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Postoperative neurocognitive disorders (PND) represent a significant challenge
affecting patients undergoing surgical procedures, particularly in the elderly
population. These disorders can lead to profound impairments in cognitive function,
impacting memory, attention, and overall quality of life. Despite ongoing research
efforts to identify risk factors and improve management strategies, PND remains
underdiagnosed and poorly understood, complicating postoperative recovery and
rehabilitation. This review aims to explore the recent advancement in the literature
about PND, focusing on the underlying mechanismes, risk factors, and potential
therapeutic approaches. We highlight recent advancements in the understanding
of neuroinflammation, and it is implications for novel therapies to prevent PND.
By synthesizing the latest research, we hope to provide insights that could lead to
improved outcomes for patients at risk for PND and foster a shift towards more
effective preventive measures in such population.

KEYWORDS

neuroinflammation, neuroprotection, elderly, postoperative neurocognitive disorders,
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1 Introduction

Postoperative neurocognitive disorders (PND) represent a growing, yet not well-
understood threat to the surgical patients, especially those aging >65 years undergoing a major
surgical procedure under general anesthesia (GA) (1). PND is a syndrome characterized by a
decline from a preoperative state in multiple cognitive domains including attention, memory,
language, emotion and executive functions following anesthesia and surgery (2). Since
consensus about neurocognitive tests used to diagnose the syndrome is yet to be achieved,
incidence can vary hugely across literature, with studies reporting as high as 50 to 60% (3-5),
making it the most common postoperative complication in the elderly. PND results in a major
social and economic burden to both the patients and their families, and to the health care
providers. It causes an increased morbidity and mortality, worsening of present neurological
and mental diseases, longer hospital stay and overall higher costs of health services (6). Since
the emerging of this new entity of neurocognitive syndrome, many strategies have been
investigated to alter the course of the cognitive decline, both pharmacologically and
non-pharmacologically (7-9). This review aims to provide an insight into the recent updates
on prevention and protection against PND. A summary of this review is shown in
Graphical abstract.
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GRAPHICAL ABSTRACT

2 Nomenclature

The lack of a unified and widely adopted terminology for
postoperative cognitive complications has been a major issue in the
literature, contributing significantly to the chaos in the existing
literature. Authors and researchers have employed a wide variety of
terms interchangeably, including postoperative cognitive impairment,
postoperative cognitive dysfunction (POCD), perioperative cognitive
disorder, and other related terms, often without clear distinctions or
consistent definitions. This terminological inconsistency has created
substantial challenges in several key areas including synthesizing
research findings, comparing study results, establishing clear
diagnostic criteria, and developing management guidelines.

In response to this significant heterogeneity in the definitions
and classifications of postoperative cognitive complications,
in 2018
nomenclature of cognitive decline in surgical patients (10), sharing

recommendations were published regarding the
the updated terminology across six accredited journals (Figure 1).
This landmark effort aimed to bring much-needed standardization to
the field, improving communication and collaboration among
researchers and clinicians.

A crucial aspect of this nomenclature is its temporal limitation;
it applies only within the 12-month period following the surgical
event and anesthesia. This time limitation is based on the
understanding that the physiological and psychological effects of
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surgery and anesthesia are expected to dissipate within a year. Any
cognitive decline diagnosed after this 12-month period should not
retain the “postoperative” specifier. Such cases should instead
be classified according to the established criteria for mild or major
neurocognitive disorder (NCD) as defined for the general
population, recognizing that these conditions may have different
etiologies and require distinct diagnostic and management
approaches. This distinction is crucial for ensuring accurate
diagnosis, appropriate treatment, and meaningful research
comparisons. The adoption of these standardized terms is essential
for advancing our understanding of PND and for improving
patient care.

3 Potential mechanisms

Despite decades of intensive research, the precise mechanisms
underlying PND remain elusive (11-14). While a single, definitive
pathway responsible for post-surgical cognitive changes has yet to
be identified, substantial evidence points to PND as a multifactorial
disorder, influenced by a complex interplay of factors that directly or
indirectly impact brain function and cognitive performance (15-17).
These factors can be broadly categorized into those related to
neuroinflammation, the effects of anesthesia, and the influence of the
gut microbiota.
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FIGURE 1

12 months).

The updated nomenclature timeline of perioperative neurocognitive disorders. The new guideline classifies perioperative neurocognitive disorders
(p-NCD) based on their onset and duration, outlining their progression from postoperative delirium (POD) (up to 7 days) to delayed neurocognitive
recovery (up to 30 days), postoperative neurocognitive disorders (PND) (up to 12 months), and persistent neurocognitive disorders (beyond

3.1 Neuroinflammation

One of the most extensively studied hypotheses centers on the
role of neuroinflammation in the development of PND (18), as
illustrated in Figure 2. Surgical trauma induces a systemic
inflammatory response, leading to the release of proinflammatory
cytokines and molecules into the bloodstream. These mediators enter
the cerebral circulation, where they act upon endothelial cells of the
blood-brain barrier (BBB), disrupting tight junctions and increasing
permeability. The resulting uncontrolled influx of peripheral
inflammatory molecules into the CNS contributes to
neuroinflammation and oxidative stress. Within the CNS,
proinflammatory cytokines activate resident immune cells, including
astrocytes and microglia, initiating a pathological inflammatory
response. Activated microglia and astrocytes release cytotoxic
mediators resulting in transient or permanent cognitive impairment,
depending on the severity of neuroinflammation, the extent of
neuronal damage, and the patient’s baseline cognitive reserve. In some
cases, neuronal function may recover following the resolution of
inflammation, while in others, prolonged neuroinflammation may
lead to irreversible neuronal loss and long-term neurocognitive
decline (15).

3.1.1 Microglia: the CNS's first responders

Microglia, the resident immune cells of the CNS, play a crucial
role in maintaining CNS homeostasis. Similar to peripheral
macrophages, microglia are responsible for clearing cellular debris
and promoting neuronal survival (19). However, in the elderly,
microglia often undergo age-related changes, including a shift
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towards a pro-inflammatory phenotype. This imbalance in the
production of pro- and anti-inflammatory cytokines creates a
neurotoxic environment within the CNS, contributing to neuronal
damage and dysfunction (20). Further research is needed to
understand the specific microglial alterations that contribute to PND
and to identify potential therapeutic targets to modulate
microglial activation.

3.1.2 Astrocytes: guardians of neuronal health

Astrocytes, the most abundant glial cells in the CNS, are essential
for maintaining neuronal health and function. They play a vital role
in transporting essential nutrients, such as glucose and lactate, to
neurons and regulating the extracellular environment by controlling
glutamate levels (21). As brain ages, astrocytic functions deteriorate,
leading to disruptions in energy metabolism and an accumulation of
neurotoxic glutamate (22). This disruption in astrocytic function can
further contribute to the neuroinflammatory processes implicated in
PND. Investigating the specific mechanisms by which aging affects
astrocytes and their contribution to PND is a crucial area for
future research.

3.2 Role of anesthesia

The contribution of anesthesia to PND remains a subject of
considerable debate. While some studies have shown a strong
association between certain anesthetic agents and cognitive decline
(23, 24), others have failed to establish a clear causal link (25, 26). This
discrepancy may be due to several factors, including variations in
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Neuroinflammatory cascade following surgical trauma and its role in postoperative neurocognitive disorders. Surgical trauma induces a systemic
inflammatory response, leading to the release of proinflammatory cytokines and molecules such as IL-1p, IL-6, TNF-a, and HMGB1 into the
bloodstream. These mediators enter the cerebral circulation, where they act upon endothelial cells of the blood—-brain barrier (BBB), disrupting tight
junctions and increasing permeability. The resulting uncontrolled influx of peripheral inflammatory molecules into the CNS contributes to
neuroinflammation and oxidative stress. Within the CNS, proinflammatory cytokines activate resident immune cells, including astrocytes and microglia,
initiating a pathological inflammatory response. Activated microglia and astrocytes release cytotoxic mediators, including glutamate, complement
proteins, reactive oxygen species (ROS), and nitric oxide (NO). This excessive neuroinflammatory response leads to neuronal dysfunction, synaptic
impairment, and neurotoxicity, which may result in transient or permanent changes to the local neuronal cells. IL-1f, Interleukin 1 beta; IL-6, Interleukin
6; TNF-a, tumor necrosis factor alpha; HMGB1, high mobility group box-1; CNS, central nervous system.

study design, patient populations, and the specific anesthetic
techniques employed.

3.2.1 General versus non-general anesthesia

A key area of investigation focuses on the differential effects of GA
versus non-GA (regional or local anesthesia) on PND. GA agents
cross the BBB and suppress CNS activity, potentially contributing to
neurocognitive decline. However, the extent and duration of these
effects remain debated.

A meta-analysis by Gao et al. (27) examined seven randomized
controlled trials (RCTs) involving 1,031 patients (526 in the GA
group and 505 in the non-GA group) to assess the impact of
anesthesia type on PND. The results showed that PND incidence was
significantly higher in GA patients in the early postoperative period.
On postoperative day one, three studies reported a nearly fourfold
increase in PND risk in GA patients. By day three, two studies
confirmed an increased risk, with GA patients experiencing twice the
likelihood of PND. However, by day seven, five studies found no
significant difference between groups, and at 3 months, two studies
reported comparable PND incidence. These findings suggest that
GA-related cognitive impairment is primarily transient, affecting
patients in the immediate postoperative period but resolving
over time.
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3.2.2 Total intravenous anesthesia versus
inhalational anesthesia

Another area of focus involves comparing the effects of propofol-
based total intravenous anesthesia (TIVA) versus inhalational
anesthetics such as sevoflurane or isoflurane on PND in elderly patients.
Pang et al. (28) conducted a meta-analysis of 15 RCTs involving 1,854
elderly patients undergoing non-cardiac surgery, evaluating PND
incidence and postoperative cognitive status at different time points.

Their findings suggested that propofol anesthesia was associated
with a lower risk of early PND. Between postoperative days 2 and 6,
patients receiving propofol had a significantly lower incidence of PND
compared to those receiving inhalational anesthesia. Additionally,
Mini-Mental State Examination (MMSE) scores were higher in the
propofol group, suggesting better postoperative cognitive function.
The analysis also showed that propofol anesthesia was linked to lower
levels of systemic inflammation, with reduced Interleukin-6 (IL-6) and
Tumor Necrosis Factor-alpha (TNF-a) compared to inhalational agents.

3.3 Microbiotas of the gut

The gut microbiota, the complex community of microorganisms
residing in the gastrointestinal tract (GIT), is now recognized as a
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significant modulator of various physiological processes, including
immune responses, metabolic pathways, and even brain function (17,
29). Emerging evidence suggests that alterations in the gut microbiota
may contribute to PND by influencing the gut-brain axis, the
bidirectional communication pathway connecting the digestive
system and the CNS (30-33).

Surgery and general anesthesia significantly alter gut microbiota
composition through multiple mechanisms. Surgical stress and
immune dysregulation disrupt gut barrier integrity, reducing
beneficial bacteria while promoting pathogenic overgrowth (34).
General anesthesia further alters microbial diversity and increases
intestinal permeability, allowing bacterial metabolites like
lipopolysaccharides to trigger neuroinflammation (35). Antibiotic
prophylaxis exacerbates dysbiosis by reducing microbial diversity,
increasing the risk of PND (36).

Microbiota-targeted interventions are being explored to
mitigate PND by restoring gut microbial balance and reducing
neuroinflammation.  Probiotics, particularly strains like
Lactobacillus rhamnosus and Bifidobacterium longum, have shown
neuroprotective effects in animal models, though clinical evidence
on their role in PND prevention remains limited (37, 38). Fecal
(FMT),

Clostridioides difficile infections, has demonstrated cognitive

Microbiota Transplantation primarily used for
benefits in neurological disorders, with animal studies suggesting
its potential for PND prevention by improving microbiota
composition and reducing inflammation (39, 40). Additionally,
dietary interventions rich in fiber, polyphenols, and fermented
foods may support a healthy gut-brain axis, while exercise and
stress reduction have been linked to improved gut microbial
composition and cognitive resilience (41).

Recent studies highlight the role of gut microbiota in PND
development, with postoperative shifts in microbial composition
linked to neuroinflammation and cognitive decline. Zhang et al. (30-
33) found that reduced anti-inflammatory gut bacteria and increased
Bacteroides levels were associated with PND in mice, suggesting gut
microbiota modulation as a potential preventive strategy. Similarly,
Zhang et al. (30-33) identified a correlation between higher
Parabacteroides distasonis levels and POD in elderly surgical patients.
While promising, further clinical studies are needed to validate the
long-term efficacy of these approaches in improving postoperative
cognitive outcomes.

4 Risk factors

The development of PND is not a universal outcome following
surgery under GA. Identifying key risk factors is crucial, particularly
in the elderly, who are more vulnerable due to age-related neurological
and physiological changes.

The first international study of postoperative cognitive
dysfunction (ISPOCD 1) identified various patient-related and
non-patient-related factors contributing to PND. These risk factors
can be categorized as modifiable and non-modifiable, as outlined in
Table 1 (6, 9, 42-45).

Among non-modifiable risk factors, advanced age, frailty,
and pre-existing cognitive impairment significantly increase
susceptibility to PND. Older adults have reduced cognitive reserve,
making them more prone to POD and long-term cognitive decline.
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TABLE 1 Modifiable and non-modifiable risk factors.

Non-modifiable risk factors

Modifiable risk factors

Anesthetic type Old age
Anesthesia depth Male sex
Intraoperative hypotension Surgery type

Postoperative pain Surgery duration

Sleep quality Frailty

Pre-existing cognitive decline
ASA TII or above

ASA, American society of anesthesiologist.

Other factors such as male sex, surgery type and duration, and a
higher ASA classification (>III) also correlate with increased
neurocognitive vulnerability.

In contrast, modifiable risk factors provide opportunities for
anesthetic  protocols,
hemodynamic stability, ensuring effective pain management, and
promoting adequate sleep can help reduce the risk of PND. Addressing
these factors is particularly important for elderly patients, as they are

intervention. Optimizing maintaining

more susceptible to perioperative neurocognitive decline.

Given the rising number of surgeries in older adults, a targeted
approach focusing on modifiable risk factors is essential for improving
postoperative cognitive outcomes.

5 PND prevention

Despite the many attempts to ameliorate the harm of PND,
currently, there is no definitive evidence-based management plan for
patients who develop postoperative cognitive impairment. This may
be due to variations in defining, testing, and diagnosing this disorder
across the literature. The current focus of many RCTs is examining
various neuroprotective measures to stop the development of PND (9,
27, 46, 47).

5.1 Non-pharmacological interventions

5.1.1 Depth of anesthesia

Depth of anesthesia (DoA), the level of unconsciousness during GA,
is achieved through anesthetic agents that suppress CNS activity, reducing
responsiveness to stimuli. Traditionally, DoA assessment relied on
subjective methods such as monitoring vital signs and patient movement,
which are prone to bias and inaccuracy, sometimes leading to
intraoperative awareness and psychological distress, including
Posttraumatic stress disorder (48). This underscores the need for objective
and precise monitoring, particularly in elderly patients, who are more
sensitive to anesthetics and require lower doses to achieve the same level
of unconsciousness. The development of EEG-based monitoring, such as
the BIS monitor, has significantly improved anesthesia precision and
safety by providing a numerical value (0-100) that correlates with
anesthesia depth (49, 50). Maintaining an optimal BIS range of 40-60
during surgery balances anesthesia with reduced intraoperative and
postoperative complications, including a lower risk of awareness (51),
attenuated  inflammatory (52) and a decreased
incidence of PND.

responses
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Numerous studies suggest that excessive anesthesia depth is more
strongly associated with PND than insufficient anesthesia. A
sub-analysis of the BALANCED study (53) found that light anesthesia
(BIS 50) resulted in a lower incidence of POD (19% vs. 28%) compared
to deep anesthesia (BIS 35). This is particularly significant in elderly
patients, as deeper anesthesia has been linked to greater neurocognitive
impairment due to increased anesthetic sensitivity. Similarly, a
Cochrane review (54) and a meta-analysis (55) support BIS-guided
light anesthesia as a strategy to reduce POD, reinforcing its
neuroprotective role in the elderly.

However, some studies present conflicting findings. The
ENGAGES trial (56) recorded only a mild reduction in POD incidence
with BIS monitoring (26% vs. 23%). Likewise, a meta-analysis by
Wang et al. (57) found no consistent correlation between light
anesthesia (BIS 50) and lower POD incidence compared to
deeper anesthesia (BIS 35). These discrepancies suggest that while BIS
monitoring optimizes anesthesia depth, its direct impact on PND
prevention remains debated.

Despite this, BIS monitoring remains particularly valuable in
elderly patients, who face a higher risk of PND, intraoperative
awareness, and prolonged recovery. Given age-related changes in drug
metabolism and anesthetic sensitivity, BIS helps prevent both under-
sedation and over-sedation, minimizing neurocognitive
complications. Integrating BIS into anesthesia protocols for older
adults offers benefits beyond PND prevention, including reduced

anesthetic exposure and enhanced postoperative recovery.

5.1.2 Intraoperative blood pressure

Intraoperative hypotension (IOH), defined as a systolic blood
pressure (SBP) below 90 mmHg or a mean arterial pressure (MAP)
below 60 mmHg, is a common complication during surgical
procedures and anesthesia (58). Various factors contribute to IOH,
including the effects of anesthetic agents, hypovolemia, and patient
positioning (59). IOH significantly compromises perfusion to vital
organs, and if left untreated, can lead to serious complications,
including myocardial infarction (MI), cerebrovascular events, and
acute kidney injury (AKI) (60, 61). Given the age-related decline in
cerebrovascular autoregulation, elderly patients are particularly
susceptible to the adverse effects of IOH. Reduced vascular elasticity,
impaired baroreceptor sensitivity, and pre-existing comorbidities such
as hypertension increase their vulnerability to cerebral hypoperfusion,
potentially exacerbating postoperative neurocognitive impairment.

Researchers have hypothesized a link between IOH and PND,
particularly in elderly patients, where compromised cerebral perfusion
may increase POD and long-term cognitive decline (62). Some studies
support this association, particularly when IOH episodes are
prolonged. For instance, Mohr et al. (63) found that IOH episodes
lasting more than 2 min were associated with a higher incidence of
POD following cardiac surgery. Additionally, Krzych et al. (64)
proposed targeting IOH as a modifiable risk factor for PND,
reinforcing the importance of maintaining stable blood pressure
during surgery. However, many of these studies are retrospective,
limiting their ability to establish causality.

Conversely, other studies have failed to demonstrate a significant
correlation between IOH and subsequent neurological dysfunction.
Langer et al. (65) compared non-cardiac surgical patients with
targeted higher MAP maintenance to a control group without targeted
MAP management, finding no significant difference in PND incidence
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between the two groups. Similarly, a post-hoc analysis of the DECADE
trial reported a negative association between IOH and POD (66).
These conflicting findings suggest that the relationship between IOH
and PND remains complex, potentially influenced by patient-specific
factors such as cerebral autoregulation, pre-existing cognitive
impairment, and individual susceptibility to hypoperfusion.

While current evidence does not definitively establish a causal link
between IOH and PND, maintaining adequate intraoperative blood
pressure is particularly critical in elderly patients. Given their reduced
physiological reserve, strategies should focus on personalized blood
pressure management, avoiding both hypotension, which may
exacerbate cerebral ischemia, and excessive hypertension, which could
increase the risk of cerebrovascular complications.

5.1.3 Perioperative warming

Hypothermia, defined as a core body temperature below 36°C, is
a common occurrence in surgical patients (67). Several factors
contribute to intraoperative hypothermia, including the effects of
anesthesia, cool operating room temperatures, and heat loss during
surgical procedures (68). Hypothermia is associated with various
adverse postoperative outcomes, including coagulopathy, delayed
wound healing, and increased risk of surgical site infections (SSIs)
(69). These complications highlight the importance of effective
perioperative warming strategies, particularly in elderly patients, who
are more vulnerable to hypothermia due to impaired thermoregulation,
reduced metabolic heat production, and altered vasomotor responses.

Perioperative warming techniques can be broadly categorized as
active or passive. Active methods, such as forced-air warming systems
and heated intravenous fluids, actively raise core body temperature,
while passive methods rely on thermal insulation to minimize heat
loss (70). Maintaining normothermia perioperatively has been
consistently linked to reduced rates of wound infections, shivering,
intraoperative blood loss, and even mortality (71, 72). Given that
elderly patients experience greater difficulty in maintaining core body
temperature, proactive temperature management is particularly
crucial in reducing their perioperative risks.

However, the relationship between perioperative temperature and
neurocognitive outcomes remains complex, particularly in the elderly.
While normothermia is generally preferred, some studies suggest that
mild hypothermia (34-35°C) may have neuroprotective effects in
certain high-risk surgical contexts. RCTs have indicated that inducing
mild hypothermia can reduce brain injury following aortic dissection
repair and improve cognitive outcomes after cardiopulmonary bypass
(CPB) (73, 74). These findings suggest that targeted temperature
modulation could potentially benefit older adults undergoing specific
high-risk procedures. Conversely, other studies have demonstrated a
positive correlation between intraoperative hypothermia and the
development of POD (75-77).

Elderly patients are already at increased risk for PND, and
intraoperative hypothermia may exacerbate neurocognitive dysfunction
by impairing cerebral autoregulation and reducing metabolic activity in
the brain. However, inconsistencies in the literature regarding the impact
of hypothermia on PND may be due to variations in surgical procedures,
patient demographics, and differences in PND diagnostic criteria.

5.1.4 Enriched environment

An Enriched Environment (EE) consists of cognitive, sensory, and
social stimuli that enhance brain function. EE has been shown to
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improve memory, learning, attention, mood, and overall cognitive
resilience (8, 78). The mechanisms underlying EE’s benefits include
increased neuroplasticity, synaptogenesis, and neurogenesis, which
may be particularly valuable in mitigating age-related cognitive
decline and neurodegenerative diseases.

Numerous animal studies highlight EE’s cognitive benefits in
aging. Speisman et al. (79) demonstrated that aged rats housed in EE
exhibited better cognitive functions potentially via enhanced
hippocampal neurogenesis and modulating neuroimmune cytokine
signaling. Similarly, Mate et al. (80) found that EE reduced tau
pathology and neurodegeneration, suggesting a potential
neuroprotective role against age-related cognitive impairment.
Speisman et al. (81) reported that EE improved synaptic plasticity and
reduced oxidative stress in aging rodents, reinforcing its role in
preserving cognitive function. These findings suggest that EE may
slow cognitive decline and could be particularly relevant for elderly
risk of PND, dementia, or

cognitive dysfunction.

populations at postoperative

While much of the clinical research on EE has focused on early
development (82, 83), an increasing number of studies suggest its
potential cognitive benefits in aging. For instance, one meta-analysis
found that virtual reality-based exergames, an enriched and interactive
form of cognitive and physical stimulation, significantly improve
overall cognitive function, memory, and depressive outcomes in older
adults, with greater effects observed in interventions of longer
duration (84). Similarly, a randomized trial showed physical, cognitive,
and combined training enhance cognition differently—physical
training sustained concentration gains, cognitive training improved
cognitive speed over time, and combined training had immediate and
lasting benefits (85). These findings highlight the diverse yet
complementary effects of enriched interventions in aging.

In older adults, these mechanisms could be particularly beneficial
in mitigating PND and long-term postoperative cognitive dysfunction.
However, clinical trials specifically targeting EE interventions in the
elderly remain limited. While the evidence for EE’s cognitive benefits
is compelling, further research is needed to optimize EE protocols for
elderly individuals and assess their long-term effects on postoperative
cognitive function.

5.1.5 Acupuncture

Acupuncture, a therapeutic modality originating from Traditional
Chinese Medicine (TCM), involves the insertion of thin needles into
specific points on the body. While its precise mechanisms remain
under investigation, recent studies suggest that acupuncture
modulates neuronal activity, connective tissue, and muscle fibers (86,
87). These effects may influence neurotransmission, inflammation,
and cerebral blood flow, factors that are particularly relevant to
cognitive health in elderly patients, who are more susceptible to
neuroinflammation and vascular impairment.

Beyond its well-established role in pain management (88, 89) and
treatment of various medical conditions (90, 91), acupuncture has
gained interest as a potential non-pharmacological intervention for
cognitive enhancement. Emerging research suggests that acupuncture
may positively influence memory, attention, and executive function,
with applications in neurodegenerative and vascular conditions such
as Alzheimer’s disease (92), Parkinson’s disease (93), post-stroke
cognitive impairment (94), and vascular dementia (95). Given the
age-related decline in cognitive function and increased risk of PND in
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the elderly, acupuncture could serve as a potential adjunct therapy to
mitigate cognitive impairment following surgery.

In the postoperative period, acupuncture presents a cost-effective
and low-risk intervention for reducing PND in older adults, a
population particularly vulnerable to surgery-related cognitive decline.
A review by Ho et al. (96) examined trials from 2009 to 2018,
encompassing both clinical and preclinical studies. While the quality
of evidence varied, findings indicated that acupuncture reduced
inflammatory biomarkers, including S1008, Neuron-Specific Enolase
(NSE), IL-6, and TNF-a, compared to controls. Given that
neuroinflammation and oxidative stress play key roles in PND
pathogenesis, these findings suggest a potential neuroprotective
mechanism for acupuncture in surgical patients, particularly the elderly.

5.2 Pharmacological interventions

5.2.1 Dexmedetomidine

Dexmedetomidine (DEX), a selective alpha-2 adrenergic agonist,
is widely used as a sedative and anesthetic adjunct (97). Unlike
traditional sedatives, DEX modulates sympathetic outflow, reducing
norepinephrine release to induce sedation while preserving respiratory
function (98).

Beyond its sedative and analgesic effects, DEX exerts anti-
inflammatory properties. Preclinical studies demonstrate its ability to
attenuate systemic inflammation. Zhang et al. (30) found that DEX
reduced sepsis-induced organ injury by increasing IL-10 and nuclear
receptor 77, while suppressing TNF-a and IL-1p. Similarly, Gao et al.
(99) reported reduced neuroinflammation and preserved white matter
in spinal cord-injured rats, effects reversed by a2-adrenergic receptor
antagonism. Clinical evidence supports these findings; a sub-analysis
of the DESIRE trial showed significantly lower C-reactive protein
(CRP) and procalcitonin levels in DEX-treated sepsis patients (100).

These anti-inflammatory properties have led to investigations into
DEXs role in preventing PND, particularly in elderly surgical patients.
Shin et al. (47) compared DEX-based vs. propofol-based sedation in
elderly patients undergoing lower limb surgery, reporting a
significantly lower incidence of POD in the DEX group, though with
lower MAP and heart rate (HR) in the post-anesthesia care unit
(PACU). Similarly, Ge et al. (101) found that DEX infusion improved
cognitive function post-carotid endarterectomy (CEA), with higher
MMSE and MoCA scores and reduced IL-6 and TNF-a levels in the
first 72 h. While Brain-Derived Neurotrophic Factor levels were
initially similar across groups, only the placebo group returned to
baseline after 24 h. Further supporting this, Tang et al. (102)
demonstrated that sufentanil plus DEX reduced POD incidence and
severity after thoracoscopic-laparoscopic esophagectomy (TLE),
accompanied by lower IL-6 and TNF-o, and higher IL-10 at
24 h postoperatively.

DEX’s mechanism, anti-inflammatory properties, and favorable
safety profile make it a promising agent for PND prevention,
particularly in the elderly and those with pre-existing cognitive
impairment. Future research should refine optimal dosing strategies
to maximize cognitive benefits while mitigating hemodynamic effects.

5.2.2 Parecoxib sodium

Parecoxib sodium, a selective cyclooxygenase-2 (COX-2)
inhibitor, is a potent analgesic and anti-inflammatory agent widely
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used in perioperative care (103). As the only injectable COX-2
inhibitor, it undergoes rapid hepatic metabolism to its active form,
valdecoxib, and is typically administered intravenously or
intramuscularly for acute pain management. Parecoxib sodium’s
COX-2 selectivity provides effective pain relief while minimizing
gastrointestinal and renal complications compared to non-selective
NSAIDs (104).

Surgical stress-induced systemic inflammation is implicated in
PND pathogenesis (105). Given parecoxib sodium’s anti-inflammatory
properties, studies have investigated its neuroprotective effects in
elderly surgical patients. Mu et al. (106) conducted a multicenter,
double-blind RCT in elderly orthopedic patients under spinal
anesthesia, finding that PND incidence decreased from 11 to 6.2%
when parecoxib sodium was added to a postoperative morphine
regimen. Similarly, Zhu et al. (107) examined elderly knee arthroplasty
patients, reporting lower PND incidence at 1 week (16.7% vs. 33.9%),
improved POP relief within the first 12 h, and reduced IL-18, IL-6,
and TNF-a plasma levels. However, differences in 3-month PND
incidence and CRP levels were not statistically significant.

Parecoxib sodium offers potent analgesia, reduced opioid reliance,
and a favorable safety profile in the perioperative setting. While its
neuroprotective role in PND prevention remains promising, further
high-quality trials are needed to establish definitive benefits and
optimize perioperative anti-inflammatory strategies for elderly
surgical patients at risk of PND.

5.2.3 Dexamethasone

Dexamethasone, a synthetic glucocorticoid, is widely used in
perioperative care due to its anti-inflammatory, immunomodulatory,
analgesic, antiemetic, and anti-shivering properties (108-111). These
effects contribute to improved postoperative recovery by reducing
inflammation, nausea, pain, and thermoregulatory disturbances,
making dexamethasone a valuable adjunct in multimodal anesthesia
protocols (112).

Dexamethasone’s anti-inflammatory and neuroprotective
properties have led to increasing interest in its potential role in
reducing PND. Inflammation is a key contributor to PND
pathogenesis, and glucocorticoids like dexamethasone may mitigate
surgery-induced neuroinflammation, thereby improving postoperative
cognitive outcomes. Several studies have examined dexamethasone’s
impact on PND and POD in elderly surgical patients. Huang et al.
(113) found that a single 10 mg dose of dexamethasone significantly
reduced POD incidence compared to placebo in elderly patients
undergoing intertrochanteric fracture surgery. Similarly, Kluger et al.
(114) reported that a 20 mg dose reduced PND severity scores in hip
fracture patients, though it did not significantly alter overall
PND incidence.

These findings suggest that while dexamethasone may not
completely prevent PND, it could help reduce its severity, potentially
improving functional recovery and quality of life in elderly surgical
patients. 'The mechanisms underlying dexamethasones
neuroprotective effects remain an area of active investigation.
Proposed pathways include suppression of pro-inflammatory
cytokines (IL-6, TNF-a, IL-1pB), reduction of blood-brain barrier
dysfunction, and attenuation of neuroinflammation-induced oxidative
stress (115, 116).

Dexamethasone’s broad-spectrum perioperative benefits,
including its anti-inflammatory, analgesic, and antiemetic effects,
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make it a strong candidate for inclusion in perioperative anesthetic
plans. Given its favorable safety profile with short-term use,
dexamethasone represents a promising intervention for reducing
PND risk. However, future studies should focus on determining
the optimal dosage, particularly in elderly patients, to maximize
while

its neuroprotective benefits minimizing potential

side effects.

5.2.4 Melatonin

Melatonin, a pineal gland hormone, regulates the sleep-wake
cycle and influences mood, immune function, and cognitive health
through its widespread CNS and peripheral receptor distribution
including the retina, GIT, and immune cells (117, 118). Exogenous
melatonin has demonstrated benefits in insomnia, depression, anxiety,
and migraines, with evidence suggesting neuroprotective effects in
Alzheimer’s and Parkinson’s disease (119-121).

Sleep disturbances are common in surgical patients, with
(122).
supplementation improves sleep quality, reduces anxiety, and

preoperative insomnia rates up to 79% Melatonin
enhances recovery (123, 124). Its antioxidant and anti-inflammatory
properties may also protect against PND (125, 126). A meta-analysis
indicated melatonin reduces PND incidence, though results vary
(127). For Elbakry et al. (128) found that 5mg oral melatonin
preoperatively reduced POD in elderly colorectal surgery patients,
whereas Ford et al. (129) observed no effect with 3 mg in cardiac
surgery, suggesting dose and surgical context may influence efficacy.

Melatonin shows potential for PND prevention, particularly
in elderly patients, by addressing sleep disturbances and reducing
neuroinflammation. Further research should optimize dosing
and administration timing to enhance its perioperative
neuroprotective benefits.

5.2.5 Minocycline

Minocycline, a semisynthetic tetracycline antibiotic, is used for
bacterial infections and has shown potential in treating chronic pain,
epilepsy, and diabetic neuropathy due to its anti-inflammatory, anti-
apoptotic, and immunomodulatory properties (130-132). Its
lipophilic nature allows it to cross the BBB, suggesting neuroprotective
effects (133, 134).

Animal studies indicate that minocycline regulates microglia,
astrocytes, and neurons, inhibiting microglial activation and reducing
pro-inflammatory cytokines such as TNF-a, IL-1f, and IL-6 (135,
136). Lietal. (137) demonstrated that older rats exposed to isoflurane
anesthesia exhibited lower neuroinflammatory marker levels with
minocycline treatment. However, some studies caution that while
minocycline initially inhibits microglial activation, delayed
microgliosis may negatively affect the hippocampus, potentially
impairing long-term cognitive function (138).

Regarding PND, Liang et al. (139) suggested minocycline may
mitigate anesthetic-induced cognitive impairment by protecting
against sevoflurane-induced neuroinflammation. However, an RCT
conducted by Takazawa et al. (140) in elderly knee arthroplasty
patients found no significant difference in PND incidence or
postoperative pain between minocycline and control groups. These
conflicting results highlight the uncertain clinical efficacy of
minocycline in perioperative neuroprotection.

While preclinical studies support minocycline’s neuroprotective
and anti-inflammatory properties, clinical evidence remains
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inconclusive. Further rigorous trials are needed to clarify its efficacy
in preventing PND, particularly in elderly surgical patients.
Understanding optimal dosing, treatment duration, and patient
selection will be essential in determining minocycline’s role in
perioperative neuroprotection.

6 Conclusion

PND poses a significant threat to elderly patients, impacting their
quality of life and placing a substantial burden on healthcare systems.
The current lack of a standardized approach to diagnosis, assessment,
and management, coupled with marked heterogeneity in research
methodologies, hinders progress. Future research should prioritize the
development of robust tools for quantifying PND risk factors and
identifying specific biomarkers. Equally important is the creation of
evidence-based management plans to effectively address PND in
affected patients, thereby improving post-surgical outcomes and
reducing the overall healthcare burden.

Author contributions

LM: Formal analysis, Funding acquisition, Methodology,
Resources, Supervision, Visualization, Writing - original draft,
Writing — review & editing. HJ: Data curation, Formal analysis,
Investigation, Methodology, Software, Writing - original draft,
Writing - review & editing. WG: Conceptualization, Investigation,
Resources, Software, Writing - original draft, Writing — review &
editing. QZ: Data curation, Software, Writing — original draft,
Writing - review & editing. XW: Data curation, Formal analysis,
Investigation, Writing - original draft, Writing - review & editing. XL:
Formal analysis, Methodology, Writing - review & editing.

References

1. Needham MJ, Webb CE, Bryden DC. Postoperative cognitive dysfunction and
dementia: what we need to know and do. Br J Anaesth. (2017) 119:i115-25. doi:
10.1093/bja/aex354

2. Dilmen OK, Meco BC, Evered LA, Radtke FM. Postoperative neurocognitive disorders:
A clinical guide. J Clin Anesth. (2024) 92:111320. doi: 10.1016/j.jclinane.2023.111320

3. Evered LA, Silbert BS. Postoperative cognitive dysfunction and noncardiac surgery.
Anesth Analg. (2018) 127:496-505. doi: 10.1213/ANE.0000000000003514

4. Mahanna-Gabrielli E, Schenning K], Eriksson LI, Browndyke JN, Wright CB,
Culley DJ, et al. State of the clinical science of perioperative brain health: report from
the American Society of Anesthesiologists Brain Health Initiative Summit 2018. Br J
Anaesth. (2019) 123:464-78. doi: 10.1016/j.bja.2019.07.004

5. Moller JT, Cluitmans P, Rasmussen LS, Houx P, Rasmussen H, Canet J, et al. Long-
term postoperative cognitive dysfunction in the elderly: ISPOCD1 study. Lancet. (1998)
351:857-61. doi: 10.1016/S0140-6736(97)07382-0

6. Yang X, Huang X, Li M, Jiang Y, Zhang H. Identification of individuals at risk for
postoperative cognitive dysfunction (POCD). Ther Adv Neurol Disord. (2022)
15:17562864221114356. doi: 10.1177/17562864221114356

7. Granger KT, Barnett JH. Postoperative cognitive dysfunction: an acute approach
for the development of novel treatments for neuroinflammation. Drug Discov Today.
(2021) 26:1111-4. doi: 10.1016/j.drudis.2021.01.019

8. Hua M, Min J. Postoperative cognitive dysfunction and the protective effects of
enriched environment: a systematic review. Neurodegener Dis. (2020) 20:113-22. doi:
10.1159/000513196

9. Jin Z, Hu J, Ma D. Postoperative delirium: perioperative assessment, risk reduction,
and management preoperative risk assessment and optimisation multidisciplinary team
involvement perioperative risk reduction recognition and management of established
delirium. Br J Anaesth. (2020) 125:492-504. doi: 10.1016/j.bja.2020.06.063

Frontiers in Medicine

10.3389/fmed.2025.1525639

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Liaoning Provincial Applied Basic Research Program
Joint Project (2022JH2/101500074).

Acknowledgments

The figures were supported by Figdraw.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen AI was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

10. Evered L, Silbert B, Knopman DS, Scott DA, DeKosky ST, Rasmussen LS, et al.
Recommendations for the nomenclature of cognitive change associated with anaesthesia
and surgery—2018. Br ] Anaesth. (2018) 121:1005-12. doi: 10.1016/j.bja.2017.11.087

11.LiN, Ma Y, Li C, Sun M, Qi E Dexmedetomidine alleviates sevoflurane-induced
neuroinflammation and neurocognitive disorders by suppressing the P2X4R/NLRP3
pathway in aged mice. Int J Neurosci. (2022) 134:511-21. doi: 10.1080/00207454.
2022.2121921

12. Wang X, Chen L, Xu Y, Wang W, Wang Y, Zhang Z, et al. Gastrodin alleviates
perioperative neurocognitive dysfunction of aged mice by suppressing
neuroinflammation. Eur ] Pharmacol. (2021) 892:173734. doi: 10.1016/j.ejphar.
2020.173734

13. Zuo Y, Yin L, Cheng X, Li J, Wu H, Liu X, et al. Elamipretide attenuates Pyroptosis
and perioperative neurocognitive disorders in aged mice. Front Cell Neurosci. (2020)
14:251. doi: 10.3389/fncel.2020.00251

14. Liu ], Huang J, Zhang Z, Zhang R, Sun Q, Zhang Z, et al. Mesenchymal stem cell-
derived exosomes ameliorate delayed neurocognitive recovery in aged mice by inhibiting
Hippocampus Ferroptosis via activating SIRT1/Nrf2/HO-1 signaling pathway. Oxidative
Med Cell Longev. (2022) 2022:3593294-22. doi: 10.1155/2022/3593294

15.Liu Y, Fu H, Wang T. Neuroinflammation in perioperative neurocognitive
disorders: from bench to the bedside. CNS Neurosci Ther. (2022) 28:484-96. doi:
10.1111/cns. 13794

16. Xu F, Han L, Wang Y, Deng D, Ding Y, Zhao S, et al. Prolonged anesthesia induces
neuroinflammation and complement-mediated microglial synaptic elimination involved
in neurocognitive dysfunction and anxiety-like behaviors. BMC Med. (2023) 21:7. doi:
10.1186/512916-022-02705-6

17.Xu X, Hu Y, Yan E, Zhan G, Liu C, Yang C. Perioperative neurocognitive
dysfunction: thinking from the gut? Aging (Albany NY). (2020) 12:15797-817. doi:
10.18632/aging. 103738

frontiersin.org


https://doi.org/10.3389/fmed.2025.1525639
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1093/bja/aex354
https://doi.org/10.1016/j.jclinane.2023.111320
https://doi.org/10.1213/ANE.0000000000003514
https://doi.org/10.1016/j.bja.2019.07.004
https://doi.org/10.1016/S0140-6736(97)07382-0
https://doi.org/10.1177/17562864221114356
https://doi.org/10.1016/j.drudis.2021.01.019
https://doi.org/10.1159/000513196
https://doi.org/10.1016/j.bja.2020.06.063
https://doi.org/10.1016/j.bja.2017.11.087
https://doi.org/10.1080/00207454.2022.2121921
https://doi.org/10.1080/00207454.2022.2121921
https://doi.org/10.1016/j.ejphar.2020.173734
https://doi.org/10.1016/j.ejphar.2020.173734
https://doi.org/10.3389/fncel.2020.00251
https://doi.org/10.1155/2022/3593294
https://doi.org/10.1111/cns.13794
https://doi.org/10.1186/s12916-022-02705-6
https://doi.org/10.18632/aging.103738

Ma et al.

18.Lin X, Chen Y, Zhang P, Chen G, Zhou Y, Yu X. The potential mechanism of
postoperative cognitive dysfunction in older people. Exp Gerontol. (2020) 130:110791.
doi: 10.1016/j.exger.2019.110791

19. Nayak D, Roth TL, McGavern DB. Microglia development and function. Annu Rev
Immunol. (2014) 32:367-402. doi: 10.1146/annurev-immunol-032713-120240

20. Niraula A, Sheridan JE Godbout JP. Microglia priming with aging and stress.
Neuropsychopharmacology. (2017) 42:318-33. doi: 10.1038/npp.2016.185

21. Femenia T, Giménez-Cassina A, Codeluppi S, Fernandez-Zafra T, Katsu-Jiménez
Y, Terrando N, et al. Disrupted Neuroglial metabolic coupling after peripheral surgery.
J Neurosci Off ] Soc Neurosci. (2018) 38:452-64. doi: 10.1523/JNEUROSCI.1797-17.2017

22. Zumkehr J, Rodriguez-Ortiz CJ, Cheng D, Kieu Z, Wai T, Hawkins C, et al.
Ceftriaxone ameliorates tau pathology and cognitive decline via restoration of glial
glutamate transporter in a mouse model of Alzheimer’s disease. Neurobiol Aging. (2015)
36:2260-71. doi: 10.1016/j.neurobiolaging.2015.04.005

23. Hussein M, Fathy W, Nabil T, Abd Elkareem R. Postoperative cognitive dysfunction
and the possible underlying neurodegenerative effect of anaesthesia. Int J Neurosci.
(2019) 129:729-37. doi: 10.1080/00207454.2018.1561451

24. Negrini D, Wu A, Oba A, Harnke B, Ciancio N, Krause M, et al. Incidence of
postoperative cognitive dysfunction following inhalational vs Total intravenous general
anesthesia: a systematic review and meta-analysis. Neuropsychiatr Dis Treat. (2022)
18:1455-67. doi: 10.2147/NDT.S374416

25.Lai Z, Min ], Li ], Shan W, Yu W, Zuo Z. Surgery trauma severity but not anesthesia
length contributes to postoperative cognitive dysfunction in mice. ] Alzheimers Dis.
(2021) 80:245-57. doi: 10.3233/JAD-201232

26. Zhang J, Tan H, Jiang W, Zuo Z. The choice of general anesthetics may not affect
neuroinflammation and impairment of learning and memory after surgery in elderly
rats. ] Neuroimmune Pharmacol. (2015) 10:179-89. doi: 10.1007/s11481-014-9580-y

27.Gao Y, Liu L, Zhao B, Wang Y, Yu S, Wang H. Effect of general and non-general
anesthesia on postoperative cognitive dysfunction. J Coll Physicians Surg Pak. (2020)
30:407-11. doi: 10.29271/jcpsp.2020.04.407

28. Pang QY, Duan LP, Jiang Y, Liu HL. Effects of inhalation and propofol anaesthesia
on postoperative cognitive dysfunction in elderly noncardiac surgical patients: a
systematic review and meta-analysis. Medicine. (2021) 100:e27668. doi:
10.1097/MD.0000000000027668

29.Lu ], Hou W, Gao S, Zhang Y, Zong Y. The role of gut microbiota-gut-brain Axis
in perioperative neurocognitive dysfunction. Front Pharmacol. (2022) 13:879745. doi:
10.3389/fphar.2022.879745

30. Zhang Q, Huang Y, Gong C, Tang Y, Xiong J, Wang D, et al. Dexmedetomidine
attenuates inflammation and organ injury partially by upregulating Nur77 in sepsis.
Immun Inflamm Dis. (2023) 11:e883. doi: 10.1002/iid3.883

31. Zhang S-H, Jia X-Y, Wu Q, Jin ], Xu L-S, Yang L, et al. The involvement of the gut
microbiota in postoperative cognitive dysfunction based on integrated metagenomic
and metabolomics analysis. Microbiol ~Spectr. (2023) 11:¢0310423. doi:
10.1128/spectrum.03104-23

32. Zhang Y, Baldyga K, Dong Y, Song W, Villanueva M, Deng H, et al. The association
between gut microbiota and postoperative delirium in patients. Transl Psychiatry. (2023)
13:156. doi: 10.1038/s41398-023-02450-1

33.Zhang Y, Li Y, Barber AF, Noya SB, Williams JA, Li E, et al. The microbiome
stabilizes circadian rhythms in the gut. Proc Natl Acad Sci USA. (2023) 120:€2217532120.
doi: 10.1073/pnas.2217532120

34. Tognini P. Gut microbiota: a potential regulator of neurodevelopment. Front Cell
Neurosci. (2017) 11:25. doi: 10.3389/fncel.2017.00025

35. Liu L, Shang L, Jin D, Wu X, Long B. General anesthesia bullies the gut: a toxic
relationship with dysbiosis and cognitive dysfunction. Psychopharmacology. (2022)
239:709-28. doi: 10.1007/500213-022-06096-7

36. Frohlich EE, Farzi A, Mayerhofer R, Reichmann E Jacan A, Wagner B, et al.
Cognitive impairment by antibiotic-induced gut dysbiosis: analysis of gut microbiota-
brain communication. Brain Behav  Immun. (2016) 56:140-55. doi:
10.1016/j.bbi.2016.02.020

37.Kurdi M, Bajwa SJS, Sharma R, Choudhary R. Gut microbiota and probiotics in
perioperative management: a narrative review. Cureus. (2024) 16:¢68404. doi:
10.7759/cureus.68404

38.Li X, Zheng P, Cao W, Cao Y, She X, Yang H, et al. Lactobacillus rhamnosus GG
ameliorates noise-induced cognitive deficits and systemic inflammation in rats by
modulating the gut-brain axis. Front Cell Infect Microbiol. (2023) 13:1067367. doi:
10.3389/fcimb.2023.1067367

39. Park S-H, Lee J-H, Kim J-S, Kim TJ, Shin J, Im JH, et al. Fecal microbiota
transplantation can improve cognition in patients with cognitive decline and
Clostridioides difficile infection. Aging (Albany NY). (2022) 14:6449-66. doi:
10.18632/aging 204230

40. Sun J, Xu ], Ling Y, Wang E, Gong T, Yang C, et al. Fecal microbiota transplantation
alleviated Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic mice. Transl
Psychiatry. (2019) 9:189. doi: 10.1038/541398-019-0525-3

41. Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain fatty
acids in microbiota-gut-brain communication. Nat Rev Gastroenterol Hepatol. (2019)
16:461-78. doi: 10.1038/s41575-019-0157-3

Frontiers in Medicine

10.3389/fmed.2025.1525639

42. Chen C, Zhai R-X, Lan X, Yang S-F, Tang S-J, Xiong X-L, et al. The influence of
sleep disorders on perioperative neurocognitive disorders among the elderly: a narrative
review. Ibrain. (2024) 10:197-216. doi: 10.1002/ibra.12167

43. Gracie TJ, Caufield-Noll C, Wang NY, Sieber FE. The Association of Preoperative
Frailty and Postoperative Delirium: a Meta-analysis. Anesth Analg. (2021) 133:314-23.
doi: 10.1213/ANE.0000000000005609

44. Soehle M, Coburn M. Risk assessment of perioperative neurocognitive disorders, where
are we now? Curr Opin Anaesthesiol. (2022) 35:409-18. doi: 10.1097/AC0.0000000000001120

45. Travica N, Lotfaliany M, Marriott A, Safavynia SA, Lane MM, Gray L, et al. Peri-
operative risk factors associated with post-operative cognitive dysfunction (POCD): an
umbrella review of Meta-analyses of observational studies. J Clin Med. (2023) 12:1610.
doi: 10.3390/jcm12041610

46. Hollinger A, Riist CA, Riegger H, Gysi B, Tran F, Briigger J, et al. Ketamine vs.
haloperidol for prevention of cognitive dysfunction and postoperative delirium: a phase
IV multicentre randomised placebo-controlled double-blind clinical trial. J Clin Anesth.
(2021) 68:110099. doi: 10.1016/j.jclinane.2020.110099

47. Shin H-J, Woo Nam S, Kim H, Yim S, Han S-H, Hwang J-W, et al. Postoperative
delirium after Dexmedetomidine versus Propofol sedation in healthy older adults
undergoing orthopedic lower limb surgery with spinal anesthesia: a randomized
controlled trial. Anesthesiology. (2023) 138:164-71. doi: 10.1097/ALN.0000000000004438

48. Chung HS. Awareness and recall during general anesthesia. Korean J Anesthesiol.
(2014) 66:339-45. doi: 10.4097/kjae.2014.66.5.339

49.Fahy BG, Chau DE The Technology of Processed Electroencephalogram
Monitoring Devices for assessment of depth of anesthesia. Anesth Analg. (2018)
126:111-7. doi: 10.1213/ANE.0000000000002331

50. Medical Advisory Secretariat. Bispectral index monitor: an evidence-based
analysis. Ont Health Technol Assess Ser. (2004) 4:1-70. Available at: https://pubmed.ncbi.
nlm.nih.gov/23074459/

51. Myles PS, Leslie K, McNeil ], Forbes A, Chan MTV. Bispectral index monitoring
to prevent awareness during anaesthesia: the B-aware randomised controlled trial.
Lancet. (2004) 363:1757-63. doi: 10.1016/S0140-6736(04)16300-9

52.Quan C, Chen J, Luo Y, Zhou L, He X, Liao Y, et al. BIS-guided deep anesthesia
decreases short-term postoperative cognitive dysfunction and peripheral inflammation
in elderly patients undergoing abdominal surgery. Brain Behav. (2019) 9:€01238. doi:
10.1002/brb3.1238

53. Evered LA, Chan MTV, Han R, Chu MHM, Cheng BP, Scott DA, et al. Anaesthetic
depth and delirium after major surgery: a randomised clinical trial. Br ] Anaesth. (2021)
127:704-12. doi: 10.1016/j.bja.2021.07.021

54. Siddiqi N, Harrison JK, Clegg A, Teale EA, Young J, Taylor J, et al. Interventions
for preventing delirium in hospitalised non-ICU patients. Cochrane Database Syst Rev.
(2016) 2016:CD005563. doi: 10.1002/14651858.CD005563.pub3

55. Janssen TL, Alberts AR, Hooft L, Mattace-Raso F, Mosk CA, van der Laan L.
Prevention of postoperative delirium in elderly patients planned for elective surgery:
systematic review and meta-analysis. Clin Interv Aging. (2019) 14:1095-117. doi:
10.2147/CIA.S201323

56. Wildes TS, Mickle AM, Ben Abdallah A, Maybrier HR, Oberhaus J, Budelier TP,
et al. Effect of electroencephalography-guided anesthetic administration on
postoperative delirium among older adults undergoing major surgery: the ENGAGES
randomized clinical trial. JAMA. (2019) 321:473-83. doi: 10.1001/jama.2018.22005

57. Wang Y, Zhu H, Xu E, Ding Y, Zhao S, Chen X. The effect of anesthetic depth on
postoperative delirium in older adults: a systematic review and meta-analysis. BMC
Geriatr. (2023) 23:719. doi: 10.1186/s12877-023-04432-w

58.Kouz K, Hoppe P, Briesenick L, Saugel B. Intraoperative hypotension:
pathophysiology, clinical relevance, and therapeutic approaches. Indian J Anaesth.
(2020) 64:90-6. doi: 10.4103/ija.IJA_939_19

59. Guarracino E Bertini P. Perioperative hypotension: causes and remedies. ] Anesth
Analg Crit Care. (2022) 2:17. doi: 10.1186/s44158-022-00045-8

60. Penev Y, Ruppert MM, Bilgili A, Li Y, Habib R, Dozic A-V, et al. Intraoperative
hypotension and postoperative acute kidney injury: a systematic review. Am J Surg.
(2024) 232:45-53. doi: 10.1016/j.amjsurg.2024.02.001

61. Wesselink EM, Kappen TH, Torn HM, Slooter AJC, van Klei WA. Intraoperative
hypotension and the risk of postoperative adverse outcomes: a systematic review. Br J
Anaesth. (2018) 121:706-21. doi: 10.1016/j.bja.2018.04.036

62.van Zuylen ML, Gribnau A, Admiraal M, ten Hoope W, Veelo DP, Hollmann MW,
et al. The role of intraoperative hypotension on the development of postoperative
cognitive dysfunction: a systematic review. J Clin Anesth. (2021) 72:110310. doi:
10.1016/].JCLINANE.2021.110310

63. Mohr NL, Krannich A, Jung H, Hulde N, von Dossow V. Intraoperative blood
pressure management and its effects on postoperative delirium after cardiac surgery: a
single-center retrospective cohort study. ] Cardiothorac Vasc Anesth. (2024) 38:1127-34.
doi: 10.1053/j.jvca.2024.01.027

64. Krzych 1], Pluta MP, Putowski Z, Czok M. Investigating association between
intraoperative hypotension and postoperative neurocognitive disorders in non-cardiac
surgery: a comprehensive review. J Clin Med. (2020) 9:3183. doi: 10.3390/jcm9103183

65. Langer T, Santini A, Zadek E, Chiodi M, Pugni P, Cordolcini V, et al. Intraoperative
hypotension is not associated with postoperative cognitive dysfunction in elderly

frontiersin.org


https://doi.org/10.3389/fmed.2025.1525639
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.exger.2019.110791
https://doi.org/10.1146/annurev-immunol-032713-120240
https://doi.org/10.1038/npp.2016.185
https://doi.org/10.1523/JNEUROSCI.1797-17.2017
https://doi.org/10.1016/j.neurobiolaging.2015.04.005
https://doi.org/10.1080/00207454.2018.1561451
https://doi.org/10.2147/NDT.S374416
https://doi.org/10.3233/JAD-201232
https://doi.org/10.1007/s11481-014-9580-y
https://doi.org/10.29271/jcpsp.2020.04.407
https://doi.org/10.1097/MD.0000000000027668
https://doi.org/10.3389/fphar.2022.879745
https://doi.org/10.1002/iid3.883
https://doi.org/10.1128/spectrum.03104-23
https://doi.org/10.1038/s41398-023-02450-1
https://doi.org/10.1073/pnas.2217532120
https://doi.org/10.3389/fncel.2017.00025
https://doi.org/10.1007/s00213-022-06096-7
https://doi.org/10.1016/j.bbi.2016.02.020
https://doi.org/10.7759/cureus.68404
https://doi.org/10.3389/fcimb.2023.1067367
https://doi.org/10.18632/aging.204230
https://doi.org/10.1038/s41398-019-0525-3
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1002/ibra.12167
https://doi.org/10.1213/ANE.0000000000005609
https://doi.org/10.1097/ACO.0000000000001120
https://doi.org/10.3390/jcm12041610
https://doi.org/10.1016/j.jclinane.2020.110099
https://doi.org/10.1097/ALN.0000000000004438
https://doi.org/10.4097/kjae.2014.66.5.339
https://doi.org/10.1213/ANE.0000000000002331
https://pubmed.ncbi.nlm.nih.gov/23074459/
https://pubmed.ncbi.nlm.nih.gov/23074459/
https://doi.org/10.1016/S0140-6736(04)16300-9
https://doi.org/10.1002/brb3.1238
https://doi.org/10.1016/j.bja.2021.07.021
https://doi.org/10.1002/14651858.CD005563.pub3
https://doi.org/10.2147/CIA.S201323
https://doi.org/10.1001/jama.2018.22005
https://doi.org/10.1186/s12877-023-04432-w
https://doi.org/10.4103/ija.IJA_939_19
https://doi.org/10.1186/s44158-022-00045-8
https://doi.org/10.1016/j.amjsurg.2024.02.001
https://doi.org/10.1016/j.bja.2018.04.036
https://doi.org/10.1016/J.JCLINANE.2021.110310
https://doi.org/10.1053/j.jvca.2024.01.027
https://doi.org/10.3390/jcm9103183

Ma et al.

patients undergoing general anesthesia for surgery: results of a randomized controlled
pilot trial. J Clin Anesth. (2019) 52:111-8. doi: 10.1016/j.jclinane.2018.09.021

66. Wang J, Mao G, Malackany N, Marciniak D, Donaldson C, Wakefield B, et al.
Association between perioperative hypotension and postoperative delirium and atrial
fibrillation after cardiac surgery: a post-hoc analysis of the DECADE trial. ] Clin Anesth.
(2022) 76:110584. doi: 10.1016/j.jclinane.2021.110584

67.Mohan C, Madhusudhana R. Effects of pre-warming and co-warming in
preventing  intraoperative hypothermia. Cureus. (2023) 15:35132. doi:
10.7759/cureus.35132

68. Akers JL, Dupnick AC, Hillman EL, Bauer AG, Kinker LM, Hagedorn Wonder A.
Inadvertent perioperative hypothermia risks and postoperative complications: a
retrospective study. AORN J. (2019) 109:741-7. doi: 10.1002/a0rn.12696

69.YiJ,Lei Y, Xu S, SiY, Li S, Xia Z, et al. Intraoperative hypothermia and its clinical
outcomes in patients undergoing general anesthesia: national study in China. PLoS One.
(2017) 12:e0177221. doi: 10.1371/journal.pone.0177221

70. Tian Y-N, Gao W-Y, Tian X-R, Wang Z-W. Comparative efficacy of six active
warming Systems for Intraoperative Warming in adult patients undergoing laparoscopic
surgery: a systematic review and network Meta-analysis. Ther Hypothermia Temp
Manag. (2023) 13:92-101. doi: 10.1089/ther.2022.0032

71. Linassi E, Maran E, De Laurenzis A, Tellaroli P, Kreuzer M, Schneider G, et al.
Targeted temperature management in cardiac surgery: a systematic review and meta-
analysis on postoperative cognitive outcomes. Br | Anaesth. (2022) 128:11-25. doi:
10.1016/j.bja.2021.09.042

72.Ma H, Lai B, Dong S, Li X, Cui Y, Sun Q, et al. Warming infusion improves
perioperative outcomes of elderly patients who underwent bilateral hip replacement.
Medicine (Baltimore). (2017) 96:¢6490. doi: 10.1097/MD.0000000000006490

73.FuR, Zou L, Song X-C, Shen X, Huang F-H, Xiao L-Q, et al. Therapeutic effect of
perioperative mild hypothermia on postoperative neurological outcomes in patients
with acute Stanford type a aortic dissection. Heart Surg Forum. (2020) 23:E815-20. doi:
10.1532/hsf.3141

74. Nathan HJ, Wells GA, Munson JL, Wozny D. Neuroprotective effect of mild
hypothermia in patients undergoing coronary artery surgery with cardiopulmonary
bypass: a randomized trial. Circulation. (2001) 104:1-85-91. doi: 10.1161/hc37t1.094710

75.Ju J-W, Nam K, Sohn JY, Joo S, Lee J, Lee S, et al. Association between
intraoperative body temperature and postoperative delirium: a retrospective
observational study. J Clin Anesth. (2023) 87:111107. doi: 10.1016/j.jclinane.2023.111107

76. Wagner D, Hooper V, Bankieris K, Johnson A. The relationship of postoperative
delirium and unplanned perioperative hypothermia in surgical patients. J Perianesth
Nurs. (2021) 36:41-6. doi: 10.1016/j.jopan.2020.06.015

77.Wang J, Zhu L, Li C, Lin Y, Wang B, Lin X, et al. The relationship between
intraoperative hypothermia and postoperative delirium: the PNDRFAP study. Brain
Behav. (2024) 14:e3512. doi: 10.1002/brb3.3512

78. Balietti M, Conti F. Environmental enrichment and the aging brain: is it
time for standardization? Neurosci Biobehav Rev. (2022) 139:104728. doi:
10.1016/j.neubiorev.2022.104728

79. Speisman RB, Kumar A, Rani A, Foster TC, Ormerod BK. Daily exercise improves
memory, stimulates hippocampal neurogenesis and modulates immune and
neuroimmune cytokines in aging rats. Brain Behav Immun. (2013) 28:25-43. doi:
10.1016/j.bbi.2012.09.013

80. Mate V, Smolek T, Kazmerova ZV, Jadhav S, Brezovakova V, Jurkanin B, et al.
Enriched environment ameliorates propagation of tau pathology and improves
cognition in rat model of tauopathy. Front Aging Neurosci. (2022) 14:935973. doi:
10.3389/fnagi.2022.935973

81. Speisman RB, Kumar A, Rani A, Pastoriza JM, Severance JE, Foster TC, et al.
Environmental enrichment restores neurogenesis and rapid acquisition in aged rats.
Neurobiol Aging. (2013) 34:263-74. doi: 10.1016/j.neurobiolaging.2012.05.023

82. Morgan C, Novak I, Dale RC, Guzzetta A, Badawi N. Single blind randomised
controlled trial of GAME (goals-activity-motor enrichment) in infants at high risk of
cerebral palsy. Res Dev Disabil. (2016) 55:256-67. doi: 10.1016/j.ridd.2016.04.005

83. Woo CC, Leon M. Environmental enrichment as an effective treatment for autism:
arandomized controlled trial. Behav Neurosci. (2013) 127:487-97. doi: 10.1037/a0033010

84.Yen H-Y, Chiu H-L. Virtual reality Exergames for improving older adults’
cognition and depression: a systematic review and Meta-analysis of randomized control
trials. J Am Med Dir Assoc. (2021) 22:995-1002. doi: 10.1016/j.jamda.2021.03.009

85. Linde K, Alfermann D. Single versus combined cognitive and physical activity effects
on fluid cognitive abilities of healthy older adults: a 4-month randomized controlled trial
with follow-up. J Aging Phys Act. (2014) 22:302-13. doi: 10.1123/japa.2012-0149

86. Cantwell SL. Traditional Chinese veterinary medicine: the mechanism and
management of acupuncture for chronic pain. Top Companion Anim Med. (2010)
25:53-8. doi: 10.1053/j.tcam.2009.10.006

87.Wen J, Chen X, Yang Y, Liu ], Li E, Liu ], et al. Acupuncture medical therapy and
its underlying mechanisms: a systematic review. Am J Chin Med. (2021) 49:1-23. doi:
10.1142/50192415X21500014

88. Hinman RS, McCrory P, Pirotta M, Relf I, Forbes A, Crossley KM, et al.
Acupuncture for chronic knee pain: a randomized clinical trial. JAMA. (2014)
312:1313-22. doi: 10.1001/jama.2014.12660

Frontiers in Medicine

11

10.3389/fmed.2025.1525639

89. Vickers AJ, Vertosick EA, Lewith G, MacPherson H, Foster NE, Sherman KJ, et al.
Acupuncture for chronic pain: update of an individual patient data Meta-analysis. J Pain.
(2018) 19:455-74. doi: 10.1016/j.jpain.2017.11.005

90. Liao H-Y, Satyanarayanan SK, Lin Y-W, Su K-P. Clinical efficacy and immune
effects of acupuncture in patients with comorbid chronic pain and major depression
disorder: a double-blinded, randomized controlled crossover study. Brain Behav Immun.
(2023) 110:339-47. doi: 10.1016/j.bbi.2023.03.016

91.Zhang L, Tang Y, Hui R, Zheng H, Deng Y, Shi Y, et al. The effects of active
acupuncture and placebo acupuncture on insomnia patients: a randomized
controlled trial. Psychol Health Med. (2020) 25:1201-15. doi: 10.1080/
13548506.2020.1738015

92. Wei Y-T, Su M-L, Zhu T-T, Ren D-L, Yan X-K. Effect of acupuncture at the
acupoints for Yizhi Tiaoshen on the functional connectivity between the hippocampus
and the brain in the patients with Alzheimer’s disease. Zhongguo Zhen Jiu. (2023)
43:1351-7. doi: 10.13703/j.0255-2930.20230405-0002

93. Fan J-Q, Lu W-], Tan W-Q, Liu X, Wang Y-T, Wang N-B, et al. Effectiveness of
acupuncture for anxiety among patients with Parkinson disease: a randomized clinical
trial. JAMA Netw Open. (2022) 5:€2232133. doi: 10.1001/jamanetworkopen.2022.32133

94.Du Y, Zhang L, Liu W, Rao C, Li B, Nan X, et al. Effect of acupuncture treatment
on post-stroke cognitive impairment: a randomized controlled trial. Medicine
(Baltimore). (2020) 99:E23803. doi: 10.1097/MD.0000000000023803

95. Chen Y, Wang H, Sun Z, Su X, Qin R, Li]J, et al. Effectiveness of acupuncture for
patients with vascular dementia: a systematic review and meta-analysis. Complement
Ther Med. (2022) 70:102857. doi: 10.1016/j.ctim.2022.102857

96. Ho YS, Zhao FY, Yeung WE, Wong GTC, Zhang HQ, Chang RCC. Application of
acupuncture to attenuate immune responses and oxidative stress in postoperative
cognitive dysfunction: what do we know so far? Oxidative Med Cell Longev. (2020)
2020:1-21. doi: 10.1155/2020/9641904

97. Afonso J, Reis F. Dexmedetomidine: current role in anesthesia and intensive care.
Rev Bras Anestesiol. (2012) 62:118-33. doi: 10.1016/S0034-7094(12)70110-1

98. Weerink MAS, Struys MMRE, Hannivoort LN, Barends CRM, Absalom AR, Colin
P. Clinical pharmacokinetics and pharmacodynamics of Dexmedetomidine. Clin
Pharmacokinet. (2017) 56:893-913. doi: 10.1007/s40262-017-0507-7

99.Gao ], Sun Z, Xiao Z, Du Q, Niu X, Wang G, et al. Dexmedetomidine modulates
neuroinflammation and improves outcome via alpha2-adrenergic receptor signaling
after rat spinal cord injury. Br ] Anaesth. (2019) 123:827-38. doi:
10.1016/j.bja.2019.08.026

100. Ohta Y, Miyamoto K, Kawazoe Y, Yamamura H, Morimoto T. Effect of
dexmedetomidine on inflammation in patients with sepsis requiring mechanical
ventilation: a sub-analysis of a multicenter randomized clinical trial. Crit Care. (2020)
24:493. doi: 10.1186/s13054-020-03207-8

101. Ge Y, Li Q, Nie Y, Gao ], Luo K, Fang X, et al. Dexmedetomidine improves
cognition after carotid endarterectomy by inhibiting cerebral inflammation and
enhancing brain-derived neurotrophic factor expression. J Int Med Res. (2019)
47:2471-82. doi: 10.1177/0300060519843738

102. Tang C, Hu Y, Zhang Z, Wei Z, Wang H, Geng Q, et al. Dexmedetomidine with
sufentanil in intravenous patient-controlled analgesia for relief from postoperative pain,
inflammation and delirium after esophageal cancer surgery. Biosci Rep. (2020)
40:BSR20193410. doi: 10.1042/BSR20193410

103. Stoltz RR, Harris SI, Kuss ME, LeComte D, Talwalker S, Dhadda S, et al. Upper
GI mucosal effects of parecoxib sodium in healthy elderly subjects. Am ] Gastroenterol.
(2002) 97:65-71. doi: 10.1111/§.1572-0241.2002.05265.x

104. Harris SI, Kuss M, Hubbard RC, Goldstein JL. Upper gastrointestinal safety
evaluation of parecoxib sodium, a new parenteral cyclooxygenase-2-specific inhibitor,
compared with ketorolac, naproxen, and placebo. Clin Ther. (2001) 23:1422-8. doi:
10.1016/s0149-2918(01)80117-x

105. Subramaniyan S. Neuroinflammation and perioperative neurocognitive
disorders. Anesth Analg. (2019) 128:781-8. doi: 10.1213/ANE.0000000000004053

106. Mu D-L, Zhang D-Z, Wang D-X, Wang G, Li C-], Meng Z-T, et al. Parecoxib
supplementation to morphine analgesia decreases incidence of delirium in elderly
patients after hip or knee replacement surgery: a randomized controlled trial. Anesth
Analg. (2017) 124:1992-2000. doi: 10.1213/ANE.0000000000002095

107. Zhu Y-Z, Yao R, Zhang Z, Xu H, Wang L-W. Parecoxib prevents early
postoperative cognitive dysfunction in elderly patients undergoing total knee
arthroplasty: a double-blind, randomized clinical consort study. Medicine. (2016)
95:€4082. doi: 10.1097/MD.0000000000004082

108. McKechnie T, Elder G, Ichhpuniani S, Chen AT, Logie K, Doumouras A, et al.
Perioperative intravenous dexamethasone for patients undergoing colorectal surgery: a
systematic review and meta-analysis. Int ] Color Dis. (2023) 38:32. doi:
10.1007/s00384-023-04327-7

109. Tu Q, Zhou R, Wan Z, Chen S, Yang Q, Que B. Perioperative administration of
dexamethasone to prevent postoperative shivering: a systematic review and meta-
analysis of randomized controlled trials. J Int Med Res. (2023) 51:3000605231187805.
doi: 10.1177/03000605231187805

110. Waldron NH, Jones CA, Gan TJ, Allen TK, Habib AS. Impact of perioperative
dexamethasone on postoperative analgesia and side-effects: systematic review and meta-
analysis. Br ] Anaesth. (2013) 110:191-200. doi: 10.1093/bja/aes431

frontiersin.org


https://doi.org/10.3389/fmed.2025.1525639
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/j.jclinane.2018.09.021
https://doi.org/10.1016/j.jclinane.2021.110584
https://doi.org/10.7759/cureus.35132
https://doi.org/10.1002/aorn.12696
https://doi.org/10.1371/journal.pone.0177221
https://doi.org/10.1089/ther.2022.0032
https://doi.org/10.1016/j.bja.2021.09.042
https://doi.org/10.1097/MD.0000000000006490
https://doi.org/10.1532/hsf.3141
https://doi.org/10.1161/hc37t1.094710
https://doi.org/10.1016/j.jclinane.2023.111107
https://doi.org/10.1016/j.jopan.2020.06.015
https://doi.org/10.1002/brb3.3512
https://doi.org/10.1016/j.neubiorev.2022.104728
https://doi.org/10.1016/j.bbi.2012.09.013
https://doi.org/10.3389/fnagi.2022.935973
https://doi.org/10.1016/j.neurobiolaging.2012.05.023
https://doi.org/10.1016/j.ridd.2016.04.005
https://doi.org/10.1037/a0033010
https://doi.org/10.1016/j.jamda.2021.03.009
https://doi.org/10.1123/japa.2012-0149
https://doi.org/10.1053/j.tcam.2009.10.006
https://doi.org/10.1142/S0192415X21500014
https://doi.org/10.1001/jama.2014.12660
https://doi.org/10.1016/j.jpain.2017.11.005
https://doi.org/10.1016/j.bbi.2023.03.016
https://doi.org/10.1080/13548506.2020.1738015
https://doi.org/10.1080/13548506.2020.1738015
https://doi.org/10.13703/j.0255-2930.20230405-0002
https://doi.org/10.1001/jamanetworkopen.2022.32133
https://doi.org/10.1097/MD.0000000000023803
https://doi.org/10.1016/j.ctim.2022.102857
https://doi.org/10.1155/2020/9641904
https://doi.org/10.1016/S0034-7094(12)70110-1
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.1016/j.bja.2019.08.026
https://doi.org/10.1186/s13054-020-03207-8
https://doi.org/10.1177/0300060519843738
https://doi.org/10.1042/BSR20193410
https://doi.org/10.1111/j.1572-0241.2002.05265.x
https://doi.org/10.1016/s0149-2918(01)80117-x
https://doi.org/10.1213/ANE.0000000000004053
https://doi.org/10.1213/ANE.0000000000002095
https://doi.org/10.1097/MD.0000000000004082
https://doi.org/10.1007/s00384-023-04327-7
https://doi.org/10.1177/03000605231187805
https://doi.org/10.1093/bja/aes431

Ma et al.

111. Weibel S, Riicker G, Eberhart LH, Pace NL, Hartl HM, Jordan OL, et al. Drugs
for preventing postoperative nausea and vomiting in adults after general anaesthesia: a
network meta-analysis. Cochrane Database Syst Rev. (2020) 2020:CD012859. doi:
10.1002/14651858.CD012859.pub2

112. Toner AJ, Ganeshanathan V, Chan MT, Ho KM, Corcoran TB. Safety of
perioperative glucocorticoids in elective noncardiac surgery: a systematic review and
meta-analysis. Anesthesiology. (2017) 126:234-48. doi: 10.1097/ALN.0000000000001466

113. Huang J, Yang Y, Gao X, Xu Z. A single preoperative low-dose dexamethasone
may reduce the incidence and severity of postoperative delirium in the geriatric
intertrochanteric fracture patients with internal fixation surgery: an exploratory analysis
of a randomized, placebo-controlled trial. J Orthop Surg Res. (2023) 18:441. doi:
10.1186/s13018-023-03930-2

114. Kluger MT, Skarin M, Collier ], Rice DA, McNair P], Seow MY, et al. Steroids to
reduce the impact on delirium (STRIDE): a double-blind, randomised, placebo-
controlled feasibility trial of pre-operative dexamethasone in people with hip fracture.
Anaesthesia. (2021) 76:1031-41. doi: 10.1111/anae.15465

115. Jeftha T, Makhathini KB, Fisher D. The effect of dexamethasone on
lipopolysaccharide-induced inflammation of endothelial cells of the blood-brain
barrier/brain  capillaries. Curr Neurovasc Res. (2023) 20:334-45. doi:
10.2174/1567202620666230703145707

116. Remmelts HHF, Meijvis SCA, Biesma DH, van Velzen-Blad H, Voorn GP,
Grutters JC, et al. Dexamethasone downregulates the systemic cytokine response in
patients with community-acquired pneumonia. Clin Vaccine Immunol. (2012)
19:1532-8. doi: 10.1128/CV1.00423-12

117. Fatemeh G, Sajjad M, Niloufar R, Neda S, Leila S, Khadijeh M. Effect of melatonin
supplementation on sleep quality: a systematic review and meta-analysis of randomized
controlled trials. ] Neurol. (2022) 269:205-16. doi: 10.1007/s00415-020-10381-w

118. Wongprayoon P, Govitrapong P. Melatonin receptor as a drug target
for neuroprotection. Curr Mol  Pharmacol. (2021) 14:150-64. doi:
10.2174/1874467213666200421160835

119. Choi K, Lee Y], Park S, Je NK, Suh HS. Efficacy of melatonin for chronic
insomnia: systematic reviews and meta-analyses. Sleep Med Rev. (2022) 66:101692. doi:
10.1016/j.smrv.2022.101692

120. Wade AG, Farmer M, Harari G, Fund N, Laudon M, Nir T, et al. Add-on
prolonged-release melatonin for cognitive function and sleep in mild to moderate
Alzheimer’s disease: a 6-month, randomized, placebo-controlled, multicenter trial. Clin
Interv Aging. (2014) 9:947-61. doi: 10.2147/CIA.S65625

121. Iftikhar S, Sameer HM, Zainab. Significant potential of melatonin therapy in
Parkinson’s disease — a meta-analysis of randomized controlled trials. Front Neurol.
(2023) 14:1265789. doi: 10.3389/fneur.2023.1265789

122. Lin D, Huang X, Sun Y, Wei C, Wu A. Perioperative sleep disorder: a review. Front
Med (Lausanne). (2021) 8:640416. doi: 10.3389/fmed.2021.640416

123. Baradari AG, Habibi MR, Aarabi M, Sobhani S, Babaei A, Zeydi AE, et al. The
effect of preoperative Oral melatonin on postoperative pain after lumbar disc surgery: a
double-blinded randomized clinical trial. Ethiop ] Health Sci. (2022) 32:1193-202. doi:
10.4314/ejhs.v32i6.17

124. Madsen MT, Hansen MV, Andersen LT, Hageman I, Rasmussen LS, Bokmand S,
et al. Effect of melatonin on sleep in the perioperative period after breast Cancer surgery:
a randomized, double-blind, placebo-controlled trial. J Clin Sleep Med. (2016)
12:225-33. doi: 10.5664/jcsm.5490

Frontiers in Medicine

12

10.3389/fmed.2025.1525639

125. Chitimus DM, Popescu MR, Voiculescu SE, Panaitescu AM, Pavel B, Zagrean L,
et al. Melatonin’s impact on Antioxidative and anti-inflammatory reprogramming in
homeostasis and disease. Biomol Ther. (2020) 10:1211. doi: 10.3390/biom10091211

126. Won E, Na K-S, Kim Y-K. Associations between melatonin, Neuroinflammation,
and brain alterations in depression. Int ] Mol Sci. (2021) 23:305. doi: 10.3390/ijms23010305

127. Barnes ], Sewart E, Armstrong RA, Pufulete M, Hinchliffe R, Gibbison B, et al.
Does melatonin administration reduce the incidence of postoperative delirium in
adults? Systematic review and meta-analysis. BMJ Open. (2023) 13:¢069950. doi:
10.1136/bmjopen-2022-069950

128. Elbakry A-EA, El-Desoky IM, Saafan AG, Elsersy HE. The impact of melatonin
on postoperative delirium in geriatric patients after colorectal surgery: a randomized
placebo-controlled  trial.  Minerva  Anestesiol. ~ (2024)  90:509-19.  doi:
10.23736/50375-9393.24.17888-1

129. Ford AH, Flicker L, Kelly R, Patel H, Passage J, Wibrow B, et al. The healthy
heart-Mind trial: randomized controlled trial of melatonin for prevention of delirium.
J Am Geriatr Soc. (2020) 68:112-9. doi: 10.1111/jgs.16162

130. Lang N, Rothkegel H, Terney D, Antal A, Paulus W. Minocycline exerts acute
inhibitory effects on cerebral cortex excitability in humans. Epilepsy Res. (2013)
107:302-5. doi: 10.1016/j.eplepsyres.2013.09.006

131. Syngle A, Verma I, Krishan P, Garg N, Syngle V. Minocycline improves peripheral
and autonomic neuropathy in type 2 diabetes: MIND study. Neurol Sci. (2014)
35:1067-73. doi: 10.1007/s10072-014-1647-2

132. Zhou Y-Q, Liu D-Q, Chen S-P, Sun J, Wang X-M, Tian Y-K, et al. Minocycline as
a promising therapeutic strategy for chronic pain. Pharmacol Res. (2018) 134:305-10.
doi: 10.1016/j.phrs.2018.07.002

133. Garrido-Mesa N, Zarzuelo A, Galvez J. Minocycline: far beyond an antibiotic. Br
J Pharmacol. (2013) 169:337-52. doi: 10.1111/bph.12139

134. Plane JM, Shen Y, Pleasure DE, Deng W. Prospects for minocycline
neuroprotection. Arch Neurol. (2010) 67:1442-8. doi: 10.1001/archneurol.2010.191

135. Ozaki E, Delaney C, Campbell M, Doyle SL. Minocycline suppresses disease-
associated microglia (DAM) in a model of photoreceptor cell degeneration. Exp Eye Res.
(2022) 217:108953. doi: 10.1016/j.exer.2022.108953

136. Wang B, Huang X, Pan X, Zhang T, Hou C, Su W-J, et al. Minocycline prevents
the depressive-like behavior through inhibiting the release of HMGBI from microglia
and neurons. Brain Behav Immun. (2020) 88:132-43. doi: 10.1016/j.bbi.2020.06.019

137.Li S-Y, Xia L-X, Zhao Y-L, Yang L, Chen Y-L, Wang J-T, et al. Minocycline
mitigates isoflurane-induced cognitive impairment in aged rats. Brain Res. (2013)
1496:84-93. doi: 10.1016/j.brainres.2012.12.025

138. Li W, Chai Q, Zhang H, Ma ], Xu C, Dong J, et al. High doses of minocycline may
induce delayed activation of microglia in aged rats and thus cannot prevent postoperative
cognitive dysfunction. ] Int Med Res. (2018) 46:1404-13. doi: 10.1177/0300060517754032

139. Liang J, Han S, Ye C, Zhu H, Wu J, Nie Y, et al. Minocycline attenuates
Sevoflurane-induced postoperative cognitive dysfunction in aged mice by suppressing
hippocampal apoptosis and the notch signaling pathway-mediated Neuroinflammation.
Brain Sci. (2023) 13:512. doi: 10.3390/brainscil3030512

140. Takazawa T, Horiuchi T, Orihara M, Nagumo K, Tomioka A, Ideno Y, et al.
Prevention of postoperative cognitive dysfunction by minocycline in elderly patients
after Total knee arthroplasty: a randomized, double-blind, placebo-controlled clinical
trial. Anesthesiology. (2023) 138:172-83. doi: 10.1097/ALN.0000000000004439

frontiersin.org


https://doi.org/10.3389/fmed.2025.1525639
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1002/14651858.CD012859.pub2
https://doi.org/10.1097/ALN.0000000000001466
https://doi.org/10.1186/s13018-023-03930-2
https://doi.org/10.1111/anae.15465
https://doi.org/10.2174/1567202620666230703145707
https://doi.org/10.1128/CVI.00423-12
https://doi.org/10.1007/s00415-020-10381-w
https://doi.org/10.2174/1874467213666200421160835
https://doi.org/10.1016/j.smrv.2022.101692
https://doi.org/10.2147/CIA.S65625
https://doi.org/10.3389/fneur.2023.1265789
https://doi.org/10.3389/fmed.2021.640416
https://doi.org/10.4314/ejhs.v32i6.17
https://doi.org/10.5664/jcsm.5490
https://doi.org/10.3390/biom10091211
https://doi.org/10.3390/ijms23010305
https://doi.org/10.1136/bmjopen-2022-069950
https://doi.org/10.23736/S0375-9393.24.17888-1
https://doi.org/10.1111/jgs.16162
https://doi.org/10.1016/j.eplepsyres.2013.09.006
https://doi.org/10.1007/s10072-014-1647-2
https://doi.org/10.1016/j.phrs.2018.07.002
https://doi.org/10.1111/bph.12139
https://doi.org/10.1001/archneurol.2010.191
https://doi.org/10.1016/j.exer.2022.108953
https://doi.org/10.1016/j.bbi.2020.06.019
https://doi.org/10.1016/j.brainres.2012.12.025
https://doi.org/10.1177/0300060517754032
https://doi.org/10.3390/brainsci13030512
https://doi.org/10.1097/ALN.0000000000004439

	Postoperative neurocognitive disorders in the elderly: how can we stop the harm? A literature review
	1 Introduction
	2 Nomenclature
	3 Potential mechanisms
	3.1 Neuroinflammation
	3.1.1 Microglia: the CNS’s first responders
	3.1.2 Astrocytes: guardians of neuronal health
	3.2 Role of anesthesia
	3.2.1 General versus non-general anesthesia
	3.2.2 Total intravenous anesthesia versus inhalational anesthesia
	3.3 Microbiotas of the gut

	4 Risk factors
	5 PND prevention
	5.1 Non-pharmacological interventions
	5.1.1 Depth of anesthesia
	5.1.2 Intraoperative blood pressure
	5.1.3 Perioperative warming
	5.1.4 Enriched environment
	5.1.5 Acupuncture
	5.2 Pharmacological interventions
	5.2.1 Dexmedetomidine
	5.2.2 Parecoxib sodium
	5.2.3 Dexamethasone
	5.2.4 Melatonin
	5.2.5 Minocycline

	6 Conclusion

	References

