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Abstract

Perioperative neurocognitive disorder (PND), including postoperative delirium and
postoperative cognitive dysfunction (POCD), is a common postoperative complication
in elderly patients, who represent an expanding segment of our population. PND is a
multifactorial disease resulting in higher morbidity and mortality. The precise mechanism
of PND is yet to be fully delineated. Identifying the modifiable risk factors and mechanisms
for PND would be an important step forward in preventing such adverse events and thus
improving patients' outcomes. It is increasingly recognized that gut microbiota also manifest
effects in the central nervous system via the microbiota-gut-brain axis, which has emerged
as an important player in shaping aspects of behavior and cognitive function. Recent studies
have found that patients with cognitive dysfunction after surgery and anesthesia have obvious
gut microbiome disorders. These findings are paralleled by a growing body of preclinical
investigations aimed at better understanding how surgery and anesthesia affect the central
nervous system and possibly contribute to cognitive decline. Here, we present a broad topical
review of the literature supporting the role of gut microbiota in PND. We provide an overview
of the mechanisms underlying the pathogenesis of PND from pre-clinical and human studies.
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Therefore, gut microbiota could be a putative therapeutic target for PND in the future.

Introduction

With the rapid development of medical care in
today's society, more and more peopleneed surgical
treatment, and the proportion of large-scale operations
and elderlypatients is increasing (Needham MJ, et
al. 2017; Gore-Booth J, et al. 2019).Perioperative
neurocognitive disorder (PND) refers to the changes
in cognitive functionafter anesthesia and surgery
(Eckenhoff RG, et al., 2020). The working group on
‘Consensusrecommendations for the nomenclature of
cognitive change associated with anesthesiaand surgery’
aligned PND with terminology, which be used to describe
the destructionor changes of cognitive function that
occurs before and after surgery in 2018 (Evered L, et
al., 2018). PND include acute postoperative delirium
and postoperative cognitivedysfunction (POCD)
(Eckenhoff RG, et al., 2020). Elderly patients have
the highestincidence of PND, with rates 24%—-40% of
patients aged 60 years or older requiringhospitalization
for surgery, and is associated with substantially
increased morbidity,mortality, and cost of care (Wang
W, et al. 2014; Belrose JC, et al. 2019; Decker J, et al.
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2020). Studies have identified the risk factors for PND
including the patient's factors,anesthesia factors, and
surgical factors, such as: old age, type of surgery, method
anddepth of anesthesia, etc., but the exact cause is still
unknown (Schupf N, et al. 2005; Evered LA, et al. 2021).
To date, studies on PND have primarily focused on
direct influences of surgery andanesthesia on the central
nervous system (Martin CR, et al. 2018; Olotu C, et al.
2020). It has beenrecently recognized that gut microbiota
interacts with the brain, and it is termed asmicrobiota-
gut-brain axis (Sekirov I, et al., 2010). Modulation of
this axis has beenrecently reported to affect cognitive
function (Mayer EA, et al. 2015; Cryan JF, et al. 2019).
Growing evidence suggests a possible role for gut
microbiota in the pathogenesis of PND, both patients
and animal models of PND share common molecular
mechanismswith other dementias (Jiang XL, et al. 2019;
Meng F, et al. 2019; Zhan G, et al. 2019; Wang X, et
al. 2021). The aim of this review is to discuss recent
evidence for the involvement of gutmicrobiota in PND,
and to highlight possible mechanisms of relevance to
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Gut microbiota and gut-brain axis

There are about 100 trillion and more than 1,000
species of bacteria living in the human intestine, which
mainly belong to phylum Firmicutes, Bacteroides and
actinomycetes (Sekirov I, et al. 2010; Toole PW, et al.
2015). These collections of microorganisms, termed
the microbiota, and the host are in a mutually beneficial
symbiosis state. Emerging evidence over the past
10 years, enabled by new technologies such as next-
generation sequencing, has also suggested the influence of
the gut microbiome on health and disease extends beyond
the gastrointestinal tract (Mayer EA, et al., 2015). Gut
microbiota plays an important role in regulating human
immune homeostasis, maintaining host mental health,
regulating brain function, behavior and metabolism,
etc. (Dinan TG, et al. 2017; Tang WH, et al. 2017).
Changes in gut microbiota composition and function
have been associated with a wide range of neurological
and neuropsychiatric disorders, including Alzheimer’s
disease (AD), Parkinson’s disease, and other cognitive
disorders/dementias (Quigley E, et al. 2017; Sun M, et al.
2020). Its exact mechanism of gut microbiota affecting
neurocognition remains to be elucidated.

The gut-brain axis refers to the bidirectional
communication between the brain and the gut
microbes, and is crucial in maintaining homeostasis
of the gastrointestinal, central nervous and microbial
systems of human being (Sekirov I, et al., 2010). These
microbiota-gut-brain interaction pathways may help
explain the correlation between the gastrointestinal
tract and neuropsychiatric/neurodevelopmental diseases
(Xu X, et al., 2020). Contemporary research is starting
to appreciate how gut microbiota influence the brain
through their ability to produce and modify many
metabolic, immunological and neurochemical factors in
the gut that ultimately impact the nervous system (Bauer
KC, et al., 2016). Current studies have shown that the
gut microbiota mainly affects cognitive function through
various pathways such as the regulation of immunity,
the vagus nerve, the enteroendocrine system and the
metabolites of gut microbiota (Alam A, et al., 2018).

The intestinal mucosal immune barrier is an important
component of the intestinal barrier, mainly composed
of abundant lymphocytes, macrophages, etc. The gut
microbiota with the host mucosal immune system
prevents harmful bacteria from multiplying by competing
with harmful bacteria for nutrients (Sharon G, et al.,
2016). With increasing Gram-negative intestinal bacteria
by intestinal flora disturbance, lipopolysaccharide
(LPS) can induce pro-inflammatory factors release
and cause memory deficits (Jang SE, et al., 2018). In
addition, cytokines entering the brain can activate the
hypothalamic-pituitary-adrenal (HPA) axis to release
cortisol and act on the downstream pathways of
glucocorticoid receptors in the hippocampus, triggering
depression-like behavior (McEwen BS, et al. 2003;

38

Jasarevi¢ E, et al. 2018).

The vagus nerve is one of the important pathways
between the gut and the brain. The gut microbiota can
directly or indirectly activate the vagus nerve and affect
the immune response, endocrine system and other
activities (Diaz Heijtz R, et al., 2011). In animal models,
mice transplanted with Campylobacter increased anxiety-
like behaviors and c-fos expression in the sensory
nucleus of the vagus nerve; while administration of
Bifidobacterium longum and Lactobacillus plumose
could significantly reduce anxiety and depression in
mice (Goehler LE, et al., 2008). Cutting off the vagus
nerve can reduce the expression of GABA (B1b) mRNA
in the hippocampus and amygdala, suggesting that the
integrity of the vagus nerve plays an important role in the
microbiota-gut-brain axis (Breit S, et al., 2018).

A variety of hormones and neurotransmitters synthesized
by the gut microbiome and enteroendocrine cells can pass
through the intestinal wall into the circulatory system
and enter the brain, or directly act on the ascending
pathway of the vagus nerve to participate in the
regulation of brain signal transmission (Mittal R, et al.,
2017). Dopamine produced by Bacillus and Escherichia
coli participates in cognitive-related neuronal signal
transduction through dopamine receptors acting on the
midbrain cortex Pathway (Hsieh TH, et al., 2020). The
5-hydroxytryptamine (5-HT) produced by Escherichia
coli and enterochromaffin cells can regulate intestinal
movement, pain and cognitive processes (Yano JM, et
al. 2015; Hsieh TM, et al. 2020). In addition, the gut
microbiota is also involved in the synthesis of various
neurotransmitters such as y-aminobutyric acid (GABA)
and acetylcholine (Bravo JA, et al., 2011).

In addition, the metabolites of gut microbiota, such as
short-chain fatty acids (SCFA) are lipids produced by
intestinal microbes through the fermentation of dietary
fiber, which can act on the on the central nervous
system by regulating neuroplasticity, epigenetics, gene
expression, and the immune system (Erny D, et al., 2015).
SCFA may affect disease and behavior. Studies found
exogenous administration of SCFA sodium butyrate can
alter the expression of brain-derived neurotrophic factor
(BDNF), a neuronal factor associated with depression
(Schroeder FA, et al., 2007). In the same study, long-term
use of exogenous sodium butyrate for more than 28 days
caused a significant reduction in depression-like behavior
in mice (Schroeder FA, et al., 2007).

Pathogenesis of PND

The pathogenesis underlying PND remains elusive. Both
modifiable and non-modifiable factors may contribute to
PND. To date, neuroinflammation, cholinergic nerves,
AP accumulation and abnormal phosphorylation of
Tau protein have proved to be closely related to the
occurrence and development of PND (Needham MJ, et
al., 2017).
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Neuroinflammation

To date, an increasing number of studies have
demonstrated that neuroinflammation plays a crucial
role in PND (Subramaniyan S, et al., 2019). Patients
subjected to major surgery often exhibit an acute-phase
inflammatory response. Following surgical trauma, the
pro-inflammatory cytokines including interleukin-6
(IL-6), tumor necrosis factor (TNF)-a, and interferon
(IFN) increase in central nervous system, which can be
used as a predictor of the incidence of PND (Safavynia
SA, et al., 2018). The release of pro-inflammatory
cytokines during surgery-induced neuroinflammation
also results in the activation of microglia in rodent’s
hippocampal, are closely related to the impairment of
spatial learning and memory after surgery (Fan W, et al.,
2020). Inflammatory factor antagonists can improve the
occurrence of PND. In addition, both simple anesthesia
or anesthesia combined with surgery can trigger an
inflammatory response and increase the level of pro-
inflammatory factors and inflammatory cells in the brain
(Bittner EA, et al., 2011). In particular, the increased
level of inflammatory response in the hippocampus leads
to neuroinflammation and increases the risk of PND. The
inflammatory process mediated by interleukin-18 (IL-
1B) in the hippocampus is related to the occurrence of
POCD. Knockout of IL-1p gene or use of IL-1p receptor
antagonists can significantly reduce neuroinflammation
and attenuate surgery-induced postoperative memory
impairment in mice (Cibelli M, et al., 2010). In elderly
mice anesthetized with isoflurane increased the level
of IL-1B and TNF-a in the hippocampus with cognitive
dysfunction (Wang HL, et al., 2015). Clinical studies
also have found that theincidence of POCD in elderly
patients undergoing isoflurane anesthesia surgery was
significantly higher than that of elderly patients in the
propofol group (Cottrell JE, et al., 2020). It has been
hypothesized that these complications are due to a
malignant systemic inflammatory response following
surgery that ultimately results in neuroinflammation,
synaptic impairment, widespread neurodegeneration, and
ultimately cognitive dysfunction.

Abnormal protein function

A growing body of research has shown that Alzheimer’s
disease and POCD share multiple similarities in
pathogenesis and clinical manifestations (Askarova
S, et al. 2020; Lin X, et al. 2020). The characteristic
pathological changes of Alzheimer’s disease, namely 3
amyloid (AB) deposition and Tau protein phosphorylation,
have also been found in POCD animal and patient (Le
Freche H, et al., 2012). The serum AP level of POCD
patients was significantly higher (Tomaszewski D, 2015).
In addition, the level of AP in the cerebrospinal fluid
of patients receiving isoflurane anesthesia increased
significantly within 24 hours after the operation, and
the level of AP in the cerebrospinal fluid of patients
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anesthetized with desflurane also increased significantly
within 2 hours after the operation (Zhang J, et al., 2020).
Tau protein can maintain the stability of microtubules.
Hyperphosphorylated Tau protein can reduce its ability
to bind to tubulin, promote the depolymerization of
normal microtubules, and ultimately lead to neuronal
degeneration. The phosphorylation of Tau protein
mediates long-term synaptic inhibition, and rapidly
causes long-term synaptic enhancement and memory
damage, and can even cause cognitive impairment
through synaptic dysfunction and neuron loss. Therefore,
Tau protein phosphorylation may be the downstream
target of isoflurane-induced neuroinflammation (Luo
X, et al., 2014). By inhibiting the specific signaling
pathways in the process of Tau protein phosphorylation,
it may be able to effectively treat POCD and other related
neurodegenerative diseases.

Synaptic dysfunction and changes in
neurotransmitters

It is increasingly accepted that early cognitive
impairment in PND results in considerable part from
synaptic impairment (Lin X, et al., 2020). Cognitive
function and decline in PND is associated with loss of
synapses and dysfunction. Surgical trauma can result in
the pathological activation of astrocytes and the release
of pro-inflammatory cytokines, which contribute to the
subsequent impairment of synaptic function (Lyman M,
et al., 2014). After the release of cytokines, a vicious
circle occurs, whereby the cytokine leads to a decrease
of calcium ions in astrocytes induced by glutamate,
which leads to harmful effects on astrocyte reactivity
and subsequent abnormal synaptic activity (Rose
CR, et al., 2017). Postsurgical trauma can ultimately
result in neuroinflammation, which, in turn, may
cause synaptic dysfunction and precipitate the onset of
neurodegenerative disease (Lin X, et al., 2020).

The central cholinergic system plays a critical role in
the regulation of cognitive functions such as learning,
emotional memory, and attention (Haam J, et al. 2017,
Maurer SV, et al. 2017). Studies have shown that the
dysfunction of the cholinergic system is related to age and
cognitive decline caused by neurodegenerative diseases
(Ferreira-Vieira TH, et al., 2016). Anesthetics have a
vital effect on the cholinergic system through directly
decreasing the expression of acetylcholine transferase
in the hippocampus, thereby inhibiting the synthesis of
acetylcholine, or increasing the deposition of AP protein
in the brain produces neurotoxic reactions (Zhan DY, et
al. 2013; Kong FJ, et al. 2015). Treated with cholinergic
in older people with POCD show an improved result
(Hambrecht-Wiedbusch VS, et al., 2014).

Glutamate acting via N-methyl-D-aspartate receptors
(NMDAR) may also be important in hippocampal
learning and memory formation (Kumar A, et al.,
2019). The effect of glutamate excitotoxicity on
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neurodegenerative diseases and neurological injuries has
been established. Isoflurane can increase the transmission
of y-aminobutyric acid (GABA) neurotransmitter, cause
changes in NMDAR and y-aminobutyric acid receptor
(GABAR), and antagonize glutamate on NMDAR,
thereby directly inhibiting formation of LTP, leading to
impaired learning and memory function (Westphalen RI,
et al. 2003; Garcia PS, et al. 2010).

Stress

Studies in humans and in animals have shown stress
can affect cognition in many ways (Vogel S, et al.,
2016). Patients may experience hypoxia, cerebral cortex
hypoperfusion, and impaired cortical function during
surgery and anesthesia. These stressors may disrupt the
nervous system. The level of cellular stress becomes
evident with the increase of cortisol. With level of
adrenal cortex hormones increasing, it induces changes
in glutamatergic activity and dendritic reorganization,
damages hippocampal neurons, and leads to the
occurrence of PND (Van Bodegom M, et al., 2017). The
psychological stressors can also trigger the activation
of neuronal circuits and peripheral process, for example
the inflammation (McEwen BS, et al., 2016). In mouse
models similar to human cognitive impairment, cellular
processes such as inflammation, proliferation/death and
oxidative stress have been shown. This damage translates
to changes in behavior, loss of memory, inability to make
decisions and problems with attention (Tangestani Fard
M, et al., 2019).

Gut microbiota and PND

Many factors in the perioperative period can affect the
gut microbiota (Liang W, et al., 2019). The operation,
the use of antibiotics in the perioperative period, the
lack of enteral nutrition after the operation, and the use
of opioids and antacids in the perioperative period have
all been shown to affect the gut microbiota. studies of
PND induced by surgery and anesthesia indicates that
whether it is intestinal surgery or non- intestinal surgery,
it is more likely to cause changes in gut microbiota
after major surgery (Liufu N, et al., 2020). It is known
that the imbalance of gut microbiota is related to
neuroinflammation and cognitive dysfunction (Haase S,
et al., 2020). Although the relationship between the gut
microbiome and human health is well known, Liang et
al. have now proposed a new type of connection between
the perioperative gut microbiome and postoperative
cognitive dysfunction (Liang P, et al., 2018). Antibiotics
are one of the most commonly used drugs to prevent
infection during the perioperative period, and long-term
use of antibiotics will inevitably lead to gut microbiome
disturbance. Bacterial imbalance caused by antibiotics
may lead to perioperative cognitive changes. Numerous
clinical trials have been conducted to investigate the
effects of probiotics/prebiotics on PND. More research
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needs to be done to confirm this finding and expand how
dysbacteriosis can lead to cognitive dysfunction.

A number of studies have suggested gut microbiota may
play a role in PND development and progression (Xu
X, et al., 2020). Yang and colleagues present the first
functional evidence that feeding with prebiotic galacto-
oligosaccharide alleviated cognitive dysfunction, and
downregulated activation of microglia and expressions
of pro-inflammatory IL-6 in the hippocampus from the
rats after operation (Yang XD, et al., 2018). Another
research from Zhan group shown a total of 24 types
of gut microbiota changed in the POCD mice. In the
fecal samples of POCD mice, Firmicutes phylum and
Tenericutes phylum was significantly decreased while the
abundance of E. coli and Chlamydiae phylum increased
(Zhan G, et al., 2019). Furthermore, they found that the
pseudo-germ-free mice (induced by antibiotics) exhibited
abnormal behaviors, and the gut microbiota of the non-
POCD group could improve the abnormal behaviors of
pseudo-germ-free mice, while the gut microbiota of the
POCD group did not do so. The possible mechanisms
are (1) probiotics promote intestinal bacteria to produce
more exogenous polyamines, which not only inhibit the
production of inflammatory factors, but also have anti-
mutagenic and antioxidant effects; (2) probiotics can also
reduce the activity of inflammatory factors and increase
the level of tryptophan-derived neurotrophic factor
(Oelschlaeger TA, 2010; Hadizadeh M, et al. 2019).
Aging is the key risk factor for PND. Aging is
accompanied by changes in the gut Microbiome (Nagpal
R, et al., 2018). These alterations may contribute to the
development of pathophysiological PND. Wen et al.,
reported that the combination of aging and antibiotics
will increase the permeability of BBB and induce
POCD, which can be reversed by the application of
Lactobacillus (Wen J, et al., 2020). More specifically,
Liufu et al., reported that a preexisting disturbance in the
gut microbiome leads to increased POCD in aged mouse
model. Anesthesia/surgery caused different alterations in
gut microbiota between the 8- and 19-months old mice
(Liufu N, et al., 2020). The anesthesia/surgery induced
greater postoperative delirium-like behavior, increased
hippocampal IL-6 levels, decreased synaptophysin levels,
and mitochondrial dysfunction in 19 months old mice.
Treatments with Lactobacillus and probiotic mitigated
the anesthesia/surgery-induced changes.

Although there are many studies that prove the
correlation between intestinal flora and PND, the precise
mechanisms involved in PND by gut microbiota are yet
to be defined. The potential role of gut microbiota in the
pathogenesis of PND is presented in Figure.

Conclusions and future perspectives

It is well known that normal gut microbiota modulates
brain development and behavior. As mentioned above,
surgery and anesthesia can lead to intestinal flora
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Figure. The potential role of gut microbiota in the pathogenesis of perioperative neurocognitive disorder (PND).

disorders and changes of metabolites, which in turn can
affect the neurological function and the range of brain
damage through the gut-brain axis and participate in
the pathophysiological mechanism of PND. Notably,
intestinal microflora approach yielded promising results
in mouse models, there have been only a limited number
of clinical trials in humans. Therefore, a more in-depth
understanding of the mechanism of the gut microbiota
in the occurrence and development of PND will help the
research and development of new therapeutic targets or
new drugs for cognitive disorders, especially POCD.
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