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Delirium is an acute, global cognitive disorder syndrome, also known as acute 
brain syndrome, characterized by disturbance of attention and awareness 
and fluctuation of symptoms. Its incidence is high among critically ill patients. 
Once patients develop delirium, it increases the risk of unplanned extubation, 
prolongs hospital stay, increases the risk of nosocomial infection, post-
intensive care syndrome-cognitive impairment, and even death. Therefore, it 
is of great importance to understand how delirium occurs and to reduce the 
incidence of delirium in critically ill patients. This paper reviews the potential 
pathophysiological mechanisms of delirium in critically ill patients, with the 
aim of better understanding its pathophysiological processes, guiding the 
formulation of effective prevention and treatment strategies, providing a basis 
for clinical medication.
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1 Introduction

In the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, Text Revision 
(DSM-5-TR) (American Psychiatric Association, 2022; First et al., 2023), published by the 
American Psychiatric Association (APA), delirium is characterized by a disturbance in attention 
and additional disturbance in cognition that develop rapidly and exhibit fluctuations, often 
accompanied by reduced awareness of the environment. The disturbances is a direct physiological 
consequence of another medical condition, substance intoxication or withdrawal, or exposure to 
a toxin, or is due to multiple etiologies. The incidence of delirium varies across different settings, 
and for critically ill adult patients in the ICU, the occurrence rate of delirium is at least 30% 
(Brennan et al., 2023). Delirium is a clinical syndrome caused by a diversity of causes that might 
converge into a final pathophysiological pathway. It can manifest as different and overlapping 
phenotypes, primarily classified into three subtypes: hyperactive, hypoactive, and mixed. Among 
them, the hypoactive subtype is the most common in the ICU (Krewulak et al., 2018). However, 
it is often difficult to identify because its features include reduced motor activity, drowsiness, and 
diminished responsiveness. Patients with delirium have an increased risk of mortality during 
hospitalization. Moreover, the longer the duration of delirium, the poorer the overall cognitive 
and executive function after discharge. A 2-year follow-up study revealed that delirium patients 
had significantly lower physical functioning compared to non-delirium patients (Pandharipande 
et al., 2013; Lobo-Valbuena et al., 2023). This has a profound impact on the psychological well-
being and quality of life of both patients and their families. Currently, there is no consensus 
regarding the mechanisms underlying delirium, nor is there agreement on optimal strategies for 
drug prevention and treatment. The incidence of delirium in the ICU remains high. The complex 
and not fully understood nature of delirium complicates the development of effective 
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pharmacological interventions. Researchers face significant challenges 
in identifying effective drug targets, designing optimal experimental 
protocols, establishing subject selection criteria, and determining 
appropriate endpoint indicators. Additionally, predicting potential drug 
side effects adds to the complexity and risk of drug development. The 
lack of institutional clarity further complicates the formulation of 
clinical guidelines, leading to variability in treatment approaches among 
clinicians and potentially affecting the efficacy of clinical practice. 
Therefore, it is of great significance to delve into the pathophysiological 
mechanisms of delirium in order to timely control disease progression 
and explore potential pharmacological targets for prevention. This will 
help reduce the adverse effects on patients, improve the utilization of 
healthcare resources, and ultimately improve patient outcomes. The 
purpose of this study is to provide a comprehensive review of the latest 
research on the pathogenesis of ICU delirium and to explore potential 
future research directions.

2 Association between ICU delirium 
and patient characteristics

ICU admissions encompass severe infections, acute respiratory 
failure, multiple organ dysfunction, major cardiovascular diseases, 
poisoning, drug overdose, and other serious life-threatening illnesses 
or trauma. These patients often present with complex conditions and 
may have underlying diseases such as diabetes, hypertension, chronic 
kidney disease, chronic liver disease, or abnormalities in the immune 
or respiratory systems. Clinicians managing these conditions may use 
sedative and analgesic medications like propofol, dexmedetomidine, 
benzodiazepines, and opioids, as well as steroid drugs for anti-
inflammatory treatment (Stollings et al., 2022). Studies have found 
that patient-specific factors such as advanced age, frailty, diabetes, 

infection, a history of stroke, dementia or preoperative cognitive 
dysfunction, and medical factors such as general anesthesia and 
sedative use increase the risk of delirium in ICU patients (Chen et al., 
2020). Additionally, fear and anxiety induced by the ICU environment 
and sleep disorders further elevate the incidence of delirium (Tronstad 
et al., 2021). Therefore, ICU delirium is closely related to the severity 
of the disease, specific medications, and the unique environment of 
the ICU. The use of environmental and physical constraints may act 
as triggers for psychological vulnerabilities (e.g., fear), but the impact 
of these triggers on groups with varying degrees of psychological 
vulnerability remains an important, unexplored topic.

3 Pathophysiological mechanism of 
ICU delirium

The precise mechanical trigger for ICU delirium remains unclear, 
and it is widely believed to be the result of a multifactorial interplay. 
The advancement of modern medicine has proposed several 
hypotheses to elucidate the etiology of this condition. We categorize 
and integrate six factors: neuroinflammation, neurotransmitter 
imbalance, brain function issues under pathological conditions, 
neuroendocrine disruption, oxidative stress, and gut microbiota 
imbalance. These factors interact with one another, particularly 
neuroinflammation, which influences the other factors and can 
contribute to delirium in the ICU, whether acting independently or in 
combination. Current clinical and pharmacological experimental 
studies have provided some support for the pathophysiological 
mechanisms of ICU delirium. This article hypothesizes potential 
reasons for the occurrence of delirium in critically ill patients, drawing 
from the phenomenology of delirium, and utilizes animal studies as 
well as cellular and molecular research to elucidate possible pathways. 
Finally, the article addresses some limitations and offers prospects for 
future research.

3.1 Neuroinflammatory pathways

Currently, numerous hypotheses propose that neuroinflammation 
contributes to the pathogenesis of delirium, with neuronal 
mitochondrial dysfunction, synaptic dysfunction, and neuronal death 
resulting from neuroinflammation being potential mechanisms 
underlying delirium (Kuperberg and Wadgaonkar, 2017; Xin et al., 
2023). Previous studies have identified infection as a significant risk 
factor for ICU delirium, with systemic infections like sepsis potentially 
inducing brain dysfunction through inflammatory pathways (van den 
Boogaard et al., 2012). In major surgeries, such as cardiac surgery, ICU 
delirium has been linked to markers of inflammation present during 
and after the procedure (Su et  al., 2023). A recent multicenter 
prospective observational study, after adjusting for potential 
confounders, found that higher levels of inflammatory markers (e.g., 
IL-6, IL-8, IL-10, TNF-α) are independently associated with delirium 
during critical ill (Brummel et al., 2024). Additionally, elevated levels 
of inflammatory markers and the glial activation-specific marker 
protein (S-100β) correlate with more prolonged and severe delirium 
in the ICU (Khan et  al., 2020). These findings suggest that 
inflammatory factors may play a crucial role in the development of 
ICU delirium (see Figure 1).
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When systemic inflammation occurs, inflammatory factors can 
promote inflammation of cerebral vascular endothelial cells via the 
bloodstream. This may damage the blood–brain barrier (BBB), 
allowing inflammatory factors to penetrate the BBB into the central 
nervous system, or disrupt brain function through stimulation of the 
vagus nerve efferent fibers and other trans-BBB mechanisms 
(Gonçalves and De Felice, 2021). This process can lead to the 
infiltration of peripheral inflammatory cells into the central nervous 
system. Direct observation of inflammation and specific pathways in 
the brains of delirium patients in the ICU is challenging. Animal 
studies have shown that, when mice are subjected to systemic 
inflammation and cognitive dysfunction, inflammatory factors in 
their hippocampus are significantly elevated (Wang H. C. et al., 2022). 
Another possible cause of delirium in the ICU is the activation of 
brain parenchymal cells (e.g., microglia and astrocytes) through 
various pathways, leading to impaired synaptic function of neurons. 
Increased expression of inflammatory mediators (e.g., TNF-α, IL-1β, 
IL-6, and HMGB1) may activate microglia and astrocytes, exacerbate 
neuroinflammation, enhance phagocytosis by brain parenchymal 
cells, impair excitatory synaptic function in the hippocampus, and 
reduce neuronal activity (Xin et  al., 2023; Yin et  al., 2023). This 

suggests a close relationship between neuroinflammation and 
neurotransmitter function. A reduction in α7 nicotinic acetylcholine 
receptor (α7nAChR) levels enhances microglial activity, which may 
promote the release of inflammatory factors, leading to neurotoxicity 
(van Gool et al., 2010; Xue et al., 2019). Furthermore, elevated levels 
of inflammatory factors can suppress brain-derived neurotrophic 
factor (BDNF) through the activation of the inflammatory signaling 
cascade, thereby compromising neuronal integrity (Felger and Lotrich, 
2013; Dadkhah et al., 2024). In critically ill patients, vitamin B6, which 
has neurotrophic effects, is reduced during severe stress, inflammation, 
and disease exacerbation, large-dose vitamin B6 supplementation can 
enhance the immune response in these patients (Danielski et al., 2018; 
Cheng et  al., 2006). Additionally, animal models indicate that 
interfering with the activation of the kynurenine pathway through 
vitamin B6 administration may reduce the incidence of delirium (Hou 
et al., 2012). This suggests that a deficiency in neurotrophic factors 
could also be the cause of delirium in critically ill patients.

Additionally, the systemic inflammatory response is associated 
with ICU-acquired weakness (ICU-AW), and studies have shown 
that inflammatory markers (e.g., IL-6, IL-8, IL-10) are elevated in 
patients with ICU-AW (Winkelman, 2010; Witteveen et al., 2017). 

FIGURE 1

Neuroinflammation and oxidative stress. Neuroinflammatory pathways may compromise the blood–brain barrier through systemic inflammation, 
leading to the activation of brain parenchymal cells such as microglia and astrocytes by inflammatory factors (e.g., IL-1β, IL-6, TNF-α). Additionally, 
these pathways may disrupt neurotrophic factors via inflammatory responses, resulting in synaptic dysfunction or neuronal death, which can ultimately 
cause delirium and impair learning and cognitive functions. Oxidative stress may further contribute to delirium by decreasing antioxidant capacity and 
amplifying neuroinflammatory responses. ROS, Reactive oxygen species; NO, Nitric oxide; Omi/HtrA2, Serine protease. Images created using MedPeer 
(www.medpeer.cn).
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Prolonged immobilization is a well-established risk factor for 
delirium. Inflammation can cause muscle fiber damage (Swash and 
de Carvalho, 2020) by releasing cytokines and chemokines that 
modulate the enzymatic response related to proteolysis. This results 
in loss of muscle strength, muscle atrophy, alterations in muscle 
function and structure, and a decrease in the patient’s mobility, 
thereby contributing to delirium (Marcantonio, 2017). 
Consequently, reducing inflammation and implementing early 
rehabilitation are crucial measures for preventing delirium in 
the ICU.

In conclusion, the neuroinflammatory pathway may compromise 
brain learning and cognitive function by disrupting the blood–brain 
barrier, stimulating brain parenchymal cells, and impairing 
neurotrophic factors, ultimately contributing to ICU delirium.

3.2 Neurotransmitter imbalance

Neurotransmitter imbalances could represent another significant 
factor contributing to delirium, particularly concerning abnormal 
release, clearance, or altered receptor sensitivity of neurotransmitters. 
Neurotransmitters linked to delirium encompass acetylcholine (ACh), 
dopamine (DA), 5-hydroxytryptamine (5-HT), gamma-aminobutyric 
acid (GABA), norepinephrine, tryptophan, tyrosine, glutamate and so 
on. Inflammatory responses can impact neurotransmitter release. 
Pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 modulate 
the neurotransmitter system by influencing the activity of enzymes 
implicated in neurotransmitter synthesis and modifying the 
expression of neurotransmitter transporters and receptors (Zahniser 
and Doolen, 2001). Among these, TNF-α has been demonstrated to 
stimulate a burst pattern of glial transmitter release that influences 
neuronal NMDA receptors (Lee and Haydon, 2011). Moreover, 
cytokines activate the kynurenine pathway, which not only depletes 
tryptophan, the precursor of serotonin, but also generates metabolites 
that can impact the modulation of dopamine and glutamate (Miller 
et al., 2013). This paper primarily discusses the causes of delirium 
related to cholinergic neurotransmitter deficiency and excess of 
monoaminergic neurotransmitters (see Figure 2).

3.2.1 Deficiency of cholinergic neurotransmitter
Cholinergic neurons govern cognitive, learning, and memory-

related cortical activity, and their systemic malfunction can induce 
delirium (Zheng et  al., 2020). Animal experiments simulating 
delirium through scopolamine-induced cholinergic deficiency 
demonstrate that decreased ACh levels block the projection of 
cholinergic neurons to the hippocampus, leading to toxic reactions 
and resulting in cognitive and learning-memory impairments in mice 
(da Costa et  al., 2022). Plasma acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE) activity can reflect cholinergic levels. 
Clinical studies have found that increased AChE activity is associated 
with delirium (Hughes et al., 2022). Cholinesterase inhibitors (AChEI) 
boost cholinergic activity and could potentially be  utilized in the 
treatment of delirium. A retrospective cohort study revealed that the 
administration of Donepezil decreased the occurrence of delirium in 
patients with severe dementia (Lieberman et al., 2023b). However, 
since Donepezil is currently prescribed for mild to moderate 
Alzheimer’s dementia, direct evidence supporting its efficacy in 
treating delirium is lacking. Lieberman et al. (2023a) suggested the 

need for reevaluation of the role of AChEI in the prevention and 
treatment of delirium during critical illness. In addition to AChE and 
BChE, the study found that serum anticholinergic activity (SAA) 
levels were significantly elevated in patients with critical infections. 
This increase was closely associated with the occurrence of delirium, 
providing an alternative reflection of cholinergic levels and further 
confirming the correlation between decreased cholinergic levels and 
ICU delirium (Zhao et al., 2020; Liu et al., 2017).

ACh is synthesized through the collaborative action of coenzyme 
A (CoA) and choline, and any disruption in this pathway can lead to 
a decrease in ACh levels. Primarily derived from the breakdown of 
glucose, fats, and amino acids, CoA may contribute to reduced ACh 
levels in cases of severe malnutrition or hypoglycemia. In early severe 
infection, AChE translocates from plasma to the tissue space, leading 
to low serum cholinesterase levels in infected patients, this is 
associated with its decreased expression at the neuromuscular 
junction and oxidative stress. Subsequently, the body expends a 
significant amount of ACh to activate the cholinergic anti-
inflammatory pathway and alleviate the inflammatory response (Liu 
et al., 2017; Xia et al., 2022).

Impaired synaptic function of ACh may serve as a significant 
contributing factor to the development of delirium. The ACh binds 
to the muscarinic receptor (M receptor) to exert its effects. Research 
indicates that surgical procedures or anesthesia can harm the M 
receptor in hippocampal astrocytes, leading to synaptic dysfunction 
and subsequent cognitive decline. Nevertheless, following the 
administration of galantamine to enhance ACh release, cells can 
regain normal signal transduction, fostering cognitive enhancement 
(Wang T. et al., 2022). Initial studies have demonstrated that certain 
anesthetics (such as isoflurane, pentobarbital, and chloral hydrate) 
can diminish ACh levels and impede postsynaptic nicotinic 
receptors. Conversely, dexmedetomidine may mitigate delirium by 
elevating ACh levels in the hippocampus (Damsma and Fibiger, 
1991; Zhang et al., 2016). Clinical trial findings have additionally 
demonstrated that prophylactic administration of low-dose 
dexmedetomidine can significantly decrease the incidence of 
postoperative delirium within 7 days among patients admitted to the 
ICU following non-cardiac surgery (Su et al., 2016). These results 
require further investigation. Nevertheless, there have also been 
trials yielding negative results. Furthermore, cholinergic deficiency 
exhibits a synergistic effect with neuroinflammation. Reduced ACh 
levels enhance the secretion of IL-1β, IL-6, TNF-αand other 
inflammatory markers (Saeed et al., 2005), thereby exacerbating the 
inflammatory response. Within the ACh system, α7nAChR serves a 
neuroprotective and cognitive function. It hinders the production of 
pro-inflammatory cytokines by inhibiting nuclear factor-kappa B 
(NF-κB) signaling and orchestrates immune responses by directing 
macrophages towards inflammatory sites (Keever et  al., 2024). 
Nevertheless, α7nAChR levels were observed to be  lower in the 
delirium group compared to the control group, suggesting that ACh 
deficiency may induce delirium by suppressing α7nAChR 
expression. This inhibition can lead to heightened release of 
inflammatory factors, activation of the NF-κB, Phosphatidylinositol 
3 kinase/protein kinase B(PI3K/AKT), and Glycogen synthase 
kinase 3β (GSK-3β) pathways, and exacerbation of neuronal and 
cellular apoptosis (Xue et al., 2019; Wang et al., 2018). Inflammation 
can further diminish ACh release, AChE activity and expression can 
be regulated in a cell-specific manner through the binding of DNA 
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binding sites with NF-κB and other transcription factors involved in 
the inflammatory response (de Oliveira et al., 2012). In the presence 
of inflammation, AChE activity may increase, subsequently leading 
to a reduction in ACh levels, thereby establishing a detrimental cycle 
between the two.

Most studies on ACh in the hippocampus are based on animal 
experiments, and the mechanisms may differ in humans. Clinical 
trials involving AChEI have shown diverse outcomes, with one study 
revealing higher delirium duration, severity, and mortality in the 
carbamate group compared to the placebo group (van Eijk et  al., 
2010), potentially attributed to significant differences in baseline 

characteristics between the two groups. Further investigation into the 
role of AChEI in delirium is warranted.

3.2.2 Excessive monoaminergic 
neurotransmitters

3.2.2.1 Excessive dopamine (DA)
DA stands as the predominant catecholamine neurotransmitter in the 

brain, governing hippocampal synaptic plasticity and bearing significance 
in cognitive functions, memory, and more. The concentration of its 
metabolite, homovanilic acid, is associated with delirium in patients 

FIGURE 2

Neurotransmitter imbalance and sleep–wake cycle disturbance. Neurotransmitter imbalances may contribute to the onset of delirium. For instance, 
acetylcholine, dopamine, and serotonin can promote delirium through mechanisms such as reducing neural transmission, enhancing toxic responses, 
and decreasing melatonin secretion. Disruption of the sleep–wake cycle primarily triggers delirium by diminishing REM sleep and melatonin secretion. 
ACh, Acetylcholine; DA, Dopamine; 5-HT, Serotonin; CoA, Acetyl-coa; 5-HIAA, 5-hydroxyindoleacetic acid; TRP-KYN, Tryptophane-kynurenine; KP, 
Kynurenine pathway; QA, Quinolinic acid; KYNA, Kyinoquinolinic acid. Images created using MedPeer (www.medpeer.cn).
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exhibiting psychotic symptoms, such as hallucinations and delusions 
(Tsetsenis et al., 2022; Ramirez-Bermudez et al., 2008). Moya et al. (2023) 
discovered that an overabundance of dopamine release in the dorsal 
striatum could result in cognitive-related behavioral impairments in mice. 
Drugs such as benzylpiperazine and amphetamine enhance dopaminergic 
neurotransmission and can induce clinical manifestations of delirium, 
including agitation, confusion, and hallucinations (Schep et al., 2011; 
Chien-Po and An-Yi, 2022). This suggests that excessive DA may also 
contribute to the development of delirium.

Tetrahydrobiopterin (BH4), a crucial enzyme cofactor in 
dopamine synthesis, is under the influence of inflammatory mediators. 
Factors such as IL-1β, interferon gamma (IFN-γ), and TNF-α may 
elevate BH4 levels, subsequently enhancing dopamine production (de 
Bartolomeis et al., 2022). In instances of acute hypoxia in patients, 
dopamine levels may surge in response to acute stress. Furthermore, 
as cerebral ischemia and hypoxia worsen, DA release is likely to 
escalate (Dong et al., 2024; Oliva et al., 2013). DA exhibits a specific 
correlation with ACh. Dopamine receptors can be categorized into 
D1-like receptors (comprising D1 and D5) and D2-like receptors 
(comprising D2, D3, and D4). Activation of D1-like receptors 
facilitates the breakdown and conversion of ACh, whereas activation 
of D2-like receptors can enhance ACh synthesis (Guidolin et al., 2023). 
D1-like receptors heighten their activity in reaction to heightened 
intracellular cyclic adenosine monophosphate (cAMP) levels, 
depolarized membrane potential, and increased dopamine availability. 
This elevation leads neurons to an excited state, contributing to the 
manifestation of delirium symptoms. DA and glutamate engage in 
mutual interactions. Past research indicates that elevated levels of DA 
can induce nerve cell membrane depolarization, triggering substantial 
glutamate production. This excess glutamate can subsequently 
modulate dopaminergic transmission in the striatum, thereby 
promoting a selective enhancement of DA release (Bleck, 2018; 
Rudolph et al., 1983). Disrupted glutaminergic signaling, facilitated by 
sufficient depolarization of the postsynaptic membrane and inhibition 
by Mg2+-removing factors, can mildly and persistently stimulate the 
N-methyl-D-aspartate glutamate receptor (NMDAR). This stimulation 
leads to prolonged influx of Ca2+ into postsynaptic neurons. Excessive 
Ca2+ influx may culminate in the gradual impairment of dopaminergic 
mesencephalic and cortical synaptic function, ultimately resulting in 
neuronal demise (Chang et al., 2020; Antonelli et al., 2007). Additional 
studies have proposed a connection between certain genes in the 
dopaminergic system and the onset of delirium. Specifically, the rs6277 
CC genotype has been linked to delirium occurrence in ICU patients. 
Cell studies suggest that the rs6277 (C/T) gene mutation disrupts the 
balance between DA and ACh by heightening dopaminergic neural 
activity, potentially elevating the risk of delirium (Li, 2023).

Nonetheless, there are divergent views on this hypothesis. Henjum 
et al. (2021) discovered that the cerebrospinal fluid dopamine levels of 
delirious hip fracture patients were lower than those of non-delirious 
patients. Additionally, there was no significant difference between the 
effectiveness of dopamine antagonist (haloperidol) and placebo in 
treating ICU delirium (Andersen-Ranberg et al., 2022). Therefore, the 
notion that excessive DA causes delirium remains a topic open 
to debate.

3.2.2.2 Excessive 5-HT
Research has demonstrated elevated serotonin levels in patients 

experiencing delirium (Egberts et  al., 2015). An observational 

prospective cohort study revealed that frequent and prolonged 
administration of drugs with serotonergic properties in ICU patients 
led to central serotonin overdoses, which in turn resulted in delirium 
(van Ewijk et al., 2016). Conversely, ICU patients who were treated 
with serotonin reuptake inhibitors had a lower risk of delirium within 
24 h of medication compared to those in the control group (Austin 
et al., 2022).

5-HT may influence the development of delirium primarily 
through its metabolites. Studies have shown that the level of 
5-hydroxyindoleacetic acid (5-HIAA), the main metabolite of 5-HT, 
is higher in delirium patients compared to non-delirium patients 
(Heylen et  al., 2022). This increase in 5-HIAA may potentially 
exacerbate delirium by enhancing excitatory neurotransmission. In 
animal experiments, the local administration of 5-hydroxyindole 
significantly increased glutamate concentration in the hippocampus, 
resulting in neurotoxicity that affects brain memory and cognitive 
function (Mannaioni et al., 2003). Another metabolite, kynurenine, is 
also linked to delirium. Elevated levels of 5-HT increase the 
concentration of kynurenine, consequently increasing the incidence 
of delirium significantly (Adams Wilson et al., 2012). Studies indicate 
that the buildup of neurotoxic metabolites in the tryptophan-
kynurenine (TRP-KYN) pathway plays a role in the onset of delirium 
(Voils et al., 2020). This pathway is associated with inflammation, and 
when pro-inflammatory cytokine levels are elevated in critically ill 
patients, the kynurenine pathway (KP) generates neuroactive 
metabolites: Quinolinic acid (QA) and Kynurenic acid (KYNA). QA 
is neurotoxic, while KYNA has a neuroprotective effect. In the case of 
acute inflammation (such as trauma, surgery, and sepsis), the 
imbalance between neuroprotective and neurotoxic metabolites in the 
kynurenine pathway may result in neuronal damage and delirium 
(Phing et al., 2023).

3.3 Abnormal brain function under 
neuropathological conditions

3.3.1 Abnormal functional connectivity of the 
brain

Brain functional connectivity, which establishes a functional 
network that controls the body, transmits information between 
regions of the brain and plays a significant role in the onset of 
delirium. Functional connectivity refers to statistical correlations 
between neurophysiological data recorded in various brain regions. It 
reflects the capacity of brain to synchronize activity across spatially 
distributed regions, which is essential for coordinated information 
processing to support cognitive function. Functional connectivity is 
commonly assessed using neuroimaging techniques such as functional 
magnetic resonance imaging (fMRI) and electroencephalography 
(EEG) (Litwińczuk et al., 2022; Voigt et al., 2023). Analysis indicates 
that delirium consistently correlates with slower EEG patterns and 
reduced functional connectivity. These findings are characterized by 
decreased alpha-band EEG connectivity and diminished integration 
within fMRI networks (Boord et al., 2021; van Montfort et al., 2019). 
Factors predisposing to delirium, such as aging, were linked to 
reduced fMRI connection strength. Triggering factors, such as the use 
of sedatives, were associated with decreased overall functional 
connectivity strength, alpha-band network efficiency, and regional 
functional connectivity between the posterior cingulate gyrus and 
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dorsolateral prefrontal cortex (van Montfort et al., 2019; van Montfort 
et al., 2020). A modeling study (Ponten et al., 2013) proposed that an 
imbalance in the activity of excitatory and inhibitory neurons, along 
with heightened subcortical information fluctuations, could result in 
functional brain connectivity dysfunction, ultimately contributing 
to delirium.

Neurons at various levels form interconnected networks and 
interact with one another. In cases of reduced cerebral blood 
perfusion, cerebral hypoxia, or cerebral microembolism in patients, 
disruptions in brain metabolism, hemodynamics, and network 
function may arise, leading to functional neuroimaging alterations. 
These changes may manifest as decreased blood flow ratios in the left 
inferior frontal lobe, right temporal lobe, and the right brain region. 
The default mode network (DMN) is a system that links various brain 
regions. In states of delirium, the direction of functional connections 
between the posterior cingulate cortex and the dorsolateral prefrontal 
cortex is reversed (Haggstrom et al., 2017). Apart from the default 
mode network (DMN), delirium may lead to varying degrees of 
dysfunction in resting neural networks. Moreover, individual 
variability in brain structures, such as chronic cerebrovascular changes 
in the elderly, can also influence the directionality of functional 
connections (Hanna et al., 2023). The Ascending Reticular Activation 
System (ARAS) is a network of neurons located in the brainstem 
regulating wakefulness, sleep, and dreaming states via connections to 
the suprachiasmatic nucleus (SCN) and the release of acetylcholine 
during wakefulness. Nevertheless, in cases of delirium, ARAS activity 
diminishes, leading to neurotransmitter imbalances and sleep–wake 
disturbances that contribute to the onset of delirium (Hut and Van der 
Zee, 2011).

3.3.2 Disturbed sleep–wake cycle
Research indicates that patients in the ICU experiencing delirium 

exhibit a lower frequency of Rapid Eye Movement (REM) periods 
compared to those without delirium (Sun et al., 2021). REM sleep is 
characterized by rapid eye movements, brain activity resembling a 
waking state, and is typically accompanied by vivid dreams. It is 
considered crucial for memory consolidation and emotional 
regulation. Moreover, individuals with delirium commonly display 
disrupted sleep–wake cycles. Exposure of subjects to simulated ICU 
noise and light environments often leads to sleep deprivation and 
fragmentation; however, when noise and light levels are reduced, their 
sleep patterns tend to normalize (Hu et al., 2010). In the ICU, the 
administration of sedatives, particularly benzodiazepines, can disrupt 
the regular sleep–wake cycle by promoting lighter sleep and reducing 
slow-wave and REM sleep stages (Devlin et al., 2018). Sedation is a 
recognized confounder in delirium screening, where a patient with an 
RASS (a scale used to assess sedation and agitation in ICU patients) is 
less than −2, the level of arousal may influence the assessment of 
delirium. Within this score range, patients exhibit very limited 
responses to stimuli, which may result in delirium symptoms being 
masked or inaccurately evaluated. Distinguishing between sedation 
and delirium is crucial as they can lead to a positive screening and a 
similar “delirium diagnosis.” Hence, it is essential to not only evaluate 
the sedative type but also consider the frequency of sedative 
administration in critically ill patients to minimize confounding 
variables in delirium assessments. Research has indicated that the 
metabolism of sedatives is influenced by inflammation, where 
inflammatory mediators (such as IL-6 and TNF-α) are associated with 

the suppression of cytochrome P450 enzyme (CYP) expression and 
activity. This leads to elevated blood drug concentrations and 
subsequent alterations in drug efficacy (Abdallah et  al., 2023). 
Furthermore, the disruption of the blood–brain barrier (BBB) by 
inflammatory mediators can potentially enhance the toxicity 
of sedatives.

The Society for Critical Care Medicine (SCCM) acknowledges the 
correlation between sleep and the development of delirium in critically 
ill adults; however, a causal relationship has not yet been definitively 
established (Devlin et al., 2018). Disruptions in the sleep–wake cycle 
can potentially precipitate delirium by causing imbalances in 
neurotransmitters and disrupting the rhythmic secretion of 
endogenous melatonin. These disturbances may impact the synthesis, 
release, and inactivation of crucial neurotransmitters like ACh and 
DA, ultimately playing a role in the development of delirium 
(Figueroa-Ramos et  al., 2009). Research indicates a significant 
correlation between melatonin levels and delirium in critically ill 
patients. Melatonin has the capacity to modulate circadian rhythms 
and act as an antioxidant, thereby positively impacting the body. 
However, in patients with delirium, the peak secretion of melatonin 
occurs during the day, disrupting the typical diurnal fluctuation of 
lower levels during the day and higher levels at night (Yoshitaka et al., 
2013; Sun et al., 2014). One significant factor contributing to altered 
melatonin levels in critically ill patients is encephalopathy or brain 
dysfunction, which can hinder and prolong the amplitude and peak 
timing of melatonin secretion. Moreover, atypical light exposure, 
irregular nutrient intake, and heightened arousal in the ICU 
environment often disrupt the circadian rhythm, subsequently 
impacting melatonin secretion. Furthermore, the development of 
severe sepsis in patients can further impair the circadian rhythm of 
melatonin secretion (Maas et al., 2020; Mundigler et al., 2002). A 
meta-analysis revealed a 34% reduction in the incidence of delirium 
among critically ill patients following the administration of exogenous 
melatonin, demonstrating a significant preventive effect on delirium 
(Khaing and Nair, 2021; Zhang Q. et al., 2019). Melatonin influences 
the sleep–wake cycle by activating two high-affinity G-protein-
coupled receptors, MT1 and MT2 (Liu et  al., 2016). Through its 
actions, melatonin can suppress the activity of hypocretin neurons via 
MTR1, dampen the excitability of suprachiasmatic nucleus (SCN) 
neurons and glutamatergic neurons in the paraventricular nucleus of 
the thalamus, and stimulate gamma-aminobutyric acid (GABA) ergic 
neurons in the reticular nucleus of the thalamus, facilitating the 
transition from wakefulness to sleep (Sharma et al., 2018; Yue, 2019). 
Disrupted secretion patterns of melatonin can alter the sleep–wake 
cycle, influencing the transition between sleep and wakefulness or the 
equilibrium between the two states.

Divergent opinions persist regarding the secretion and clinical 
impacts of melatonin. Wibrow et al. (2022) conducted a randomized 
controlled trial that revealed no reduction in delirium prevalence in 
patients initiating melatonin within 48 h of ICU admission. In a 
separate study, Simons et al. (2016) employed bright light therapy 
during daytime to modulate circadian rhythms but observed no 
significant variations in melatonin levels, cumulative delirium 
incidence, or duration in ICU-acquired delirium between the 
treatment and control groups. Consequently, further extensive, 
multicenter investigations are warranted to elucidate whether 
disruptions in the sleep–wake cycle and melatonin levels indeed 
influence delirium onset.
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3.3.3 The disease directly causes brain function 
impairment

Direct brain damage encompasses both systemic and localized 
energy disorders (e.g., hypoglycemia, stroke), metabolic abnormalities 
(e.g., hyponatremia, hypercalcemia), and drug-induced effects 
(Maclullich et al., 2008). Glucose serves as the primary energy source 
for the brain to sustain the body’s normal functioning. In cases of 
hypoglycemia, where patients experience low blood glucose levels, the 
brain is deprived of adequate glucose, leading to neurological 
symptoms of hypoglycemia, such as cognitive dysfunction and 
behavioral alterations (Blonde et al., 2022). While the impairment of 
brain function in ischemic stroke (IS) is typically permanent rather 
than a fluctuating cognitive deficit, it remains crucial not to overlook 
this condition. Research indicates that the incidence of delirium in the 
acute phase of IS is 14.8%. MRI findings suggest that IS patients with 
infarctions in the left cortical region are more susceptible to delirium, 
possibly due to the role of the dominant hemisphere, particularly the 
limbic system and the prefrontal cortex, in regulating emotions, 
memory, and cognitive functions. Infarctions in this area directly 
contribute to brain function impairment. Moreover, distinct features of 
IS can result in various subtypes of delirium (Qu et al., 2018). The 
pathophysiology of IS involves a series of energy pump failures and 
intricate signaling cascades that culminate in neuronal cell death. 
Dysfunction of the brain’s energy pump results in impaired brain 
oxidative metabolism. The ischemic cascade entails heightened 
glutamatergic transmission, leading to excessive glutamate release, 
augmented intracellular sodium and calcium influx, free radical 
generation, and the release of inflammatory cytokines. These processes 
ultimately result in cell edema, cell death, and subsequently impact the 
signal propagation in the cerebral cortex (Xu et al., 2020; Gulyaeva 
et al., 2021). In the event of IS, the body swiftly generates hypoxia-
inducible factor-1α (HIF-1α), which exerts a dual impact on neurons 
and microglia. While HIF-1α offers protective effects on nerve 
function, it can exacerbate blood–brain barrier (BBB) disruption and 
other stroke symptoms by elevating vascular endothelial growth factor 
(VEGF) within 1 h post-cerebral ischemia. The Mixed Lineage Kinase 
Domain-Like Protein (MLKL)/Receptor Interacting Protein 3 (RIP3) 
complex and the Notch pathway enhance apoptosis, worsening 
neuronal injury by activating microglia to heighten neuroinflammation 
and upregulate toll-like receptor 4 (TLR4) expression (Vatte and Ugale, 
2023). IS may also play a role in post-stroke cognitive and emotional 
impairment by increasing cortisol levels, potentially resulting in 
hippocampal damage (Gulyaeva et al., 2021). Hyponatremia can induce 
delirium through direct neurotoxic effects and indirect alterations in 
brain volume and neuronal function. It can elevate extracellular 
glutamate levels in the hippocampus, leading to neurotoxicity. 
Furthermore, hyponatremia can trigger cerebral edema and heightened 
intracranial pressure, presenting as changes in neurological status and 
delirium (Fujisawa et al., 2016; Evanson and Espiridion, 2023). On the 
other hand, hypercalcemia may disrupt neurotransmitter balance by 
stimulating glutaminergic, dopaminergic, and serotonergic pathways, 
consequently causing delirium (Nagy et al., 2020).

3.4 Neuroendocrine disorders

Studies have revealed that abnormal hormonal fluctuations during 
stress, particularly disrupted cortisol levels, are associated with the 

onset of delirium. However, the precise mechanisms underlying this 
link and how these hormonal abnormalities trigger delirium remain 
incompletely understood. The variations in glucocorticoids (GC), 
melatonin, and catecholamines in the serum or cerebrospinal fluid of 
ICU patients are intricately linked to delirium onset. Certain 
hormones function as neurotransmitters, exerting targeted actions on 
specific cells and eliciting diverse physiological effects (Cao et al., 
2023). This section specifically delves into the impact of 
glucocorticoids on delirium (see Figure 3).

Prior studies have indicated elevated levels of cortisol in the CSF 
and plasma in delirious patients, with increased cortisol levels serving 
as a predictor for delirium occurrence in specific subgroups of 
critically ill patients (Pearson et al., 2010; Bisschop et al., 2011; Michels 
et al., 2019).

During intense stress, the hypothalamic–pituitary–adrenal cortex 
(HPA) axis undergoes temporary activation, leading to increased 
synthesis and secretion of adrenal cortisol through stress-induced 
enhancement mechanisms. Notably, this process involves the 
inhibition of peripheral cortisol metabolism, resulting in reduced 
plasma binding of cortisol and suppression of metabolic enzyme 
expression and activity in the liver and kidney. Consequently, cortisol 
breakdown is diminished, leading to elevated blood cortisol levels. 
Subsequently, the elevated plasma cortisol concentration triggers a 
negative feedback loop, reducing plasma adrenocorticotropic 
hormone (ACTH) levels. This cascade can result in critical illness-
associated corticosteroid insufficiency (CIRCI), characterized by 
normal or even subnormal cortisol levels (Martinez et  al., 2024; 
Langouche et al., 2023; Boonen et al., 2013; Boonen and Van den 
Berghe, 2016). Simultaneously, critically ill patients may receive 
exogenous glucocorticoid therapy, known for its anti-inflammatory 
and immunomodulatory effects. Current research advocates for the 
judicious use of hydrocortisone in critically ill patients. Nevertheless, 
prolonged or excessive glucocorticoid administration can induce 
delirium symptoms such as apathy, restlessness, and disorientation 
(Langouche et al., 2023; Yang et al., 2021). A substantial retrospective 
cohort study indicated a potential exacerbation of delirium with 
dexamethasone use in critically ill patients, with a dose-dependent 
increase in delirium risk (Wu et al., 2021).

Previous studies have demonstrated a significant correlation 
between cortisol levels and delirium in critically ill patients with 
infections and sepsis (van den Boogaard et al., 2011; Pfister et al., 
2008). Stress triggers activation of the HPA axis, leading to heightened 
cortisol synthesis and delirium induction. While cortisol can exert an 
anti-inflammatory effect by inhibiting pathways such as NF-κB and 
Janus kinase signal transduction and transcriptional activator pathway 
(JAK–STAT) (Sarapultsev et  al., 2023), it may, under specific 
circumstances, enhance the expression of inflammatory mediators or 
boost inflammatory cell activity, exacerbating the inflammatory 
response, especially during stress responses. In severe infections, 
inadequate cortisol levels can result in an exaggerated inflammatory 
response, heightening neuroinflammation and elevating the risk of 
delirium onset. Human experiments have shown that transient 
elevation of cortisol levels to stress levels correlates with increased 
systemic inflammatory responses (Yeager et  al., 2009). In animal 
studies, exposing mouse microglia to varying cortisol (CORT) 
concentrations revealed that excessive CORT, particularly under low 
temperatures, activated glia, exacerbating neuroinflammation in the 
Dentate Gyrus (a key component of the hippocampal structure, is 
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situated in the central region of the hippocampus) through HMGB1 
acetylation and enhanced NF-κB signaling (Xu et  al., 2019). In a 
simulated neuroinflammation delirium model, reducing cortisol levels 
with medication can reverse attention and learning deficits (Carr et al., 
2019), further demonstrating the harmful role of excessive cortisol in 
neuroinflammation-induced delirium. Therefore, both excessively low 
and high cortisol levels may precipitate delirium. Elevated levels of 
glucocorticoids may also contribute to delirium by influencing 
synaptic function in neurons. Animal studies have revealed a common 
mechanism of action in the hippocampus, where acute high 
concentrations of corticosterone and chronic stress can impair the 
hippocampal NMDA receptor by activating the glucocorticoid 
receptor, suppressing the occurrence of long-term potentiation (LTP), 
and ultimately diminishing levels of brain-derived neurotrophic factor 
(BDNF) in the hippocampus, a crucial component for neuronal 
function in the cortex and striatum. Consequently, high levels of 
glucocorticoids could affect the limbic system, potentially leading to 
delirium (Park et al., 2015; Jin et al., 2019). Additional studies have 

demonstrated that GC activates GSK-3 through Akt1 regulation, 
impeding synaptic signaling, inhibiting LTP, and inducing tau protein 
phosphorylation, ultimately impairing neuronal synaptic function (Yi 
et al., 2017). Elevated cortisol levels may also promote delirium by 
disrupting neurotransmitter balance. Stress-induced elevated GC may 
lead to neurotoxicity by boosting intracellular Ca2+ and glutamate 
synaptic transmission. Furthermore, excessive GC can amplify 5-HT 
activity, which also contributes to delirium (Prager and Johnson, 2009; 
Joëls and Van Riel, 2004).

3.5 Oxidative stress pathway

Prior studies have indicated that patients experiencing oxidative 
stress may develop delirium (Seaman et  al., 2006). Under normal 
circumstances, cells rely on diverse defense mechanisms to shield 
themselves against reactive oxygen species (ROS). However, during 
periods of stress or inflammation, an imbalance arises between ROS 

FIGURE 3

Neuroendocrine disorders and intestinal flora disorders. Both elevated and decreased cortisol levels can contribute to the development of delirium. 
Excessive cortisol may exacerbate neuroinflammation, resulting in neuronal damage, and it may also impair synaptic function and disrupt neurotransmitter 
balance, ultimately leading to delirium. In cases of severe infection, secondary CIRCI can result in decreased cortisol levels that fail to adequately control 
the inflammatory response, thereby inducing delirium. Additionally, an imbalance in the gut microbiome may contribute to delirium by altering microbial 
diversity and composition, directly affecting specific gut bacteria, and exacerbating neuroinflammation and neurotransmitter imbalances. IS, Ischemic 
stroke; GC, Glucocorticoid; HPA, Hypothalamic–pituitary–adrenal cortex; CIRCI, Critical illness associated corticosteroid insufficiency; DSV, Desulfovibrio 
Bacteria; SCFA, Short-chain fatty acids, EC, Enterochromaffin cells. Images created using MedPeer (www.medpeer.cn).
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production and the body’s antioxidant defense mechanisms. Excessive 
ROS then contribute to the oxidation of biological macromolecules, 
leading to cellular lipid peroxidation and mitochondrial dysfunction, 
culminating in oxidative stress (Pang et al., 2022). In critically ill patients, 
conditions like tissue ischemia–reperfusion injury and systemic 
inflammatory responses, as seen in sepsis and acute respiratory distress 
syndrome, can worsen the disparity between oxidation and antioxidation. 
This can lead to heightened production of reactive oxygen species (ROS) 
and other free radicals, or an elevation in lipid peroxidation product 
levels, ultimately resulting in a reduction in overall antioxidant capacity 
(Crimi et al., 2006; Bar-Or et al., 2015; Alonso de Vega et al., 2002).

Oxidative stress pathways can potentially trigger delirium by 
diminishing the endogenous antioxidant capacity. Randomized 
controlled trials have demonstrated that melatonin can enhance the 
overall antioxidant capacity in critically ill patients. Melatonin is capable 
of directly scavenging hydroxyl, peroxygen, and other free radicals. 
Moreover, it may act as an antioxidant by forming complexes with metal 
ions, repairing oxidative molecular damage, and stimulating antioxidant 
enzymes (Mistraletti et al., 2017; Purushothaman et al., 2020; Sieminski 
et al., 2023). Nevertheless, mechanical ventilation or the administration 
of commonly used ICU medications like benzodiazepines, steroids, 
anti-infectives, anticonvulsants, etc., can suppress melatonin secretion 
(Bourne and Mills, 2004), consequently diminishing its antioxidant 
capacity. Furthermore, oxidative stress exhibits a synergistic relationship 
with inflammation and neuroinflammation. Markers of oxidative 
dysfunction, such as sepsis and pneumonia, occur more frequently in 
patients diagnosed with delirium (Seaman et al., 2006). Animal studies 
have shown that the severity of sepsis correlates with persistent oxidative 
stress in the brain (de Souza et  al., 2020). Neuroinflammation can 
increase mitochondrial oxidative stress and lead to a loss of 
mitochondrial membrane potential through the pathological activation 
of dynamin-related protein 1, ultimately resulting in mitochondrial 
damage and neuronal death (Haileselassie et al., 2020). Following the 
activation of neuroinflammatory microglia, the release of nitric oxide 
(NO), reactive nitrogen species, and glutamate can further cause 
structural damage to cell membranes and elicit an inflammatory 
response (Yan et al., 2022). Clinical observational studies have revealed 
a significant reduction in the oxidative stress index catalase (CAT), 
reflecting antioxidant capacity, in patients with postoperative delirium 
(Karlidag et  al., 2006). Animal studies indicate a decrease in 
postoperative brain-derived neurotrophic factor (BDNF) expression, 
disrupting mitochondrial fission/fusion dynamics in the mouse brain 
and impairing mitochondrial function, thus contributing to delirium 
(Lu et  al., 2020). The serine protease Omi/HtrA2, known for its 
proapoptotic properties within mitochondria, may facilitate 
inflammation-induced apoptosis and BBB disruption via caspase-
dependent apoptotic pathways, ultimately leading to cognitive decline 
(Hu et  al., 2019). Moreover, micronutrient deficiencies exacerbate 
inflammatory oxidative stress, correlating with a higher prevalence of 
delirium (Ceolin et al., 2023). In essence, oxidative stress likely plays a 
role in delirium development by diminishing antioxidant capacity and 
amplifying neuroinflammatory responses.

3.6 Imbalance of intestinal flora

Research has indicated that the incidence of ICU delirium is 
linked to gastrointestinal dysfunction stemming from an imbalance 

in intestinal flora. Patients with ICU delirium exhibit reduced diversity 
in intestinal flora and heightened intestinal barrier damage (Jiang, 
2022; Gao, 2021).

Patients admitted to the ICU may experience ischemic events 
such as hemorrhage and hypotension, leading to ischemia 
redistribution and intestinal mucosal ischemia, which significantly 
contribute to intestinal flora imbalance. Moreover, ICU patients 
commonly face intestinal nutritional deficiencies and various invasive 
procedures that compromise the integrity of the intestinal epithelial 
barrier. The critical condition itself can induce increased intestinal 
barrier permeability and alterations in epithelial cells, leading to 
bacterial translocation. Furthermore, the administration of antibiotics, 
proton pump inhibitors, and opioids can directly impact the gut 
microbiota, with inappropriate antibiotic use being linked to the 
emergence of multidrug-resistant bacteria (Moron et al., 2019; Zhang 
J. et al., 2019).

The intestinal microbiota influences the host’s behavior by 
modulating flora and generating metabolites along the bidirectional 
microbial-gut-brain axis, impacting the nervous system and 
modulating brain signals (Shen and Sun, 2021; Rutsch et al., 2020). 
Imbalance in the gut microbiota can disrupt the diversity and 
composition of gut bacteria, with specific strains linked to delirium 
development. Research indicates that greater α diversity (higher 
microbial abundance and diversity) correlates with a reduced delirium 
risk, while patients with delirium exhibit a higher presence of 
Enterobacteriaceae genera linked to pro-inflammatory pathways 
(Garcez et al., 2023). A recent analysis of 211 gut microbiota using 
Mendelian randomization revealed that the presence of Desulfovibrio 
bacteria (DSV) and the species Candidatus Soleaferrea increases the 
risk of delirium. Conversely, the genera Oxalobacteriaceae, 
Holdemania, Ruminococcus gnavus, and Eggerthella reduce the risk of 
delirium (Yu et al., 2023). Desulfovibrio bacteria produce excessive 
hydrogen sulfide, which can breach the intestinal mucosa. At lower 
concentrations, this can impact neuronal signal transmission, while at 
higher concentrations, it can lead to toxic reactions in mitochondria, 
subsequently affecting the brain (Earley et al., 2015; Haouzi et al., 
2020). An imbalance in intestinal flora can exacerbate the 
inflammatory response and intensify neuroinflammation. 
Dysregulation of the intestinal flora can result in elevated 
lipopolysaccharide (LPS) levels and activation of Toll-like receptor 4 
(TLR4), triggering inflammatory signaling pathways associated with 
cognitive impairment (Narabayashi et al., 2022; Li et al., 2023). Animal 
studies have demonstrated that probiotics can regulate dysregulated 
gut flora and the microbial-brain-gut axis, thereby mitigating blood–
brain barrier (BBB) permeability, reducing oxidative DNA damage, 
and inhibiting the NF-κB signaling pathway mediated by TLR4 and 
retinoid-inducing gene protein I  (RIG-I) (Yang et  al., 2020). 
Inflammation can disrupt the gut microbiota. Research analysis has 
revealed a correlation between the severity of sepsis in patients and 
the extent of intestinal flora imbalance (Liang et al., 2023). Short-chain 
fatty acids (SCFAs), produced by intestinal microorganisms, play a 
crucial role in regulating intestinal inflammation and reshaping 
intestinal ecology (McHardy et al., 2013). Animal models have shown 
that sepsis reduces SCFA levels, impacting brain function via the 
gut-microbiome-brain axis and leading to cognitive impairment 
(Zhang et al., 2023; Giridharan et al., 2022). The gut microbiota can 
influence the development of delirium through neurotransmitter 
regulation. Delirium patients exhibit higher levels of Serratia, 
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Bacteroides, and Paracoides, with Serratia linked to DA and the latter 
two linked to GABA (Garcez et  al., 2023). Additionally, research 
indicates that the intestinal microbiota can communicate directly with 
intestinal chromaffin cells (EC) via soluble local spore-forming 
bacteria, stimulating endogenous and local 5-HT biosynthesis, thereby 
affecting the nervous system (Yano et al., 2015).

In essence, gut flora dysregulation may contribute to delirium by 
altering flora diversity and composition, interacting with specific gut 
bacteria, intensifying neuroinflammation, and disrupting 
neurotransmitter balance.

4 Prospect

Future research should further explore the specific pathways and 
interconnections of the aforementioned mechanisms. More high-
quality studies, such as randomized controlled trials and large-scale 
cohort studies, are needed to validate these mechanisms and their 
specific roles in the development of delirium, translate basic research 
findings into clinical applications, and develop prevention and 
treatment strategies for delirium based on these mechanisms. 
Exploring novel pathophysiological mechanisms like genetic factors, 
mitochondrial dysfunction, and endoplasmic reticulum stress can 
provide a comprehensive understanding of delirium mechanisms. 
Furthermore, identifying specific biomarkers for predicting ICU 
delirium stands as a crucial area of ongoing research.

5 Conclusion

Delirium is a common complication in critically ill patients, and 
there is no effective means to completely prevent or treat delirium. 
We  suggest that the pathophysiological mechanisms of delirium 
include neuroinflammatory pathways, neurotransmitter imbalances, 
abnormal brain function under neuropathological conditions, 
neuroendocrine disruption, oxidative stress cascade, and intestinal 

microbiome dysregulation. These six mechanisms interact and 
intertwine with each other to promote the occurrence and 
development of ICU delirium.

Author contributions

Y-YF: Conceptualization, Writing – review & editing, Data 
curation, Investigation, Writing – original draft. R-YL: 
Conceptualization, Investigation, Writing – original draft. M-TW: 
Conceptualization, Investigation, Writing – original draft. C-YY: 
Conceptualization, Investigation, Writing – review & editing. Y-YS: 
Conceptualization, Investigation, Writing – original draft. J-YJ: 
Conceptualization, Supervision, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

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.

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.

References
Abdallah, Y. E. H., Chahal, S., Jamali, F., and Mahmoud, S. H. (2023). Drug-disease 

interaction: clinical consequences of inflammation on drugs action and disposition. J. 
Pharm. Pharm. Sci. 26:11137. doi: 10.3389/jpps.2023.11137

Adams Wilson, J. R., Morandi, A., Girard, T. D., Thompson, J. L., Boomershine, C. S., 
Shintani, A. K., et al. (2012). The association of the kynurenine pathway of tryptophan 
metabolism with acute brain dysfunction during critical illness*. Crit. Care Med. 40, 
835–841. doi: 10.1097/CCM.0b013e318236f62d

Alonso de Vega, J. M., Díaz, J., Serrano, E., and Carbonell, L. F. (2002). Oxidative stress 
in critically ill patients with systemic inflammatory response syndrome. Crit. Care Med. 
30, 1782–1786. doi: 10.1097/00003246-200208000-00018

American Psychiatric Association (2022). Diagnostic and statistical manual of mental 
disorders. 5th ed., text rev. Edn. Arlington, VA: American Psychiatric Publishing.

Andersen-Ranberg, N. C., Poulsen, L. M., Perner, A., Wetterslev, J., Estrup, S., 
Hästbacka, J., et al. (2022). Haloperidol for the treatment of delirium in ICU patients. 
N. Engl. J. Med. 387, 2425–2435. doi: 10.1056/NEJMoa2211868

Antonelli, T., Fuxe, K., Tomasini, M. C., Mazzoni, E., Agnati, L. F., Tanganelli, S., et al. 
(2007). Neurotensin receptor mechanisms and its modulation of glutamate transmission 
in the brain: relevance for neurodegenerative diseases and their treatment. Prog. 
Neurobiol. 83, 92–109. doi: 10.1016/j.pneurobio.2007.06.006

Austin, C. A., Yi, J., Lin, F. C., Pandharipande, P., Ely, E. W., Busby-Whitehead, J., et al. 
(2022). The Association of Selective Serotonin Reuptake Inhibitors with Delirium in 
critically ill adults: a secondary analysis of the bringing to light the risk factors and 
incidence of neuropsychologic dysfunction in ICU survivors ICU study. Crit. Care 
Explor. 4:e0740. doi: 10.1097/CCE.0000000000000740

Bar-Or, D., Carrick, M. M., Mains, C. W., Rael, L. T., Slone, D., and Brody, E. N. (2015). 
Sepsis, oxidative stress, and hypoxia: are there clues to better treatment? Redox Rep. 20, 
193–197. doi: 10.1179/1351000215Y.0000000005

Bisschop, P. H., de Rooij, S. E., Zwinderman, A. H., van Oosten, H. E., and van 
Munster, B. C. (2011). Cortisol, insulin, and glucose and the risk of delirium in older adults 
with hip fracture. J. Am. Geriatr. Soc. 59, 1692–1696. doi: 10.1111/j.1532-5415.2011.03575.x

Bleck, T. P. (2018). Dopamine Antagonists in ICU Delirium. N. Engl. J. Med. 379, 
2569–2570. doi: 10.1056/NEJMe1813382

Blonde, L., Umpierrez, G. E., Reddy, S. S., McGill, J. B., Berga, S. L., Bush, M., et al. 
(2022). American Association of Clinical Endocrinology Clinical Practice Guideline: 
developing a diabetes mellitus comprehensive care Plan-2022 update. Endocr. Pract. 28, 
923–1049. doi: 10.1016/j.eprac.2022.08.002

Boonen, E., and Van den Berghe, G. (2016). Mechanisms in endocrinology: new 
concepts to further unravel adrenal insufficiency during critical illness. Eur. J. 
Endocrinol. 175, R1–R9. doi: 10.1530/EJE-15-1098

Boonen, E., Vervenne, H., Meersseman, P., Andrew, R., Mortier, L., Declercq, P. E., 
et al. (2013). Reduced cortisol metabolism during critical illness. N. Engl. J. Med. 368, 
1477–1488. doi: 10.1056/NEJMoa1214969

Boord, M. S., Moezzi, B., Davis, D., Ross, T. J., Coussens, S., Psaltis, P. J., et al. 
(2021). Investigating how electroencephalogram measures associate with delirium: a 
systematic review. Clin. Neurophysiol. 132, 246–257. doi: 10.1016/j.clinph.2020.09.009

Bourne, R. S., and Mills, G. H. (2004). Sleep disruption in critically ill patients – 
pharmacological considerations. Anaesthesia 59, 374–384. doi: 10.1111/j.1365-2044.2004. 
03664.x

https://doi.org/10.3389/fnagi.2024.1446523
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/jpps.2023.11137
https://doi.org/10.1097/CCM.0b013e318236f62d
https://doi.org/10.1097/00003246-200208000-00018
https://doi.org/10.1056/NEJMoa2211868
https://doi.org/10.1016/j.pneurobio.2007.06.006
https://doi.org/10.1097/CCE.0000000000000740
https://doi.org/10.1179/1351000215Y.0000000005
https://doi.org/10.1111/j.1532-5415.2011.03575.x
https://doi.org/10.1056/NEJMe1813382
https://doi.org/10.1016/j.eprac.2022.08.002
https://doi.org/10.1530/EJE-15-1098
https://doi.org/10.1056/NEJMoa1214969
https://doi.org/10.1016/j.clinph.2020.09.009
https://doi.org/10.1111/j.1365-2044.2004.03664.x
https://doi.org/10.1111/j.1365-2044.2004.03664.x


Fan et al. 10.3389/fnagi.2024.1446523

Frontiers in Aging Neuroscience 12 frontiersin.org

Brennan, K., Sanchez, D., Hedges, S., Lynch, J., Hou, Y. C., Al Sayfe, M., et al. (2023). 
A nurse-led intervention to reduce the incidence and duration of delirium among adults 
admitted to intensive care: a stepped-wedge cluster randomised trial. Aust. Crit. Care 
36, 441–448. doi: 10.1016/j.aucc.2022.08.005

Brummel, N. E., Hughes, C. G., McNeil, J. B., Pandharipande, P. P., Thompson, J. L., 
Orun, O. M., et al. (2024). Systemic inflammation and delirium during critical illness. 
Intensive Care Med. 50, 687–696. doi: 10.1007/s00134-024-07388-6

Cao, Y., Song, Y., Ding, Y., Ni, J., Zhu, B., Shen, J., et al. (2023). The role of hormones 
in the pathogenesis and treatment mechanisms of delirium in ICU: the past, the present, 
and the future. J. Steroid Biochem. Mol. Biol. 233:106356. doi: 10.1016/j.
jsbmb.2023.106356

Carr, Z. J., Miller, L., Ruiz-Velasco, V., Kunselman, A. R., and Karamchandani, K. 
(2019). In a model of Neuroinflammation designed to mimic delirium, quetiapine 
reduces cortisol secretion and preserves reversal learning in the attentional set shifting 
task. J. Neuroimmune Pharmacol. 14, 383–390. doi: 10.1007/s11481-019-09857-y

Ceolin, C., Papa, M. V., De Rui, M., Devita, M., Sergi, G., and Coin, A. (2023). 
Micronutrient deficiency and its potential role in delirium onset in older adults: a 
systematic review. J. Nutr. Health Aging 27, 785–790. doi: 10.1007/s12603-023-1976-z

Chang, C. H., Lin, C. H., and Lane, H. Y. (2020). D-glutamate and gut microbiota in 
Alzheimer's disease. Int. J. Mol. Sci. 21, 2676–2692. doi: 10.3390/ijms21082676

Chen, J., Yu, J., and Zhang, A. (2020). Delirium risk prediction models for intensive 
care unit patients: a systematic review. Intensive Crit. Care Nurs. 60:102880. doi: 
10.1016/j.iccn.2020.102880

Cheng, C. H., Chang, S. J., Lee, B. J., Lin, K. L., and Huang, Y. C. (2006). Vitamin B6 
supplementation increases immune responses in critically ill patients. Eur. J. Clin. Nutr. 
60, 1207–1213. doi: 10.1038/sj.ejcn.1602439

Chien-Po, H., and An-Yi, W. (2022). Amphetamine toxicity masked by concomitant 
γ-hydroxybutyrate (GHB) ingestion. Am. J. Emerg. Med. 58, 338–339. doi: 10.1016/j.
ajem.2022.03.057

Crimi, E., Sica, V., Williams-Ignarro, S., Zhang, H., Slutsky, A. S., Ignarro, L. J., et al. 
(2006). The role of oxidative stress in adult critical care. Free Radic. Biol. Med. 40, 
398–406. doi: 10.1016/j.freeradbiomed.2005.10.054

da Costa, R. K., Leivas de Oliveira, R., da Silva, C. J., Esteves da Rocha, V. M., Fuzinato 
Dos Santos, B., Fronza, M. G., et al. (2022). A new arylsulfanyl-benzo-2,1,3-thiadiazoles 
derivative produces an anti-amnesic effect in mice by modulating acetylcholinesterase 
activity. Chem. Biol. Interact. 351:109736. doi: 10.1016/j.cbi.2021.109736

Dadkhah, M., Baziar, M., and Rezaei, N. (2024). The regulatory role of BDNF in 
neuroimmune axis function and neuroinflammation induced by chronic stress: a new 
therapeutic strategies for neurodegenerative disorders. Cytokine 174:156477. doi: 
10.1016/j.cyto.2023.156477

Damsma, G., and Fibiger, H. C. (1991). The effects of anaesthesia and hypothermia 
on interstitial concentrations of acetylcholine and choline in rat striatum. Life Sci. 48, 
2469–2474. doi: 10.1016/0024-3205(91)90383-M

Danielski, L. G., Giustina, A. D., Goldim, M. P., Florentino, D., Mathias, K., 
Garbossa, L., et al. (2018). Vitamin B(6) reduces neurochemical and long-term cognitive 
alterations after Polymicrobial Sepsis: involvement of the kynurenine pathway 
modulation. Mol. Neurobiol. 55, 5255–5268. doi: 10.1007/s12035-017-0706-0

de Bartolomeis, A., Barone, A., Vellucci, L., Mazza, B., Austin, M. C., Iasevoli, F., et al. 
(2022). Linking inflammation, aberrant glutamate-dopamine interaction, and post-
synaptic changes: translational relevance for schizophrenia and antipsychotic treatment: 
a systematic review. Mol. Neurobiol. 59, 6460–6501. doi: 10.1007/s12035-022-02976-3

de Oliveira, P., Gomes, A. Q., Pacheco, T. R., Vitorino de Almeida, V., Saldanha, C., 
and Calado, A. (2012). Cell-specific regulation of acetylcholinesterase expression under 
inflammatory conditions. Clin. Hemorheol. Microcirc. 51, 129–137. doi: 10.3233/
CH-2011-1520

de Souza, P., Goldim, M., Della Giustina, A., Mathias, K., de Oliveira, J. A., Fileti, M. E., 
et al. (2020). Sickness behavior score is associated with Neuroinflammation and late 
behavioral changes in Polymicrobial Sepsis animal model. Inflammation 43, 1019–1034. 
doi: 10.1007/s10753-020-01187-z

Devlin, J. W., Skrobik, Y., Gélinas, C., Needham, D. M., Slooter, A. J. C., 
Pandharipande, P. P., et al. (2018). Clinical practice guidelines for the prevention and 
management of pain, agitation/sedation, delirium, immobility, and sleep disruption in 
adult patients in the ICU. Crit. Care Med. 46, e825–e873. doi: 10.1097/
CCM.0000000000003299

Dong, H. P., Li, P., Li, X. X., Zhou, S. M., Xiao, H., Xie, J. X., et al. (2024). Effect and 
mechanism of proteasome inhibitor MG132 on memory impairment caused by chronic 
hypoxia in mice. Med. J. Chin. PLA, 449–458.

Earley, H., Lennon, G., Balfe, A., Kilcoyne, M., Clyne, M., Joshi, L., et al. (2015). A 
preliminary study examining the binding capacity of Akkermansia muciniphila and 
Desulfovibrio spp., to colonic mucin in health and ulcerative colitis. PLoS One 
10:e0135280. doi: 10.1371/journal.pone.0135280

Egberts, A., Fekkes, D., Wijnbeld, E. H., van der Ploeg, M. A., van Saase, J. L., Ziere, G., 
et al. (2015). Disturbed serotonergic neurotransmission and oxidative stress in elderly 
patients with delirium. Dement Geriatr. Cogn. Dis. Extra. 5, 450–458. doi: 
10.1159/000440696

Evanson, D. J., and Espiridion, E. D. (2023). The catastrophic effects of psychogenic 
polydipsia: a case report. Cureus. 15:e44766. doi: 10.7759/cureus.44766

Felger, J. C., and Lotrich, F. E. (2013). Inflammatory cytokines in depression: 
neurobiological mechanisms and therapeutic implications. Neuroscience 246, 199–229. 
doi: 10.1016/j.neuroscience.2013.04.060

Figueroa-Ramos, M. I., Arroyo-Novoa, C. M., Lee, K. A., Padilla, G., and 
Puntillo, K. A. (2009). Sleep and delirium in ICU patients: a review of mechanisms and 
manifestations. Intensive Care Med. 35, 781–795. doi: 10.1007/s00134-009-1397-4

First, M. B., Clarke, D. E., Yousif, L., Eng, A. M., Gogtay, N., and Appelbaum, P. S. 
(2023). DSM-5-TR: rationale, process, and overview of changes. Psychiatr. Serv. 74, 
869–875. doi: 10.1176/appi.ps.20220334

Fujisawa, H., Sugimura, Y., Takagi, H., Mizoguchi, H., Takeuchi, H., Izumida, H., et al. 
(2016). Chronic hyponatremia causes neurologic and psychologic impairments. J. Am. 
Soc. Nephrol. 27, 766–780. doi: 10.1681/ASN.2014121196

Gao, W. (2021) Development of an early predictive model for delirium in the cardiac 
surgical ICU and preliminary study of the gut microbiome in the mechanism of delirium 
[Doctor].

Garcez, F. B., Garcia de Alencar, J. C., Fernandez, S. S. M., Avelino-Silva, V. I., 
Sabino, E. C., Martins, R. C. R., et al. (2023). Association between gut microbiota and 
delirium in acutely ill older adults. J. Gerontol. A Biol. Sci. Med. Sci. 78, 1320–1327. doi: 
10.1093/gerona/glad074

Giridharan, V. V., Generoso, J. S., Lence, L., Candiotto, G., Streck, E., Petronilho, F., 
et al. (2022). A crosstalk between gut and brain in sepsis-induced cognitive decline. J. 
Neuroinflammation 19:114. doi: 10.1186/s12974-022-02472-4

Gonçalves, R. A., and De Felice, F. G. (2021). The crosstalk between brain and 
periphery: implications for brain health and disease. Neuropharmacology 197:108728. 
doi: 10.1016/j.neuropharm.2021.108728

Guidolin, D., Tortorella, C., Marcoli, M., Cervetto, C., De Caro, R., Maura, G., et al. 
(2023). Modulation of neuron and astrocyte dopamine receptors via receptor-receptor 
interactions. Pharmaceuticals (Basel) 16, 1427–1449. doi: 10.3390/ph16101427

Gulyaeva, N. V., Onufriev, M. V., and Moiseeva, Y. V. (2021). Ischemic stroke, 
glucocorticoids, and remote hippocampal damage: a translational outlook and 
implications for modeling. Front. Neurosci. 15:781964. doi: 10.3389/fnins.2021.781964

Haggstrom, L., Welschinger, R., and Caplan, G. A. (2017). Functional neuroimaging 
offers insights into delirium pathophysiology: a systematic review. Australas. J. Ageing 
36, 186–192. doi: 10.1111/ajag.12417

Haileselassie, B., Joshi, A. U., Minhas, P. S., Mukherjee, R., Andreasson, K. I., and 
Mochly-Rosen, D. (2020). Mitochondrial dysfunction mediated through dynamin-
related protein 1 (Drp1) propagates impairment in blood brain barrier in septic 
encephalopathy. J. Neuroinflammation 17:36. doi: 10.1186/s12974-019-1689-8

Hanna, A., Jirsch, J., Alain, C., Corvinelli, S., and Lee, J. S. (2023). 
Electroencephalogram measured functional connectivity for delirium detection: a 
systematic review. Front. Neurosci. 17:1274837. doi: 10.3389/fnins.2023.1274837

Haouzi, P., Sonobe, T., and Judenherc-Haouzi, A. (2020). Hydrogen sulfide 
intoxication induced brain injury and methylene blue. Neurobiol. Dis. 133:104474. doi: 
10.1016/j.nbd.2019.05.013

Henjum, K., Godang, K., Quist-Paulsen, E., Idland, A. V., Neerland, B. E., Sandvig, H., 
et al. (2021). Cerebrospinal fluid catecholamines in delirium and dementia. Brain 
Commun. 3, 1–11. doi: 10.1093/braincomms/fcab121

Heylen, A., Vermeiren, Y., De Rooij, S. E., Scholtens, R. M., Van Munster, B. C., Van 
Dam, D., et al. (2022). Plasma 5-HIAA activity indicative of serotonergic disturbances 
in cognitively impaired, elderly patients experiencing postoperative delirium. Int. J. 
Geriatr. Psychiatry 37, 1–12. doi: 10.1002/gps.5677

Hou, C. T., Wu, Y. H., Cheng, C. H., Huang, P. N., and Huang, Y. C. (2012). Higher 
plasma homocysteine is associated with lower vitamin B6 status in critically ill surgical 
patients. Nutr. Clin. Pract. 27, 695–700. doi: 10.1177/0884533612449654

Hu, Y., Bi, Y., Yao, D., Wang, P., and Li, Y. (2019). Omi/HtrA2 protease associated cell 
apoptosis participates in blood-brain barrier dysfunction. Front. Mol. Neurosci. 12:48. 
doi: 10.3389/fnmol.2019.00048

Hu, R. F., Jiang, X. Y., Zeng, Y. M., Chen, X. Y., and Zhang, Y. H. (2010). Effects of 
earplugs and eye masks on nocturnal sleep, melatonin and cortisol in a simulated 
intensive care unit environment. Crit. Care 14:R66. doi: 10.1186/cc8965

Hughes, C. G., Boncyk, C. S., Fedeles, B., Pandharipande, P. P., Chen, W., Patel, M. B., 
et al. (2022). Association between cholinesterase activity and critical illness brain 
dysfunction. Crit. Care 26:377. doi: 10.1186/s13054-022-04260-1

Hut, R. A., and Van der Zee, E. A. (2011). The cholinergic system, circadian 
rhythmicity, and time memory. Behav. Brain Res. 221, 466–480. doi: 10.1016/j.
bbr.2010.11.039

Jiang, G. Y. (2022). Analysis of risk factors for delirium in ICU [Master].

Jin, Y., Sun, L. H., Yang, W., Cui, R. J., and Xu, S. B. (2019). The role of BDNF in the 
neuroimmune axis regulation of mood disorders. Front. Neurol. 10:515. doi: 10.3389/
fneur.2019.00515

Joëls, M., and Van Riel, E. (2004). Mineralocorticoid and glucocorticoid receptor-
mediated effects on serotonergic transmission in health and disease. Ann. N. Y. Acad. 
Sci. 1032, 301–303. doi: 10.1196/annals.1314.046

Karlidag, R., Unal, S., Sezer, O. H., Bay Karabulut, A., Battaloğlu, B., But, A., et al. 
(2006). The role of oxidative stress in postoperative delirium. Gen. Hosp. Psychiatry 28, 
418–423. doi: 10.1016/j.genhosppsych.2006.06.002

https://doi.org/10.3389/fnagi.2024.1446523
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.aucc.2022.08.005
https://doi.org/10.1007/s00134-024-07388-6
https://doi.org/10.1016/j.jsbmb.2023.106356
https://doi.org/10.1016/j.jsbmb.2023.106356
https://doi.org/10.1007/s11481-019-09857-y
https://doi.org/10.1007/s12603-023-1976-z
https://doi.org/10.3390/ijms21082676
https://doi.org/10.1016/j.iccn.2020.102880
https://doi.org/10.1038/sj.ejcn.1602439
https://doi.org/10.1016/j.ajem.2022.03.057
https://doi.org/10.1016/j.ajem.2022.03.057
https://doi.org/10.1016/j.freeradbiomed.2005.10.054
https://doi.org/10.1016/j.cbi.2021.109736
https://doi.org/10.1016/j.cyto.2023.156477
https://doi.org/10.1016/0024-3205(91)90383-M
https://doi.org/10.1007/s12035-017-0706-0
https://doi.org/10.1007/s12035-022-02976-3
https://doi.org/10.3233/CH-2011-1520
https://doi.org/10.3233/CH-2011-1520
https://doi.org/10.1007/s10753-020-01187-z
https://doi.org/10.1097/CCM.0000000000003299
https://doi.org/10.1097/CCM.0000000000003299
https://doi.org/10.1371/journal.pone.0135280
https://doi.org/10.1159/000440696
https://doi.org/10.7759/cureus.44766
https://doi.org/10.1016/j.neuroscience.2013.04.060
https://doi.org/10.1007/s00134-009-1397-4
https://doi.org/10.1176/appi.ps.20220334
https://doi.org/10.1681/ASN.2014121196
https://doi.org/10.1093/gerona/glad074
https://doi.org/10.1186/s12974-022-02472-4
https://doi.org/10.1016/j.neuropharm.2021.108728
https://doi.org/10.3390/ph16101427
https://doi.org/10.3389/fnins.2021.781964
https://doi.org/10.1111/ajag.12417
https://doi.org/10.1186/s12974-019-1689-8
https://doi.org/10.3389/fnins.2023.1274837
https://doi.org/10.1016/j.nbd.2019.05.013
https://doi.org/10.1093/braincomms/fcab121
https://doi.org/10.1002/gps.5677
https://doi.org/10.1177/0884533612449654
https://doi.org/10.3389/fnmol.2019.00048
https://doi.org/10.1186/cc8965
https://doi.org/10.1186/s13054-022-04260-1
https://doi.org/10.1016/j.bbr.2010.11.039
https://doi.org/10.1016/j.bbr.2010.11.039
https://doi.org/10.3389/fneur.2019.00515
https://doi.org/10.3389/fneur.2019.00515
https://doi.org/10.1196/annals.1314.046
https://doi.org/10.1016/j.genhosppsych.2006.06.002


Fan et al. 10.3389/fnagi.2024.1446523

Frontiers in Aging Neuroscience 13 frontiersin.org

Keever, K. R., Cui, K., Casteel, J. L., Singh, S., Hoover, D. B., Williams, D. L., et al. 
(2024). Cholinergic signaling via the α7 nicotinic acetylcholine receptor regulates the 
migration of monocyte-derived macrophages during acute inflammation. J. 
Neuroinflammation 21:3. doi: 10.1186/s12974-023-03001-7

Khaing, K., and Nair, B. R. (2021). Melatonin for delirium prevention in hospitalized 
patients: a systematic review and meta-analysis. J. Psychiatr. Res. 133, 181–190. doi: 
10.1016/j.jpsychires.2020.12.020

Khan, B. A., Perkins, A. J., Prasad, N. K., Shekhar, A., Campbell, N. L., Gao, S., et al. 
(2020). Biomarkers of delirium duration and delirium severity in the ICU. Crit. Care 
Med. 48, 353–361. doi: 10.1097/CCM.0000000000004139

Krewulak, K. D., Stelfox, H. T., Leigh, J. P., Ely, E. W., and Fiest, K. M. (2018). Incidence 
and prevalence of delirium subtypes in an adult ICU: a systematic review and meta-
analysis. Crit. Care Med. 46, 2029–2035. doi: 10.1097/CCM.0000000000003402

Kuperberg, S. J., and Wadgaonkar, R. (2017). Sepsis-associated encephalopathy: the 
blood-brain barrier and the sphingolipid rheostat. Front. Immunol. 8:597. doi: 10.3389/
fimmu.2017.00597

Langouche, L., Téblick, A., Gunst, J., and Van den Berghe, G. (2023). The 
hypothalamus-pituitary-adrenocortical response to critical illness: a concept in need of 
revision. Endocr. Rev. 44, 1096–1106. doi: 10.1210/endrev/bnad021

Lee, S. Y., and Haydon, P. G. (2011). A cytokine-dependent switch for glial-neuron 
interactions. Neuron 69, 835–837. doi: 10.1016/j.neuron.2011.02.033

Li, Q. (2023) The association study between dopamine D2 receptor gene single 
nucleotide polymorphism and deliriun in critically ill patients [Master].

Li, Y., Si, H., Ma, Y., Li, S., Gao, L., Liu, K., et al. (2023). Vitamin D3 affects the gut 
microbiota in an LPS-stimulated systemic inflammation mouse model. Microbes Infect. 
25:105180. doi: 10.1016/j.micinf.2023.105180

Liang, Y. P., Zhao, H., Cai, H. Z., Jia, Y., and Xu, M. L. (2023). Expression of FABP4 
and GRP78 in serum of patients with sepsis and their correlation with intestinal flora 
imbalance. J. Pathog. Biol. 18, 1175–1178.

Lieberman, O. J., Douglas, V. C., and LaHue, S. C. (2023a). Reexamining cholinesterase 
inhibitors for the prevention and treatment of delirium in high-risk populations. Crit. 
Care 27:129. doi: 10.1186/s13054-023-04413-w

Lieberman, O. J., Lee, S., and Zabinski, J. (2023b). Donepezil treatment is associated 
with improved outcomes in critically ill dementia patients via a reduction in delirium. 
Alzheimers Dement. 19, 1742–1751. doi: 10.1002/alz.12807

Litwińczuk, M. C., Muhlert, N., Cloutman, L., Trujillo-Barreto, N., and Woollams, A. 
(2022). Combination of structural and functional connectivity explains unique variation 
in specific domains of cognitive function. NeuroImage 262:119531. doi: 10.1016/j.
neuroimage.2022.119531

Liu, J., Clough, S. J., Hutchinson, A. J., Adamah-Biassi, E. B., Popovska-Gorevski, M., 
and Dubocovich, M. L. (2016). MT1 and MT2 melatonin receptors: a therapeutic 
perspective. Annu. Rev. Pharmacol. Toxicol. 56, 361–383. doi: 10.1146/annurev-
pharmtox-010814-124742

Liu, H., Wu, J., Yao, J. Y., Wang, H., and Li, S. T. (2017). The role of oxidative stress in 
decreased acetylcholinesterase activity at the neuromuscular junction of the diaphragm 
during Sepsis. Oxidative Med. Cell. Longev. 2017:9718615. doi: 10.1155/2017/9718615

Lobo-Valbuena, B., Molina, R., Castañeda-Vozmediano, R., de la Oliva, L., Calvo, L., 
Abella, A., et al. (2023). Functional independence, frailty and perceived quality of life in 
patients who developed delirium during ICU stay: a prospective cohort study. Eur. J. 
Med. Res. 28, 560–569. doi: 10.1186/s40001-023-01530-8

Lu, Y., Chen, L., Ye, J., Chen, C., Zhou, Y., Li, K., et al. (2020). Surgery/anesthesia 
disturbs mitochondrial fission/fusion dynamics in the brain of aged mice with 
postoperative delirium. Aging (Albany NY) 12, 844–865. doi: 10.18632/aging.102659

Maas, M. B., Lizza, B. D., Abbott, S. M., Liotta, E. M., Gendy, M., Eed, J., et al. (2020). 
Factors disrupting melatonin secretion rhythms during critical illness. Crit. Care Med. 
48, 854–861. doi: 10.1097/CCM.0000000000004333

Maclullich, A. M., Ferguson, K. J., Miller, T., de Rooij, S. E., and Cunningham, C. 
(2008). Unravelling the pathophysiology of delirium: a focus on the role of aberrant 
stress responses. J. Psychosom. Res. 65, 229–238. doi: 10.1016/j.jpsychores.2008.05.019

Mannaioni, G., Carpenedo, R., and Moroni, F. (2003). 5-hydroxyindole causes 
convulsions and increases transmitter release in the CA1 region of the rat hippocampus. 
Br. J. Pharmacol. 138, 245–253. doi: 10.1038/sj.bjp.0705007

Marcantonio, E. R. (2017). Delirium in Hospitalized Older Adults. N. Engl. J. Med. 
377, 1456–1466. doi: 10.1056/NEJMcp1605501

Martinez, G. J., Appleton, M., Kipp, Z. A., Loria, A. S., Min, B., and Hinds, T. D. Jr. 
(2024). Glucocorticoids, their uses, sexual dimorphisms, and diseases: new concepts, 
mechanisms, and discoveries. Physiol. Rev. 104, 473–532. doi: 10.1152/
physrev.00021.2023

McHardy, I. H., Goudarzi, M., Tong, M., Ruegger, P. M., Schwager, E., Weger, J. R., 
et al. (2013). Integrative analysis of the microbiome and metabolome of the human 
intestinal mucosal surface reveals exquisite inter-relationships. Microbiome. 1:17. doi: 
10.1186/2049-2618-1-17

Michels, M., Michelon, C., Damásio, D., Vitali, A. M., Ritter, C., and Dal-Pizzol, F. 
(2019). Biomarker predictors of delirium in acutely ill patients: a systematic review. J. 
Geriatr. Psychiatry Neurol. 32, 119–136. doi: 10.1177/0891988719834346

Miller, A. H., Haroon, E., Raison, C. L., and Felger, J. C. (2013). Cytokine targets in 
the brain: impact on neurotransmitters and neurocircuits. Depress Anxiety 30, 297–306. 
doi: 10.1002/da.22084

Mistraletti, G., Paroni, R., Umbrello, M., D'Amato, L., Sabbatini, G., Taverna, M., et al. 
(2017). Melatonin pharmacological blood levels increase Total antioxidant capacity in 
critically ill patients. Int. J. Mol. Sci. 18, 759–773. doi: 10.3390/ijms18040759

Moron, R., Galvez, J., Colmenero, M., Anderson, P., Cabeza, J., and 
Rodriguez-Cabezas, M. E. (2019). The importance of the microbiome in critically ill 
patients: role of nutrition. Nutrients 11, 3002–3018. doi: 10.3390/nu11123002

Moya, N. A., Yun, S., Fleps, S. W., Martin, M. M., Nadel, J. A., Beutler, L. R., et al. 
(2023). The effect of selective nigrostriatal dopamine excess on behaviors linked to the 
cognitive and negative symptoms of schizophrenia. Neuropsychopharmacology 48, 
690–699. doi: 10.1038/s41386-022-01492-1

Mundigler, G., Delle-Karth, G., Koreny, M., Zehetgruber, M., Steindl-Munda, P., 
Marktl, W., et al. (2002). Impaired circadian rhythm of melatonin secretion in sedated 
critically ill patients with severe sepsis. Crit. Care Med. 30, 536–540. doi: 
10.1097/00003246-200203000-00007

Nagy, L., Mangini, P., Schroen, C., Aziz, R., and Tobia, A. (2020). Prolonged 
hypercalcemia-induced psychosis. Case Rep. Psychiatry. 2020, 1–4. doi: 
10.1155/2020/6954036

Narabayashi, H., Koma, C., Nakata, K., Ikegami, M., Nakanishi, Y., Ogihara, J., et al. 
(2022). Gut microbiota-dependent adaptor molecule recruits DNA methyltransferase 
to the TLR4 gene in colonic epithelial cells to suppress inflammatory reactions. Front. 
Mol. Biosci. 9:1005136. doi: 10.3389/fmolb.2022.1005136

Oliva, I., Fernández, M., and Martín, E. D. (2013). Dopamine release regulation by 
astrocytes during cerebral ischemia. Neurobiol. Dis. 58, 231–241. doi: 10.1016/j.
nbd.2013.06.007

Pandharipande, P. P., Girard, T. D., Jackson, J. C., Morandi, A., Thompson, J. L., 
Pun, B. T., et al. (2013). Long-term cognitive impairment after critical illness. N. Engl. J. 
Med. 369, 1306–1316. doi: 10.1056/NEJMoa1301372

Pang, Y., Li, Y., Zhang, Y., Wang, H., Lang, J., Han, L., et al. (2022). Effects of 
inflammation and oxidative stress on postoperative delirium in cardiac surgery. Front. 
Cardiovasc. Med. 9:1049600. doi: 10.3389/fcvm.2022.1049600

Park, H. J., Lee, S., Jung, J. W., Kim, B. C., Ryu, J. H., and Kim, D. H. (2015). 
Glucocorticoid- and long-term stress-induced aberrant synaptic plasticity are mediated 
by activation of the glucocorticoid receptor. Arch. Pharm. Res. 38, 1204–1212. doi: 
10.1007/s12272-015-0548-0

Pearson, A., de Vries, A., Middleton, S. D., Gillies, F., White, T. O., Armstrong, I. R., 
et al. (2010). Cerebrospinal fluid cortisol levels are higher in patients with delirium 
versus controls. BMC. Res. Notes 3:33. doi: 10.1186/1756-0500-3-33

Pfister, D., Siegemund, M., Dell-Kuster, S., Smielewski, P., Rüegg, S., Strebel, S. P., et al. 
(2008). Cerebral perfusion in sepsis-associated delirium. Crit. Care 12:R63. doi: 10.1186/
cc6891

Phing, A. H., Makpol, S., Nasaruddin, M. L., Wan Zaidi, W. A., Ahmad, N. S., and 
Embong, H. (2023). Altered tryptophan-kynurenine pathway in delirium: a review of 
the current literature. Int. J. Mol. Sci. 24, 5580–5607. doi: 10.3390/ijms24065580

Ponten, S. C., Tewarie, P., Slooter, A. J., Stam, C. J., and van Dellen, E. (2013). Neural 
network modeling of EEG patterns in encephalopathy. J. Clin. Neurophysiol. 30, 545–552. 
doi: 10.1097/WNP.0b013e3182a73e16

Prager, E. M., and Johnson, L. R. (2009). Stress at the synapse: signal transduction 
mechanisms of adrenal steroids at neuronal membranes. Sci. Signal. 2, 1–10. doi: 
10.1126/scisignal.286re5

Purushothaman, A., Sheeja, A. A., and Janardanan, D. (2020). Hydroxyl radical 
scavenging activity of melatonin and its related indolamines. Free Radic. Res. 54, 
373–383. doi: 10.1080/10715762.2020.1774575

Qu, J., Chen, Y., Luo, G., Zhong, H., Xiao, W., and Yin, H. (2018). Delirium in the 
acute phase of ischemic stroke: incidence, risk factors, and effects on functional 
outcome. J. Stroke Cerebrovasc. Dis. 27, 2641–2647. doi: 10.1016/j.
jstrokecerebrovasdis.2018.05.034

Ramirez-Bermudez, J., Ruiz-Chow, A., Perez-Neri, I., Soto-Hernandez, J. L., 
Flores-Hernandez, R., Nente, F., et al. (2008). Cerebrospinal fluid homovanillic acid is 
correlated to psychotic features in neurological patients with delirium. Gen. Hosp. 
Psychiatry 30, 337–343. doi: 10.1016/j.genhosppsych.2008.01.007

Rudolph, M. I., Arqueros, L., and Bustos, G. (1983). L-glutamic acid, a neuromodulator 
of dopaminergic transmission in the rat corpus striatum. Neurochem. Int. 5, 479–486. 
doi: 10.1016/0197-0186(83)90078-5

Rutsch, A., Kantsjö, J. B., and Ronchi, F. (2020). The gut-brain Axis: how microbiota 
and host Inflammasome influence brain physiology and pathology. Front. Immunol. 
11:604179. doi: 10.3389/fimmu.2020.604179

Saeed, R. W., Varma, S., Peng-Nemeroff, T., Sherry, B., Balakhaneh, D., Huston, J., et al. 
(2005). Cholinergic stimulation blocks endothelial cell activation and leukocyte 
recruitment during inflammation. J. Exp. Med. 201, 1113–1123. doi: 10.1084/
jem.20040463

Sarapultsev, A., Gusev, E., Komelkova, M., Utepova, I., Luo, S., and Hu, D. (2023). 
JAK-STAT signaling in inflammation and stress-related diseases: implications for 
therapeutic interventions. Mol. Biomed. 4:40. doi: 10.1186/s43556-023-00151-1

https://doi.org/10.3389/fnagi.2024.1446523
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s12974-023-03001-7
https://doi.org/10.1016/j.jpsychires.2020.12.020
https://doi.org/10.1097/CCM.0000000000004139
https://doi.org/10.1097/CCM.0000000000003402
https://doi.org/10.3389/fimmu.2017.00597
https://doi.org/10.3389/fimmu.2017.00597
https://doi.org/10.1210/endrev/bnad021
https://doi.org/10.1016/j.neuron.2011.02.033
https://doi.org/10.1016/j.micinf.2023.105180
https://doi.org/10.1186/s13054-023-04413-w
https://doi.org/10.1002/alz.12807
https://doi.org/10.1016/j.neuroimage.2022.119531
https://doi.org/10.1016/j.neuroimage.2022.119531
https://doi.org/10.1146/annurev-pharmtox-010814-124742
https://doi.org/10.1146/annurev-pharmtox-010814-124742
https://doi.org/10.1155/2017/9718615
https://doi.org/10.1186/s40001-023-01530-8
https://doi.org/10.18632/aging.102659
https://doi.org/10.1097/CCM.0000000000004333
https://doi.org/10.1016/j.jpsychores.2008.05.019
https://doi.org/10.1038/sj.bjp.0705007
https://doi.org/10.1056/NEJMcp1605501
https://doi.org/10.1152/physrev.00021.2023
https://doi.org/10.1152/physrev.00021.2023
https://doi.org/10.1186/2049-2618-1-17
https://doi.org/10.1177/0891988719834346
https://doi.org/10.1002/da.22084
https://doi.org/10.3390/ijms18040759
https://doi.org/10.3390/nu11123002
https://doi.org/10.1038/s41386-022-01492-1
https://doi.org/10.1097/00003246-200203000-00007
https://doi.org/10.1155/2020/6954036
https://doi.org/10.3389/fmolb.2022.1005136
https://doi.org/10.1016/j.nbd.2013.06.007
https://doi.org/10.1016/j.nbd.2013.06.007
https://doi.org/10.1056/NEJMoa1301372
https://doi.org/10.3389/fcvm.2022.1049600
https://doi.org/10.1007/s12272-015-0548-0
https://doi.org/10.1186/1756-0500-3-33
https://doi.org/10.1186/cc6891
https://doi.org/10.1186/cc6891
https://doi.org/10.3390/ijms24065580
https://doi.org/10.1097/WNP.0b013e3182a73e16
https://doi.org/10.1126/scisignal.286re5
https://doi.org/10.1080/10715762.2020.1774575
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.05.034
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.05.034
https://doi.org/10.1016/j.genhosppsych.2008.01.007
https://doi.org/10.1016/0197-0186(83)90078-5
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.1084/jem.20040463
https://doi.org/10.1084/jem.20040463
https://doi.org/10.1186/s43556-023-00151-1


Fan et al. 10.3389/fnagi.2024.1446523

Frontiers in Aging Neuroscience 14 frontiersin.org

Schep, L. J., Slaughter, R. J., Vale, J. A., Beasley, D. M., and Gee, P. (2011). The clinical 
toxicology of the designer "party pills" benzylpiperazine and 
trifluoromethylphenylpiperazine. Clin. Toxicol. (Phila.) 49, 131–141. doi: 
10.3109/15563650.2011.572076

Seaman, J. S., Schillerstrom, J., Carroll, D., and Brown, T. M. (2006). Impaired 
oxidative metabolism precipitates delirium: a study of 101 ICU patients. Psychosomatics 
47, 56–61. doi: 10.1176/appi.psy.47.1.56

Sharma, R., Sahota, P., and Thakkar, M. M. (2018). Melatonin promotes sleep in mice 
by inhibiting orexin neurons in the perifornical lateral hypothalamus. J. Pineal Res. 
65:e12498. doi: 10.1111/jpi.12498

Shen, X., and Sun, Z. H. (2021). Microbe-gut-brain axis and neurological disorders: a 
review. Chin. J. Biotechnol. 37, 3781–3788. doi: 10.13345/j.cjb.200773

Sieminski, M., Szaruta-Raflesz, K., Szypenbejl, J., and Krzyzaniak, K. (2023). Potential 
neuroprotective role of melatonin in Sepsis-associated encephalopathy due to its 
scavenging and anti-oxidative properties. Antioxidants (Basel). 12, 1786–1802. doi: 
10.3390/antiox12091786

Simons, K. S., Laheij, R. J., van den Boogaard, M., Moviat, M. A., Paling, A. J., 
Polderman, F. N., et al. (2016). Dynamic light application therapy to reduce the 
incidence and duration of delirium in intensive-care patients: a randomised controlled 
trial. Lancet Respir. Med. 4, 194–202. doi: 10.1016/S2213-2600(16)00025-4

Stollings, J. L., Balas, M. C., and Chanques, G. (2022). Evolution of sedation 
management in the intensive care unit (ICU). Intensive Care Med. 48, 1625–1628. doi: 
10.1007/s00134-022-06806-x

Su, L. J., Chen, M. J., Yang, R., Zou, H., Chen, T. T., Li, S. L., et al. (2023). Plasma 
biomarkers and delirium in critically ill patients after cardiac surgery: a prospective 
observational cohort study. Heart Lung 59, 139–145. doi: 10.1016/j.hrtlng.2023.02.010

Su, X., Meng, Z. T., Wu, X. H., Cui, F., Li, H. L., Wang, D. X., et al. (2016). 
Dexmedetomidine for prevention of delirium in elderly patients after non-cardiac 
surgery: a randomised, double-blind, placebo-controlled trial. Lancet 388, 1893–1902. 
doi: 10.1016/S0140-6736(16)30580-3

Sun, T., Han, F., Sun, Y. L., Liu, J. H., Yang, J. B., and Wang, X. Z. (2014). Research of 
24-hour dynamic sleep monitoring and melatonin changes in patients with delirium in 
intensive care unit. Chin. Crit. Care Med. 10, 726–729. doi: 10.3760/
cma.j.issn.2095-4352.2014.10.010

Sun, T., Sun, Y., Huang, X., Liu, J., Yang, J., Zhang, K., et al. (2021). Sleep and 
circadian rhythm disturbances in intensive care unit (ICU)-acquired delirium: a 
case-control study. J. Int. Med. Res. 49:300060521990502. doi: 
10.1177/0300060521990502

Swash, M., and de Carvalho, M. (2020). Intensive care unit-acquired weakness: 
neuropathology. J. Clin. Neurophysiol. 37, 197–199. doi: 10.1097/
WNP.0000000000000660

Tronstad, O., Flaws, D., Lye, I., Fraser, J. F., and Patterson, S. (2021). Doing time in an 
Australian ICU; the experience and environment from the perspective of patients and 
family members. Aust. Crit. Care 34, 254–262. doi: 10.1016/j.aucc.2020.06.006

Tsetsenis, T., Broussard, J. I., and Dani, J. A. (2022). Dopaminergic regulation of 
hippocampal plasticity, learning, and memory. Front. Behav. Neurosci. 16:1092420. doi: 
10.3389/fnbeh.2022.1092420

van den Boogaard, M., Kox, M., Quinn, K. L., van Achterberg, T., van der Hoeven, J. G., 
Schoonhoven, L., et al. (2011). Biomarkers associated with delirium in critically ill 
patients and their relation with long-term subjective cognitive dysfunction; indications 
for different pathways governing delirium in inflamed and noninflamed patients. Crit. 
Care 15:R297. doi: 10.1186/cc10598

van den Boogaard, M., Schoonhoven, L., van der Hoeven, J. G., van Achterberg, T., 
and Pickkers, P. (2012). Incidence and short-term consequences of delirium in critically 
ill patients: a prospective observational cohort study. Int. J. Nurs. Stud. 49, 775–783. doi: 
10.1016/j.ijnurstu.2011.11.016

van Eijk, M. M., Roes, K. C., Honing, M. L., Kuiper, M. A., Karakus, A., van der 
Jagt, M., et al. (2010). Effect of rivastigmine as an adjunct to usual care with haloperidol 
on duration of delirium and mortality in critically ill patients: a multicentre, double-
blind, placebo-controlled randomised trial. Lancet 376, 1829–1837. doi: 10.1016/
S0140-6736(10)61855-7

van Ewijk, C. E., Jacobs, G. E., and Girbes, A. R. J. (2016). Unsuspected serotonin 
toxicity in the ICU. Ann. Intensive Care 6:85. doi: 10.1186/s13613-016-0186-9

van Gool, W. A., van de Beek, D., and Eikelenboom, P. (2010). Systemic infection and 
delirium: when cytokines and acetylcholine collide. Lancet 375, 773–775. doi: 10.1016/
S0140-6736(09)61158-2

van Montfort, S. J. T., Slooter, A. J. C., Kant, I. M. J., van der Leur, R. R., Spies, C., de 
Bresser, J., et al. (2020). fMRI network correlates of predisposing risk factors for 
delirium: a cross-sectional study. Neuroimage Clin. 27:102347. doi: 10.1016/j.
nicl.2020.102347

van Montfort, S. J. T., van Dellen, E., Stam, C. J., Ahmad, A. H., Mentink, L. J., 
Kraan, C. W., et al. (2019). Brain network disintegration as a final common pathway for 
delirium: a systematic review and qualitative meta-analysis. Neuroimage Clin. 23:101809. 
doi: 10.1016/j.nicl.2019.101809

Vatte, S., and Ugale, R. (2023). HIF-1, an important regulator in potential new 
therapeutic approaches to ischemic stroke. Neurochem. Int. 170:105605. doi: 10.1016/j.
neuint.2023.105605

Voigt, K., Liang, E. X., Misic, B., Ward, P. G. D., Egan, G. F., and Jamadar, S. D. (2023). 
Metabolic and functional connectivity provide unique and complementary insights into 
cognition-connectome relationships. Cereb. Cortex 33, 1476–1488. doi: 10.1093/cercor/
bhac150

Voils, S. A., Shoulders, B. R., Singh, S., Solberg, L. M., Garrett, T. J., and Frye, R. F. 
(2020). Intensive care unit delirium in surgical patients is associated with 
upregulation in tryptophan metabolism. Pharmacotherapy 40, 500–506. doi: 10.1002/
phar.2392

Wang, S., Shi, Q. K., Shen, X., and Mu, X. W. (2018). α7nAchR in dexmedetomidine 
coordinate with mlelatonin attenuate delirium in rats. J. Clin. Anesthesiol. 34, 
473–477.

Wang, T., Xu, G., Zhang, X., Ren, Y., Yang, T., Xiao, C., et al. (2022). Malfunction of 
astrocyte and cholinergic input is involved in postoperative impairment of hippocampal 
synaptic plasticity and cognitive function. Neuropharmacology 217:109191. doi: 
10.1016/j.neuropharm.2022.109191

Wang, H. C., Yang, Q., Tang, B. Z., Li, M. J., Shi, W., and Wu, Q. (2022). Mechanism 
of sepsis on long-term cognitive dysfunction in neonatal mice. Chin. J. Immunol. 38, 
2958–2962.

Wibrow, B., Martinez, F. E., Myers, E., Chapman, A., Litton, E., Ho, K. M., et al. (2022). 
Prophylactic melatonin for delirium in intensive care (pro-MEDIC): a randomized 
controlled trial. Intensive Care Med. 48, 414–425. doi: 10.1007/s00134-022-06638-9

Winkelman, C. (2010). The role of inflammation in ICU-acquired weakness. Crit. Care 
14:186. doi: 10.1186/cc9187

Witteveen, E., Wieske, L., van der Poll, T., van der Schaaf, M., van Schaik, I. N., 
Schultz, M. J., et al. (2017). Increased early systemic inflammation in ICU-acquired 
weakness; a prospective observational cohort study. Crit. Care Med. 45, 972–979. doi: 
10.1097/CCM.0000000000002408

Wu, Z., Li, H., Liao, K., and Wang, Y. (2021). Association between dexamethasone and 
delirium in critically ill patients: a retrospective cohort study of a large clinical database. 
J. Surg. Res. 263, 89–101. doi: 10.1016/j.jss.2021.01.027

Xia, Y., Wu, Q., Mak, S., Liu, E. Y. L., Zheng, B. Z. Y., Dong, T. T. X., et al. (2022). 
Regulation of acetylcholinesterase during the lipopolysaccharide-induced inflammatory 
responses in microglial cells. FASEB J. 36:e22189. doi: 10.1096/fj.202101302RR

Xin, Y., Tian, M., Deng, S., Li, J., Yang, M., Gao, J., et al. (2023). The key drivers of 
brain injury by systemic inflammatory responses after Sepsis: microglia and 
neuroinflammation. Mol. Neurobiol. 60, 1369–1390. doi: 10.1007/s12035-022-03148-z

Xu, X., Hu, Y., Yan, E., Zhan, G., Liu, C., and Yang, C. (2020). Perioperative 
neurocognitive dysfunction: thinking from the gut? Aging (Albany NY) 12, 15797–15817. 
doi: 10.18632/aging.103738

Xu, B., Lang, L. M., Li, S. Z., Guo, J. R., Wang, J. F., Yang, H. M., et al. (2019). Microglia 
activated by excess cortisol induce HMGB1 acetylation and Neuroinflammation in the 
hippocampal DG region of mice following cold exposure. Biomol. Ther. 9, 426–443. doi: 
10.3390/biom9090426

Xue, R., Wan, Y., Sun, X., Zhang, X., Gao, W., and Wu, W. (2019). Nicotinic mitigation 
of Neuroinflammation and oxidative stress after chronic sleep deprivation. Front. 
Immunol. 10:2546. doi: 10.3389/fimmu.2019.02546

Yan, X., Yang, K., Xiao, Q., Hou, R., Pan, X., and Zhu, X. (2022). Central role of 
microglia in sepsis-associated encephalopathy: from mechanism to therapy. Front. 
Immunol. 13:929316. doi: 10.3389/fimmu.2022.929316

Yang, M., Chen, J., and Wei, W. (2021). Dimerization of glucocorticoid receptors and 
its role in inflammation and immune responses. Pharmacol. Res. 166:105334. doi: 
10.1016/j.phrs.2020.105334

Yang, X., Yu, D., Xue, L., Li, H., and Du, J. (2020). Probiotics modulate the microbiota-
gut-brain axis and improve memory deficits in aged SAMP8 mice. Acta Pharm. Sin. B 
10, 475–487. doi: 10.1016/j.apsb.2019.07.001

Yano, J. M., Yu, K., Donaldson, G. P., Shastri, G. G., Ann, P., Ma, L., et al. (2015). 
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 
161, 264–276. doi: 10.1016/j.cell.2015.02.047

Yeager, M. P., Rassias, A. J., Pioli, P. A., Beach, M. L., Wardwell, K., Collins, J. E., et al. 
(2009). Pretreatment with stress cortisol enhances the human systemic inflammatory 
response to bacterial endotoxin. Crit. Care Med. 37, 2727–2732. doi: 
10.1097/00003246-200910000-00008

Yi, J. H., Brown, C., Whitehead, G., Piers, T., Lee, Y. S., Perez, C. M., et al. (2017). 
Glucocorticoids activate a synapse weakening pathway culminating in tau 
phosphorylation in the hippocampus. Pharmacol. Res. 121, 42–51. doi: 10.1016/j.
phrs.2017.04.015

Yin, X. Y., Tang, X. H., Wang, S. X., Zhao, Y. C., Jia, M., Yang, J. J., et al. (2023). HMGB1 
mediates synaptic loss and cognitive impairment in an animal model of sepsis-associated 
encephalopathy. J. Neuroinflammation 20:69. doi: 10.1186/s12974-023-02756-3

Yoshitaka, S., Egi, M., Morimatsu, H., Kanazawa, T., Toda, Y., and Morita, K. 
(2013). Perioperative plasma melatonin concentration in postoperative critically ill 
patients: its association with delirium. J. Crit. Care 28, 236–242. doi: 10.1016/j.
jcrc.2012.11.004

Yu, H., Wan, X., Yang, M., Xie, J., Xu, K., Wang, J., et al. (2023). A large-scale causal 
analysis of gut microbiota and delirium: a Mendelian randomization study. J. Affect. 
Disord. 329, 64–71. doi: 10.1016/j.jad.2023.02.078

https://doi.org/10.3389/fnagi.2024.1446523
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3109/15563650.2011.572076
https://doi.org/10.1176/appi.psy.47.1.56
https://doi.org/10.1111/jpi.12498
https://doi.org/10.13345/j.cjb.200773
https://doi.org/10.3390/antiox12091786
https://doi.org/10.1016/S2213-2600(16)00025-4
https://doi.org/10.1007/s00134-022-06806-x
https://doi.org/10.1016/j.hrtlng.2023.02.010
https://doi.org/10.1016/S0140-6736(16)30580-3
https://doi.org/10.3760/cma.j.issn.2095-4352.2014.10.010
https://doi.org/10.3760/cma.j.issn.2095-4352.2014.10.010
https://doi.org/10.1177/0300060521990502
https://doi.org/10.1097/WNP.0000000000000660
https://doi.org/10.1097/WNP.0000000000000660
https://doi.org/10.1016/j.aucc.2020.06.006
https://doi.org/10.3389/fnbeh.2022.1092420
https://doi.org/10.1186/cc10598
https://doi.org/10.1016/j.ijnurstu.2011.11.016
https://doi.org/10.1016/S0140-6736(10)61855-7
https://doi.org/10.1016/S0140-6736(10)61855-7
https://doi.org/10.1186/s13613-016-0186-9
https://doi.org/10.1016/S0140-6736(09)61158-2
https://doi.org/10.1016/S0140-6736(09)61158-2
https://doi.org/10.1016/j.nicl.2020.102347
https://doi.org/10.1016/j.nicl.2020.102347
https://doi.org/10.1016/j.nicl.2019.101809
https://doi.org/10.1016/j.neuint.2023.105605
https://doi.org/10.1016/j.neuint.2023.105605
https://doi.org/10.1093/cercor/bhac150
https://doi.org/10.1093/cercor/bhac150
https://doi.org/10.1002/phar.2392
https://doi.org/10.1002/phar.2392
https://doi.org/10.1016/j.neuropharm.2022.109191
https://doi.org/10.1007/s00134-022-06638-9
https://doi.org/10.1186/cc9187
https://doi.org/10.1097/CCM.0000000000002408
https://doi.org/10.1016/j.jss.2021.01.027
https://doi.org/10.1096/fj.202101302RR
https://doi.org/10.1007/s12035-022-03148-z
https://doi.org/10.18632/aging.103738
https://doi.org/10.3390/biom9090426
https://doi.org/10.3389/fimmu.2019.02546
https://doi.org/10.3389/fimmu.2022.929316
https://doi.org/10.1016/j.phrs.2020.105334
https://doi.org/10.1016/j.apsb.2019.07.001
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1097/00003246-200910000-00008
https://doi.org/10.1016/j.phrs.2017.04.015
https://doi.org/10.1016/j.phrs.2017.04.015
https://doi.org/10.1186/s12974-023-02756-3
https://doi.org/10.1016/j.jcrc.2012.11.004
https://doi.org/10.1016/j.jcrc.2012.11.004
https://doi.org/10.1016/j.jad.2023.02.078


Fan et al. 10.3389/fnagi.2024.1446523

Frontiers in Aging Neuroscience 15 frontiersin.org

Yue, F. G. (2019) The role of hypocretins and melatonin in regulating paraventricular 
thalamic nucleus-associated wakefulness control [Doctor].

Zahniser, N. R., and Doolen, S. (2001). Chronic and acute regulation of Na+/Cl− 
-dependent neurotransmitter transporters: drugs, substrates, presynaptic receptors, 
and signaling systems. Pharmacol. Ther. 92, 21–55. doi: 10.1016/
S0163-7258(01)00158-9

Zhang, J., Bi, J. J., Guo, G. J., Yang, L., Zhu, B., Zhan, G. F., et al. (2019). Abnormal 
composition of gut microbiota contributes to delirium-like behaviors after abdominal 
surgery in mice. CNS Neurosci. Ther. 25, 685–696. doi: 10.1111/cns.13103

Zhang, Q., Gao, F., Zhang, S., Sun, W., and Li, Z. (2019). Prophylactic use of exogenous 
melatonin and melatonin receptor agonists to improve sleep and delirium in the 
intensive care units: a systematic review and meta-analysis of randomized controlled 
trials. Sleep Breath. 23, 1059–1070. doi: 10.1007/s11325-019-01831-5

Zhang, X. Y., Li, Z. F., Sun, X. C., Jin, F., Liu, J. T., and Li, J. G. (2016). Effect of α7 
nicotinic acetylcholine receptor on dexmedetomidine in the prevention and treatment 
of delirium in mice with endotoxemia. Chin. Crit. Care Med. 2, 127–133. doi: 10.3760/
cma.j.issn.2095-4352.2016.02.009

Zhang, Q., Lu, C., Fan, W., Zhang, J., and Yin, Y. (2023). Application background and 
mechanism of short-chain fatty acids in sepsis-associated encephalopathy. Front. Cell. 
Infect. Microbiol. 13:1137161. doi: 10.13350/j.cjpb.231012

Zhao, Q., Guo, H., Lu, C., Ma, Z. C., Ma, J. Q., and Li, J. G. (2020). Relationship of 
infection probability score, serum cholinesterase, serum amyloid protein a and survival 
in critical infection patients. China Med. 15, 1891–1895.

Zheng, Q. R., Wei, W. R., and Ge, X. H. (2020). Biomarkers for adult delirium and 
their clinical applications. Chin. J. Biochem. Mol. Biol. 36, 1288–1294. doi: 10.13865/j.
cnki.cjbmb.2020.09.1197

https://doi.org/10.3389/fnagi.2024.1446523
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/S0163-7258(01)00158-9
https://doi.org/10.1016/S0163-7258(01)00158-9
https://doi.org/10.1111/cns.13103
https://doi.org/10.1007/s11325-019-01831-5
https://doi.org/10.3760/cma.j.issn.2095-4352.2016.02.009
https://doi.org/10.3760/cma.j.issn.2095-4352.2016.02.009
https://doi.org/10.13350/j.cjpb.231012
https://doi.org/10.13865/j.cnki.cjbmb.2020.09.1197
https://doi.org/10.13865/j.cnki.cjbmb.2020.09.1197

	Mechanisms underlying delirium in patients with critical illness
	1 Introduction
	2 Association between ICU delirium and patient characteristics
	3 Pathophysiological mechanism of ICU delirium
	3.1 Neuroinflammatory pathways
	3.2 Neurotransmitter imbalance
	3.2.1 Deficiency of cholinergic neurotransmitter
	3.2.2 Excessive monoaminergic neurotransmitters
	3.2.2.1 Excessive dopamine (DA)
	3.2.2.2 Excessive 5-HT
	3.3 Abnormal brain function under neuropathological conditions
	3.3.1 Abnormal functional connectivity of the brain
	3.3.2 Disturbed sleep–wake cycle
	3.3.3 The disease directly causes brain function impairment
	3.4 Neuroendocrine disorders
	3.5 Oxidative stress pathway
	3.6 Imbalance of intestinal flora

	4 Prospect
	5 Conclusion

	References

