral blood.'"¥ Following surgical trauma, the innate
immune system is activated in an NF-kB-dependent manner,
leading to the release of multiple pro-inflammatory mediators
and promoting the migration of monocyte-derived macrophages
into the brain parenchyma.*’! High mobility group box 1 is a
typical damage-associated molecular pattern that is both a
nuclear factor and a secreted protein and is involved in the
regulation of various inflammatory processes.**! Soluble HBGB1
is also involved in the activation of multiple pattern recognition
receptors, including TLR2, TLR4, and receptor for advanced
glycation end products.** In traumatic brain injury models,
elevation of high mobility group box 1 and sustained activation
of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome are thought to be key causes of traumatic
brain injury-induced cognitive impairment.*”! Intraoperative
blood loss (>500mL) and operative time (>3 hours) are also
considered risk factors for POD, and intraoperative monitoring
of cerebral oxygen saturation may be an important strategy to
prevent POD.!"4!
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3.3.2. Anesthetic. Benzodiazepines, which act on gamma-
aminobutyric acid (GABA) receptors, are closely related to
cognitive function; however, their role in POD is controversial.
Midazolam is often used for sedation of multiactivity delirium
in intensive care unit patients with POD. A prospective study
of noncardiac surgery showed that preoperative midazolam
administration was not associated with the incidence of
POD."! Although the effect of midazolam on POD does not
appear to be mediated by inflammatory signaling pathways,
it may be related to cholinesterase genes.[*! Recently, the use
of a new benzodiazepine, remimazolam, was found to reduce
the incidence of POD in cardiac surgery.’”) Remimazolam,
an ultrashort-acting benzodiazepine, ameliorated the LPS-
induced peripheral blood septic response in mice, reduced the
number of LPS-induced deaths, and decreased the production
of inflammatory factors in cultured macrophages in vitro.!
In contrast, animal studies have shown that remimazolam can
cause behavioral abnormalities and neuronal degeneration in
mice.5!

Dexmedetomidine, an adrenergic receptor agonist, has also
been found to prevent POD. Dexmedetomidine has anti-in-
flammatory, antiarrhythmic, and myocardial perfusion-improv-
ing effects, and its anti-POD effects are widely recognized."!
The use of dexmedetomidine in geriatric hip fracture surgery
reduces the incidence of POD.’* In contrast, esketamine affects
the incidence of POD primarily by acting on N-methyl-D-aspar-
tate receptors. Inhaled anesthetics and opioids are also consid-
ered risk factors for POD. In an animal model of open surgery,
inhalation of isoflurane anesthesia damaged the BBB in mice,
increasing the permeability of the BBB, and incidence of POD.!>’!
In addition, pain influences inflammation and POD."3! Effective
analgesia in the perioperative period has been found to help
reduce neuroinflammation and delirium-like behavior.1%¢!

3.3.3.BBB. TheBBBisformed by microvascularendothelial cells
lining the cerebral capillaries. The induction and maintenance
of barrier function depend primarily on interactions between
the microvascular endothelium, astrocytic foot processes (which
account for approximately 99% of the surface area of the
brain capillary outer wall), and pericytes. Under pathological
inflammatory conditions, the connections between endothelial
cellsare disrupted, leading to increased permeability of the BBB.I5”!
Disruption of this barrier is the first step in neuroinflammation.
A case-control study comparing cerebrospinal fluid-to-plasma
albumin ratios and plasma S100p levels in POD patients with
those in healthy controls found that POD was associated with
BBB disruption and neuroinflammation.® Following surgical
trauma-induced activation of the innate immune system,
inflammatory cytokines or macrophages from peripheral blood
mononuclear cells diffuse passively into the brain through a
compromised BBB.>**I Inflammatory factors then enter the
brain via active carrier-mediated transport through damaged
BBB.1>*! Finally, peripheral inflammatory signals act on the
afferent branches of the vagus nerve, activating microglia in
the brain and inflammatory response, which leads to synaptic
dysfunction and neuronal apoptosis, ultimately impairing
cognitive function (Fig. 3).[6%

3.3.4. Glial cells. Microglial activation is a major component of
CNS neuroinflammation and the first line of defense during injury or
disease.*!! Microglia are activated via various pathways. Activated
microglia rapidly transform into a pro-inflammatory phenotype
with an enlarged morphology and enhance the production of pro-
inflammatory molecules.®! The pro-inflammatory cytokines and
debris released by activated microglia can convert astrocytes into
a neurotoxic Al reactive subtype, causing them to lose normal
synaptic maintenance and phagocytosis and induce rapid neuronal
and oligodendrocyte death.*!l

In localized brain injury, microglia can clean up damaged
brain tissue fragments and play a neuroprotective role by closing
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the gaps created by dead or damaged astrocytes and maintaining
the integrity of the glial boundary barrier.[! Argl is a canonical
marker of M2 macrophage/microglial activation and is involved
in arginine metabolism. Argl is induced by IL-4 or IL-13 and
acts as an anti-inflammatory agent by competitively inhibiting
the substrate arginine and inhibiting nitric oxide production.!®?!
TGEF-f can play a reparative role by increasing the expression of
Argl and Ym1 and enhancing the production of IL-4-induced
M2 microglia.l®® Microglia prune synapses via phagocytosis and
regulate neuronal network activity.l** Inhibitory translocation
of GABAergic pre-synapses by microglia increases synchronous
firing in adult cortical neurons after exposure to LPS.I*! The
immune function of astrocytes is similar to that of microglia.!®’!
Positron emission tomography imaging of neuroinflammation
can be obtained using translocator protein imaging but is not
as useful for differentiating microglial phenotypes or distin-
guishing between microglia and astrocytes.?”¢¢! Co-culture of
inflammatory supernatants containing high levels of IL-17A in
astrocytes or activated astrocyte supernatants had significant
neuroprotective effects.”! Poststroke astrocytes also promote
tissue repair by producing IL-17A.168!

3.3.5. Inflammatory mediators and receptors. Inflammatory
factors such as IL-6, IL-1f, IL-10, and TNF-a have been
reported to be elevated in neuroinflammation-mediated POD;
however, their specific mechanisms have not been studied
in-depth (Table 1).”%1 One study identified the mechanism by
which inflammatory cytokines mediate cognitive impairment
by increasing microglial phagocytosis of the extracellular
matrix (ECM) through frequent contact with dendritic spines,
thereby affecting memory in mice, in which IL-33 plays an
important role.”®! IL-17A is also implicated in the relationship
between neuroinflammation and cognitive function.””! IL-17A
neutralization directly abrogates neuroinflammation and
memory impairment.””! In addition, IL-17A was found to
be involved in the maintenance of short-term memory, and
IL-17A deficiency decreased the plasticity of glutamatergic
synapses, resulting in impaired long-term potentiation of the
hippocampus.”” The increase in IL-17A concentration can
promote the production of brain-derived neurotrophic factor
(BDNF) in glial cells, and exogenous administration of IL-17A
can rescue the synaptic and behavioral phenotypes of IL-17A-
deficient animals.””! However, the co-culture of activated
microglia with highly enriched developing cortical interneurons
produced neuronal and synaptic metabolic dysfunction that
could not be resolved by the exogenous addition of IL-17A,
suggesting that IL-17A does not affect the metabolism of
developing cortical interneurons.”s!

The NLRP3 inflammasome is thought to be closely associated
with altered cognitive function. NLRP3, an intracellular sensor
that can detect a wide range of microbial substrates, has been
shown to elevate the levels of pro-inflammatory cytokines IL-1f3
and IL-18 by activating caspase-1."! In AD models, administra-
tion of the NLRP3 inhibitor Mcc950 attenuated Tau-induced
IL-1B responses and reduced neuroinflammation as well as
amyloid deposition associated with AD pathology.**! GABAAP
is also thought to affect the NLRP3 inflammasome-dependent
inflammatory response by mediating mitochondrial mass in
macrophages.®"!

BDNF is a 13.5kDa member of the neurotrophic factor pro-
tein family that affects neuroplasticity and neurotransmission
and plays a key role in learning, memory, and cognition!®!! BDNF
is abundant in the CNS. It crosses the BBB, and BDNF levels in
the blood correlate with BDNF levels in the cerebrospinal fluid
and brain.®"! Pro-inflammatory cytokines can inhibit BDNF sig-
naling by activating p38 mitogen-activated protein kinase and
nuclear factor-xB (NF-kB), resulting in reduced neurogenesis and
neuroplasticity.®” However, BDNF levels are associated with
neural network plasticity related to learning memory capacity
and cannot be used as a blood marker of neuroinflammation.®?!



Xiao et al. ® Medicine (2023) 102:8

www.md-journal.com

surgery /

Blood brain barr7
&

o © IL-6. IL-1p TNF-a.ect

O' ~
Astrocyte Amoeboid microglia

Synapse remodeling

Figure 3. Neuroinflammation leads to synaptic remodeling: Surgery leads to aseptic inflammation in the periphery and the release of a large number of inflam-
matory cytokines resulting in increased BBB permeability. Inflammatory mediators enter the central nervous system from the periphery and activate microglia.
The interaction between microglia and synapses can lead to synaptic remodeling and dysfunction. BBB = blood-brain barrier.

Biological and inflammation markers of POD induced by operation.

Operation type Biological markers Sample Trend POD related Reference

Oncologic surgery IL-10, NGAL Blood Up Yes Brattinga et al 202204
IL-6, IL-1p3, CRP Blood Up No

Hip fracture surgery STREM2 Cerebrospinal fluid ~ Up Yes K. Henjum et al 2018/

Hip fracture surgery S100p8 Blood Up No Beishuizen et al 201710

Abdominal surgery TNF-a, TNF-R1, IL-6, IL-10, IL-1ra, CRP, SAA, NFL,  Blood Up Yes/no Anton Forsherg et al 201717

Tau

Off-pump coronary artery bypass surgery S100B Blood Up Yes Al Tmimi et al 201614

Noncardiac surgery IL-6 Blood Up Yes Pei Liu et al 20137

Coronary artery bypass surgery NO3-/NO2- Blood Up No Harmon et al 20054

CRP = C-reactive protein, IL = interleukin, NFL = neurofilament light chain, NGAL = neutrophil gelatinase-associated lipocalin, POD = postoperative delirium, SAA = serum amyloid A, TNF- o = tumor

necrosis factor-o., TREM2 = triggering receptor expressed on myeloid cells-2.

Peripheral benzodiazepine receptors 28 were found to be  18kDa translocator protein, also known as peripheral benzodi-
associated with long-term persistence of cognitive impairment  azepine receptor. It is a ubiquitously expressed transmembrane
after abdominal surgery.”"l Peripheral benzodiazepine receptors ~ protein located outside the mitochondria of the microglial
28 is a second-generation selective radiolabeled receptor for the =~ membrane and is also expressed in monocyte macrophages.!®*!
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Moreover, triggering receptor expressed on myeloid cells-2 has
been implicated in aging and neurodegeneration. Triggering
receptor expressed on myeloid cells-2 is an important innate
immune receptor that signals through the adaptor protein
TYRO protein tyrosine kinase binding protein/DAP12 and is
expressed in microglia./®*!

3.3.6. Purinergic pathway. In recent vyears, the role of
microglial purinergic receptors in neuroinflammation has been
described, among which P, Y, R is selectively expressed in central
microglia and regulates microglial morphology.!®3*! Blockade
of P,Y R with clopidogrel prevents extensive microglia-neuron
contact and presynaptic displacement.l* After the rupture of
BBB, microglial chemotaxis via P,Y R induces rapid healing
of the BBB by forming dense aggregates at the injury site.*l
A novel model of glial-neuron interaction, called microglial
process convergence, proposes that excessive glutamate release
activates neuronal N-methyl-D-aspartate receptors, triggering
the release of the chemokine C-X3-C motif chemokine ligand
1 in neurons, which in turn activates microglial CX3CR1.1"!
CX3CRT1 activation then induces the release of microglial IL-1,
which stimulates neuronal dendrites, subsequently triggering the
release of ATP and acting on P, Y, R to induce local convergence
of microglial processes.*” In addition, a study found that P,Y R
also plays a role in the migration of microglia.l’"!

3.3.7. Epigenetics. Epigenetics refers to changes in gene
expression caused by histone modification and DNA methylation
in gene promoter regions. Increasing experimental evidence
show that epigenetic signals play an important role in synaptic
plasticity, learning, and memory effects. Studies have shown that
inflammation in various tissues leads to changes in chromatin
modification. For example, inflammation induces the aberrant
trimethylation of histone 3 in mouse colonic epithelial cells.[*”!
Histone methylation can inhibit the transcription of cytokines in
mouse macrophages and protect against LPS-induced death.!®®!
Tang et al found that trimethylation of histone 3 lysine 27 leads
to an increased inflammatory phenotype in macrophages and
microglia, whereas the histone 3 lysine 27 histone demethylase
Jumonji domain-containing protein 3 is critical for promoting
the anti-inflammatory M2 phenotype in microglia.’*

Anesthetics may affect POD through epigenetics. Inhibition
of the expression of DNA and histone-modifying enzymes by
anesthetics can affect the methylation, histone acetylation, and
histone methylation of epigenetic markers inflammatory factors
such as IL-6, IL-1B, and TNF-o.!"Yl Katharina et al reviewed
epigenetic effects and found that the impact of anesthetics on
DNA methylation appeared to be mixed.*”! Zhang et al found
that the blood folic acid levels decreased in children, which led
to the downregulation of thymidylate synthase genes follow-
ing the administration of sevoflurane. The main target of folate
metabolism disorder is the Ermin-like protein, whose gene
undergoes epigenetic variation after sevoflurane administra-
tion. Increased methylation of the Ermin-like protein promoter
leads to decreased expression of Ermin-like proteins, resulting in
brain demyelination and cognitive dysfunction.” This suggests
that Ermin-like proteins may be important targets of anesthesia
through epigenetic mechanisms.

Inflammation and anesthetics can also influence histone
acetylation. Histone acetylation and deacetylation are epi-
genetic processes mediated by histone acetyltransferases and
deacetylases (HDACs). HDAC inhibitory activity can be found
in drugs with known anti-inflammatory and neuroprotective
functions, such as valproic acid.”" Lin et al showed that propo-
fol application during early gestation could affect the learning
and memory of offspring by inhibiting histone acetylation.’
A recent study showed that isoflurane anesthesia increased
HDAC3 protein expression in the dorsal hippocampus of aged
mice and decreased spinal dendrite density and levels of synap-
tic plasticity-related proteins.”*?
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Several lines of evidence have also suggested a role for epi-
genetic mechanisms in BBB penetration and neuroinflammation.
Katarzyna et al found that stress-induced BBB permeability is
associated with endothelial inflammation and upregulation of
the epigenetic repressor histone deacetylase 1 which reduces
claudin-5 expression and may lead to the loosening of tight
junctions and leakage of BBB.’*I Claudin-5 is an integral mem-
brane protein and an essential component of the tight junction
protein complex that constitutes the BBB.”! Anke et al also
showed that claudin-5 methylation was associated with cog-
nitive impairment.®® IL-1f3 and TNF-o are strongly involved
in BBB disruption through epigenetics.”) The BBB model in
vitro releases IL-1p, which induces the degradation of occlu-
din and zonula occludens-1 proteins by activating the ATP/
P2X7R signaling pathway.””’ TNF-a degrades occludin and
promotes BBB damage through multiple signaling pathways.
TNF-a induces phosphorylation in human brain endothelial cell
lines, increases brain epithelial cell permeability, and disrupts
the BBB through transient stimulation of the p38 mitogen-acti-
vated protein kinases and extracellular signal-regulated kinase
1/2 pathways.*®!

4. Discussion

As an acute cognitive impairment, POD not only severely affects
the postoperative recovery of patients but can also have a great
impact on families and society. Current research on neuroin-
flammatory mechanisms in POD is limited to a broad discussion
of inflammatory factors and lacks specific indicators to diagnose
or predict POD. Disruption of the BBB, activation of glial cells,
and alterations in neuronal and synaptic functions are essential
for neuroinflammation to mediate POD. However, the mecha-
nisms of action and key factors that play a role, such as specific
receptors, remain to be studied.

5. Conclusion

POD is a serious postoperative complication and neuroinflam-
mation plays an important role in its pathogenesis. Inflammatory
factors are measured in both the blood and cerebrospinal fluid,
and future studies are expected to focus on the inflammatory
signaling pathways for predicting POD and determining prog-
nosis. Disruption of the BBB is a key step in neuroinflamma-
tion, and the effect of inflammation on BBB permeability and its
mechanism needs to be studied further. Activation of glial cells
is a symbol of neuroinflammation, but the molecular pathways
that are involved remain unclear. Epigenetics plays a role in
influencing POD and inflammation and maybe a new therapeu-
tic target for POD. Other mechanisms may contribute to neu-
roinflammation-mediated POD, and further research is required
to explore their relationships with POD for clinical prevention,
diagnosis, and treatment.
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