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Abstract: Delirium, a common form of acute brain dysfunction, is associated with increased morbidity
and mortality, especially in older patients. The underlying pathophysiology of delirium is not clearly
understood, but acute systemic inflammation is known to drive delirium in cases of acute illnesses,
such as sepsis, trauma, and surgery. Based on psychomotor presentations, delirium has three main
subtypes, such as hypoactive, hyperactive, and mixed subtype. There are similarities in the initial
presentation of delirium with depression and dementia, especially in the hypoactive subtype. Hence,
patients with hypoactive delirium are frequently misdiagnosed. The altered kynurenine pathway
(KP) is a promising molecular pathway implicated in the pathogenesis of delirium. The KP is highly
regulated in the immune system and influences neurological functions. The activation of indoleamine
2,3-dioxygenase, and specific KP neuroactive metabolites, such as quinolinic acid and kynurenic acid,
could play a role in the event of delirium. Here, we collectively describe the roles of the KP and
speculate on its relevance in delirium.
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1. Introduction

Delirium is a form of acute brain dysfunction that represents a change from the pa-
tient’s baseline cognitive and behavioral functioning. It is characterized by disturbances
in attention, awareness, and multiple aspects of cognition, posing a significant burden
across all healthcare settings, including in emergency departments (EDs) and intensive
care units (ICUs). The current diagnosis of delirium is based on a diagnostic and statistical
manual-5 (DSM-5) which has stated five key criteria for delirium diagnosis, (1) a distur-
bance in attention and awareness, (2) the disturbance develops over a short period from
hours to days and represents a change from the patient’s baseline attention and awareness,
(3) with additional disturbance in cognition, (4) the disturbances are not explained by a
pre-existing or other neurocognitive disorder, and (5) the disturbance is a direct physio-
logical consequence of a wide variety of insults [1]. Based on the clinical psychomotor
presentation, delirium is divided into three subtypes, such as hypoactive (unarousable,
lethargy), hyperactive (agitated) and mixed subtype [2]. Evidence suggests that delirium is
linked to several adverse short- and long-term outcomes, including a 2.2-fold increase in
in-hospital mortality [3], a 2.5 time increase in health care costs [4], and a 12-fold increase
in the risk of dementia [5-7].

Delirium is a multifactorial condition, as it depends on the interaction between predis-
posing and precipitating factors. The condition occurs more commonly in older people,
although it can occur in all age groups [8]. Evidence reported that approximately 15% to
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30% of geriatric patients presented to the ED with delirium [9] and 27.6% of older patients
developed delirium during admission to medical wards [10]. Delirium in older adults is
contributed by one or more predisposing factors, such as cognitive impairment, hearing
impairment, nursing home residence, and a history of stroke [11]. These risk factors sug-
gest the phenomenon of a vulnerable brain, defined as a normal physiologic brain with
reduced protection and/or adaptive response to insults [12]. Meanwhile, the precipitating
factors for delirium vary depending on the clinical setting. Infection, followed by drugs
and electrolyte imbalance are common precipitating factors for delirium in community-
dwelling elderly individuals admitted to acute care units [13]. In the ICU setting, delirium
is caused by the use of mechanical ventilation, hypoxia, infection, electrolyte imbalance,
sedative administration and surgical procedures [14]. Post-operative delirium (POD) has
been recognized as one of the most common post-surgical complications, particularly in
older adults. The incidence of POD depends on the type of surgery and increases with
the severity of the surgical insults [15]. In a meta-analysis of delirium post hip fracture,
Yang and colleagues (2017) reported an accumulated incidence of 24% [16], whereas in
post-operative cardiac bypass, the incidence is up from 26% to 52% [17]. The condition is
triggered by many precipitating factors that can be divided into pre-operative (such as age,
baseline cognitive function, and underlying comorbidities), intraoperative (such as type
of surgery and urinary catheter insertion) and post-operative factors (such as pain, and
electrolyte imbalances) [18,19]. These numerous factors may all trigger delirium whereby
the effect of any risk factor on POD is complex and not fully elucidated.

The diagnosis of delirium relies on a thorough clinical evaluation that often goes
undetected, and the current management mainly treats the underlying etiology. Several
clinical assessment tools have been validated to improve the recognition of delirium in
clinical settings, such as the confusion assessment method (CAM), CAM-ICU, and 4-AT [20].
However, POD and delirium in the ED are frequently misdiagnosed as depression or
dementia because of similarities in their active presentations, especially in the hypoactive
subtype [21,22]. Delirium could be a manifestation of severe illnesses, such as sepsis, and
missed diagnosis of delirium will lead to several adverse outcomes, including delay in
initiating medical therapy and inappropriate disposition [23].

The pathophysiology of delirium remains poorly understood, and several hypothe-
ses have been postulated, including neuroinflammation, neuronal aging, oxidative stress,
neurotransmitter deficiency, and network dysconnectivity [24]. The neuroinflammatory
hypothesis of delirium remains the most widely explored, whereby there is compelling
evidence that suggests acute systemic inflammation from peripheral stimulus exerts delir-
ium via the release of several pro- and anti-inflammatory cytokines which may affect brain
function. Previous reports suggest that inflammation occurring in the periphery causes
systemic inflammation which may trigger neuroinflammation [25,26]. Neuroinflammation
is widely recognized as chronic, as opposed to systemic inflammation, which can be mani-
fested in acute and chronic forms. Table 1 summarizes the differences between systemic
inflammation and neuroinflammation. Chronic inflammation in the brain is associated
with several neurodegenerative conditions, such as Alzheimer’s disease and Parkinson’s
disease. Acute systemic inflammation may exacerbate underlying neuroinflammation and
make the brain more vulnerable to acute working memory and behavior deficit, which
has important implications for delirium superimposed on dementia. Although, reports
support the neuroinflammatory role in delirium, the mechanism by which it affects brain
activity is poorly described. Voils and colleagues (2020) suggest that increased inflamma-
tion, the upregulation of the indoleamine dioxygenase (IDO) enzyme, and accumulation of
neurotoxic metabolites from the tryptophan—kynurenine (TRP-KYN) pathway contribute
to the pathogenesis of delirium [27]. The increase in inflammatory cytokines significantly
shifts the TRP metabolism to the kynurenine pathway (KP) metabolites production that
carries several biological functions which can lead to neuronal cell injury, excitotoxicity,
and apoptosis [28].
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Table 1. Differences between systemic inflammation and neuroinflammation [29,30].

Systemic Inflammation Neuroinflammation
. Within the central nervous system
Location Throughout the body (CNS) and spinal cord
Onset Acute and chronic Widely regarded as chronic

Macrophages, neutrophils,

Innate i 11 L
ninate immune cetls dendritic cells

Microglia and astrocytes

Autoimmune disease, metabolic

Causes Trauma, sepsis, surger . . .
s SEPSIS, surgery disorders, aging, peripheral sources

Pain, increased temperature,

Symptoms redness, swelling

Memory deficit, depression, frailty

Acute inflammation, such as
trauma and infection
Associated conditions  Chronic inflammation, such as
systemic lupus erythematosus
and multiple sclerosis

Alzheimer’s disease and Parkinson’s
disease

Knowing that the underlying mechanism of delirium is multifactorial, an understand-
ing of the universal pathway leading to delirium is crucial to allow for more specific and
sensitive biomarkers that can demonstrate the clinical utility of delirium intervention. The
KP could be a promising metabolic pathway implicated in the pathogenesis of delirium. In
addition, there remains a need to further understand the systemic role of the altered KP in
response to acute insults (infection, trauma) and possible neurotoxicity and neurological
disruption associated with the KP neuroactive metabolites. For that reason, this review was
carried out to gain a better understanding of the role of the TRP-KYN pathway in systemic
inflammation-induced delirium, and its significance in elucidating the pathogenesis and
intervention for delirium.

2. Tryptophan-Kynurenine Pathway

The KP is a metabolic pathway of the essential amino acid TRP degradation, and the
pathway generates several neuroactive metabolites. Tryptophan is mainly obtained from
protein-based foods and plays an important role in brain homeostasis as the precursor to
serotonin (5-HT) neurotransmitters and melatonin hormone. In human and animal cells,
the majority of TRP (95-99%) is converted to KYN and its metabolites through the KP,
and only a small fraction of TRP is degraded through the 5-HT pathway [31]. The KP is
upregulated in response to immune system activation, and produces various neuroactive
metabolites that are able to influence the function on brain innate immune cells [32]. The
first phase of TRP degradation via the KP is catalyzed by two main enzymes, tryptophan
2,3 dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO) [33,34] (Figure 1). IDOs
are primarily distributed in extrahepatic tissues, such as the brain, blood, kidney, and lung
and the highest levels of TDO are expressed in the liver [35,36]. TDO is responsible for the
regulation of systemic TRP concentrations, and its expression is activated by corticosteroids
and glucagon. Meanwhile, IDO is stimulated by pro-inflammatory cytokines, such as
interferon-gamma (IFN-y), interleukin-1Beta, -6, (IL-13, IL-6), tumor necrosis factor-alpha
(TNF-w), and reactive oxygen species (ROS) during immune stimulation [37]. With aging,
the activity of TDO in the brain decreases while the activity of IDO increases [36,38].
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Figure 1. The kynurenine pathway of tryptophan (TRP) metabolism. Note: enzymes are highlighted
in red. IDO: indoleamine 2,3-dioxygenase; TDO2: tryptophan 2,3-dioxygenase; KAT: kynurenine
aminotransferases; KMO: kynurenine 3-monooxygenase; 3HDO: 3-hydroxyanthranilic acid oxygenase.

Kynurenine is then catabolized to three routes, to 3-hydroxykynurenine (3-HK) by
kynurenine-3-monooxygenase (KMO), to kynurenine acid (KYNA) by kynurenine-amino-
transferase (KAT), and to anthranilic acid (AA) by kynureninase [39,40]. The 3-HK is
catabolized to hydroxyanthranilic acid (HAA) and progresses in two different routes; the
oxidation pathway in which ATP is formed in the liver and the degradation pathway in
which quinolinic acid (QA) and picolinic acid (PA) are formed. Quinolinic and picolinic
acid are neurotoxic compounds and act as N-methyl-D-aspartate (NMDA) receptor agonists
and oxidative radicals while KYNA is claimed to be neuroprotective by being an NMDA
receptor antagonist [41]. Under acute inflammatory situations, such as trauma, surgery, and
sepsis, the KP is highly upregulated and dysregulation in the balance of neuroprotective
and neurotoxic metabolites of KYN possibly leads to neuronal damage and delirium.

3. Role of the Tryptophan-Kynurenine Pathway in Delirium

Acute peripheral inflammation is known to trigger delirium [42]. The KP forms an
intriguing link between peripheral inflammation and brain function capable of precipitating
neuroinflammatory conditions and promoting cognitive decline and behavior disturbances.
The release of pro-inflammatory cytokines triggers the activation of the KP that leads to
the accumulation of metabolites with immune suppression, neuroactive, and pro-oxidative
activities, potentially having a direct effect on neuron and microglial activities. Moreover,
KYN and its metabolites can influence neurotransmitter systems.
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Previous studies have shown that peripheral inflammatory stimuli induce a profound
immunological response in the brain via microglia activation. KYN is the first metabolite
produced from the primary precursor L-TRP and an increase in the KYN/TRP ratio reflects
the activity of IDO. Acute stress and inflammation from the periphery increase plasma
and brain KYN [43,44], and over 60% of KYN in the brain is delivered from the peripheral
circulation [45]. KYN from the plasma is easily transported to the brain by the large neutral
amino acid transporter 1 (LAT-1) and organic anion transporter 1 and 3 [46,47]. In the
brain, KYN is metabolized to KYNA in astrocytes or to 3-HK, AA and QA in microglia [48].
Microglia regulate KP balance, and their activation during the acute phase of inflammation
can accelerate the conversion of TRP into neurotoxic and pro-oxidative metabolites, such
as QA [49]. Although modest, outcomes from a clinical study demonstrated that autopsy
results for patients who died from delirium had a significantly higher number of CD-68 in
the brain, which indicates the presence of microglial activation [50-52]. Meanwhile, animal
studies reported an increase in the expression of microglial Ibal and astrocytic glial fibrillary
acidic protein (GFAP) following systemic lipopolysaccharide (LPS) administration [53-55].

Modest clinical studies have implicated kynurenine pathway activation in the patho-
genesis of delirium (Table 2), although there is no causal proven between these relationships.
The diagnosis of delirium was made based on clinical assessment and is guided by standard
criteria, such as CAM and DSM-V. Wilson and colleagues (2012) previously demonstrated a
significant association between increasing plasma KYN levels and the KYN/TRP ratio with
the incidence of delirium and death in a medical ICU setting [56]. In this study, 84 critically
ill patients were recruited, and 36 (43%) had sepsis upon admission. Following adjust-
ing for age, sedative agents and severity of illness, higher levels of KYN and KYN/TRP
ratio were both independently associated with fewer days free from delirium and coma
(n =71). Several clinical studies emphasized a strong relationship between sepsis severity
with increased IDO activity. Delirium is a common cerebral manifestation in sepsis and is
associated with increased morbidity and mortality. A study by Darcy and colleagues (2011)
indicated that plasma KYN significantly increased in sepsis and predicted ICU mortality
based on a quantitative scoring index, such as the sequential organ failure assessment
(SOFA) and acute physiology and chronic health evaluation (APACHE II) score [57]. These
findings suggested that the KP compounds, such as KYN and neuroactive metabolites,
could be useful biomarkers to predict delirium in critically ill patients with sepsis. In the
meantime, Nettis and colleagues (2020) observed sickness behavior and mood changes after
being injected with subcutaneous IFN-« and these differences in behavior were associated
with increased levels of KYN/TRP ratio [58]. Acute sickness behavior is an early manifesta-
tion during infection and the symptoms include depressed mood, anhedonia, and at times,
delirium. Meanwhile, in a cohort of elderly patients in geriatric wards (n = 81), Egberts
and colleagues (2016) investigated the association between aspirin use and TRP levels in
delirium and non-delirium patients [59]. Aspirin downregulates TRP degradation via the
regulation of cytokine signaling and could protect against systemic inflammation-induced
delirium. The study identified that the levels of TRP were lowered in delirium patients and
the use of aspirin was neither associated with the levels of TRP nor delirium.
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Table 2. Altered kynurenine pathway in humans with delirium from recent clinical studies.

Type of Sample/Metabolites

Sample Delirium

Age-Matched

Author/Year Study Design Measured Size/Population Details Assessment Tool Findings
Higher KYN levels and KYN/TRP ratio in
) 84 (71 with brain patients with brain dysfunction (both coma and
Wilson et al. Observational Plasma (TRP, KYN) dysfunction, 13 no brain CAM delirium) than in normal group;

(2012) [56] dysfunction) in ICU Increased KYN/TRP levels were associated with
fewer days alive and free from delirium and
coma than in normal group.

Significant increase in KYNA in delirium group;
TRP levels decreased in delirium group;
Voils et al Plasma (TRP and KYN from 130 (65 patients with KYN/ TRP ratio was significantly higher in
(2020) [27]' Case-control the targeted metabolomics delirium, 65 control) in CAM-ICU dehrlulm group; )
analysis) ICU Quantitative enrichment analysis from the global
metabolomic analysis indicated 3-fold
enrichment in the TRP metabolic pathway in the
delirium group.
Delirium group was older (mean age 85 years
140 (71 with del o p < 009
; with delirium, No significant differences in the levels of TRP
I?Zrz)gl}; Fg(ﬁl. Przz%ez;t;ve Plasma (TRP, KYN) 69 without delir.ium) hip CAM and KYN during the course of delirious and
fracture patients non-delirious state;
Significantly higher perioperative KYN/TRP
ratio in delirium group.
Delirium group had a tendency to have
prefracture cognitive impairment;
Plasma and CSF (TRP, and 450 (224 with delirium dQ? lfevels in CSF is significantly higher in
; 4 elirium group;
Watne et al. Observational KYN metabolites from the 226 without delirium) DSM-V criteria gy

(2022) [61]

targeted metabolomics
analysis)

hip fracture patients

No significant difference in CSF concentrations of
glutamate and aspartate in delirium and
non-delirium group S;

CSF QA is significantly associated with higher
NfL.
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Table 2. Cont.

. Type of Sample/Metabolites Sample Delirium Age-Matched . g
Author/Year Study Design a Meell)sured Size/PopulatIi,on Details Assessment Tool ® (Y/N) Findings
Delirium patients were older than non delirium
patients (mean age 85 years old vs. 80 years old,
80 (22 had delirium, p <0.05);
Egberts et al. . 58 without delirium) o Plasma TRP levels were lower in delirious than
(2016) [59] Cross-sectional Plasma (TRP) elde'rly in 1nterr.1a1 . DSM-1V criteria Y non-delirious group (statistical analysis was not
medicine and geriatric reported);
wards. No significant different in plasma neopterin and
TRP levels in delirium patients who used aspirin
than delirium patients who did not use aspirin.
Trion et al Plasma (TRP and KYN 512030(53 ovil)ltohlccll:jlilu:ﬁ,s Significant increase in KYN and KYNA, and
PP Case-control metabolites from the targeted CAM Y reduced TRP levels in delirium cases at

(2021) [62]

metabolomics analysis)

undergoing major
non-cardiac surgery

post-operative day 2, as compared to
non-delirium group.

Abbreviations: Y: yes; N: no; ICU: intensive care unit; CAM: confusion assessment method; CAM-ICU: confusion assessment method-intensive care unit; DSM: diagnostic statistical
manual of mental disorders; KYN: kynurenine; TRP: tryptophan; KYNA: kynurenic acid; QA: quinolinic acid; CSF: cerebrospinal fluid; Nfl: neurofilament light polypeptide.
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Post-operative and critically ill patients in ICU often have elevated levels of pro-
inflammatory cytokines and these mediators upregulate the KP to produce neuroactive
metabolites, such as QA and KYNA. In surgical ICU patients, several studies have reported
associations between the incidence of delirium after trauma and POD with KP metabo-
lites. In a more recent study, Voils and colleagues (2020) reported that the plasma KYNA
levels were significantly elevated in a cohort of older adults with delirium after major
trauma [27]. In addition, they also observed a significant decrease in TRP levels and a
higher KYN/TRP ratio in patients with delirium. Meanwhile, in a large multicenter study,
Watne and colleagues (2022) reported a significant increase in the concentration of QA in
the cerebrospinal fluid (CSF) of 224 hip fracture patients with delirium [61]. Among all
subjects (n = 450), the study identified that 22% of patients died at the end of one year after
surgery, and this was strongly associated with QA levels. The study is the first to analyze
perioperative CSF of KP metabolites in a cohort of surgical patients. Previously, Jonghe and
colleagues (2012) observed that the plasma KYN/TRP ratio that was taken perioperatively
was significantly elevated in delirium of elderly hip fracture patients [60]. Although the
study did not observe a significant association between TRP or KYN levels with delirium,
they concluded that the KYN/TRP ratio could allow for early detection of patients at risk
to develop delirium.

The current hypothesis regarding the mechanism of POD is mainly from animal
studies, with limited evidence from clinical studies, including neurotransmitter deficiency,
neuroinflammation and prior cerebral vascular events [63]. Previous investigations have
revealed lower levels of TRP in elderly patients with POD [64,65]. These studies imply that
the low TRP levels are associated with POD via a decrease in serotonin (5-HT) synthesis
in the brain. However, post-operative supplementation with TRP did not prevent the
incident of POD in older adults undergoing major elective surgery [66]. It might be possible
that increased TRP degradation during surgery is due to activated IDO activity which
converts TRP to KYN. In a targeted metabolomics analysis of plasma patients at day 2
after surgery, Tripp and colleagues (2021) detected multiple metabolites linked to POD,
including a significant increase in KYN and KYNA, and a decrease in TRP levels [62].

The current understanding of mechanisms of delirium involving the KP based on
preclinical research is largely unexplored, contributed by lack of established clinically
relevant animal models of delirium. However, many animal studies documented the role
played by the immune system and the KP on cognition and behavior. Several animal
models have been developed based on acute peripheral inflammatory exposure, including
administration of single or repeated endotoxins [54,67-84], cecal ligation and puncture
(CLP)-induced sepsis-associated encephalopathy [53,85,86], bile duct ligation (BDL) model
of hepatic encephalopathy [87], administration of immunostimulant polyinosinic: poly-
cytidylic (Poly I:C) acid [88,89], CD40 agonist antibody [90], and living organisms, such
as Bacillus Calmette-Guerin (BCG) [91]. These studies were chosen based on recommen-
dations that animal models of delirium should be precipitated by etiological factors that
are known to cause delirium and exhibit acute cognitive and behavioral changes seen in
human delirium [92]. Ideally, the model demonstrates a fluctuating course [93]. Table 3
summarizes the effects of acute systemic inflammation on KP activity and behavior from
in-vivo studies. All studies documented an increase in the KP activity via the measurement
of the IDO enzymes, the KYN/TRP ratio, and several neuroactive KP metabolites, including
QA and KYNA.
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Table 3. The effect of acute peripheral inflammation on the kynurenine pathway activation and behavior from in vivo studies.

. Follow u N
Author Type of Exposure Type of Subjects Test Battery Duratio rf Findings
Comim Sepsis .ind.uced by Wistar rat (60 days ] 24 h and IDO inhibitor prevented the changes in the mitochondrial respiratory chain
etal., 2017 cecal ligation and old) Open field test (OFT) dav 10 enzymatic activity in the hippocampus caused by sepsis;

(85] perforation (CLP) Y Habituation memory was preserved in the sepsis group receiving IDO inhibitor.
Mice exhibit anxiety behavior, a decline in learning and memory function, and
locomotor started from day 7 after surgery and symptoms were attenuated by IDO
inhibitor;

Sucrose preference test, 0.7 14 21 Elevated e?xpressior.l levels of mRNA pro—inﬂammétory cytokines (TNF-«, IL-1f3,
Jiang et al., Laparotomy + bile Male Wistar rats forced swimming, ! ;m d, ’ and IL-6) in the.bram 14 days post BDL and da.y 7 n the serum,
2018 [87] duct ligation (BDL) (220240 g) marble burying test, and 28 davs Constant ele\{atlon of IDO-1 and IDO-2 expression in the hippocampus and cerebral
elevated plus maze y cortex, especially 14 days after BDL;
The ratio of KYN/TRP increased and 5-HT/TRP decreased in the hippocampus and
cerebral cortex in the BDL surgery group. These changes were reversed by 1DO
inhibitor treatment;
A high level of quinolinic acid was observed on day 28 post-BDL.
CD40AB induces behavioral effects; decreased saccharin preference, consumption,
and operant responding; without affecting locomotor activity or unconditioned
stimulus fear and treadmill running;
Day 2, 4,5, The behavioral effects were led by increased TNF-« levels in the serum and IFN-y
Cathomas Single i.p. CD40 Male C57BL/6] Saccharine consumption, 6,7, 8, and levels in the serum and brain;
etal, 2015 agonist antibody mice fear conditioning, 12 after Increased pro-inflammatory cytokines were followed by increased kynurenine

[90] (CD40AB) injection (10-14-week-old) and locomotor activity CD40AB metabolites (KYN, 3-HK, and QUIN) on days 1-7/8 in the serum and brain;

injection Co-injection with TNF-« blocker, Etanercept blocked CD40AB effects on behavioral

and the kynurenine pathway;
Oral administration of a selective IDO inhibitor prevented the activation of the
kynurenine pathway but did not influence acute or extended sickness behavior.
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Table 3. Cont.

Author Type of Exposure Type of Subjects Test Battery 1;5):11:;:;:;) Findings
Decreased the locomotor activity in the LPS group than in the control;
Increase in pro-inflammatory cytokines (IL-13, TNF-«, and IFN-y) induced by LPS
Gomes Single i.p. LPS Male C§7B]/ 6] Open field test, and in the hippocampus, striatum, and prefrontal cortex;
etal, 2018 mice 24h e Decrease in the brain levels of 5-HT and 5-HIAA induced by LPS;
0.33 mg/kg sucrose preference test
[67] (24-month-old) e  LPSsignificantly decreases KYNA levels and KYNA /KYN ratio (neuroprotective

branch) in brain areas;
e  LPSinduced an increase of 3-HK and QA levels (neurotoxic branch).

e  LPS suppressed food burrowing activity in WT males and females and APP/PS1
females;
° LPS suppressed exploration of Y-maze in all experimental groups, without altering
Male and female spatial working memory performance;

APPswe/PS1dE9 ° LPS led to a significant increase in plasma levels of IL-6 in all groups, while TNF-o
Agostini

Single intravenous mice model of Food burrowing, and 241,48 h, was significantly elevated only in LPS-treated WT females. Plasma levels of IFN-y
etal., 2020 LPS 100 pg/kg Alzheimer’s Y-maze test and 96 h were unaltered. Anti-inflammatory IL-10 was significantly higher in LPS-treated
[68] disease and WT female WT and APP/PS1;
(4.5-month-old) e  Increased hippocampal TRP and end metabolites of the 5-HT and KYN pathways 4
h after LPS injection;
e Immunohistochemistry revealed that LPS had no effects on microglial density in
any hippocampal areas (measured by the percentage area covered by Ibal positive
microglial and the number of microglial cells per mm?).
Gomes _ ) _ Locomotor activity, e  Body weight loss and the decrease in locomotor activity induced by LPS;
etal., 2020 Single i.p. LPS Male Wistar rats 24 h e  CUR-LNC modulated the levels of pro-inflammatory and anti-inflammatory
[69] 1mg/kg (3-month-old) rotarod. test,. and forced cytokines (IL-13, TNF-«, IL-6, and IL-10) in the hippocampus;
swimming test e  Up-regulated in IDO-1 and IDO-2 mRNA expression in the hippocampus.
e  Mice treated with repeated administration of LPS showed reduced locomotor
Tufvesson- " . FVB/N and Open field test, fear activity and increased anxiety-like activity;
Alm etal., wo doses i.p LPS C57BL/6] mice conditioning, and Y-maze 24and48h ® Repeated LPS in FVB/N mice caused an increase in brain KYNA levels as
2020 [70] 0.83 mg/kg 16 h apart (3-4-month-old) compared to saline-treated mice;

° Repeated administration of LPS however, did not cause a deficit in the working
memory.
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Table 3. Cont.

. Follow u N
Author Type of Exposure Type of Subjects Test Battery Dura tior? Findings
e  Body weight and food intake significantly reduced after the LPS injection;
Kang et al., Single i.p. LPS CD-1 mice Open field test, sucrose e  No significant difference in locomotor activity from the OFT after the LPS injection;
2011 [71] 0.8 mg/kg 10-12-week-old preferen(?e test, and 24h e  Mice injected with LPS exhibited reduced sucrose preference tests;
forced swimming test e  Hippocampal mRNA expression proinflammatory cytokines (IL-1p3, IL-6, and
TNF-«) increased 24 h post-LPS administration.
e  LPS challenge induced deficit in novel object recognition (NOR) in WT mice;
IDO~/~ mice challenged with LPS were secured from NOR deficit;
C57BL/6] mice The glial activity was upregulated as indicated by increased mRNA expression of
12-16-week-old microglial Ibal and astrocytic GFAP 24 h post LPS challenge;
Heisler & Novel object recognition ° Increased the expression of the pro-inflammatory cytokines IL-13 and TNF-« and
O’Connor ip. LPS0.5 mg/kg (group into wild (NOR) 24to48h reduction in IL-6 in both WT and IDO~/~;
2015 [54] type, IDO~/~, e Increased mRNA expression of IDO1 48 h post-LPS challenge for WT, a contrast to
KMO transgenic IDO~/~ mice;
mice) e  Acute administration of peripheral kynurenine attenuated depressive-like
behaviors;
e KMO™/~ mice administered with LPS were secured from a deficit in NOR.
e  Repeated LPS administration was associated with a significant reduction in body
weight, decreased sucrose preference test and locomotor activity;
Single i.p. LPS e  Arapid increase in glutamate release in the hippocampus in both acute and
3mg/kg repeated LPS challenges;
Guoetal, Vs repeated i.p LPS Sprague Dawley Sucrose preference test 2,4,68, e  Acute LPS administration raised the hippocampal concentrations of TRP, 5-HT,
2016 [72] 500 ug/kg eve'ry other rats, 230-280 g and forced swimming test and 10 h 5-HIAA, and KYN;
day for 2 weeks e  Repeated LPS challenge did not affect hippocampal TRP concentration but

increased the concentration of KYN and the KYN/TRP ratio;
The acute LPS challenge reduced the KYNA concentrations, decreased the
5-HT/TRP ratio, and increased the KYN/TRP ratio.
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Author Type of Exposure Type of Subjects Test Battery Duration Findings
Poly I:C induced sickness behavior in WT mice (decrease in the number of rears in
] Female (?57BL6/ J the open field, weight reduction);
Murray Lp. Poly I.C mice Open field test and food Higher plasma kynurenine level and KYN/TRP ratio in WT than IFNAR1"/~ mice
etal., 2015 (12 mg/kg) £ IL-6 . 24hto9%h 24-h post poly I:C challenge:
burrowing postpoly L &€/
[89] (50 ng/kg) (WT A{‘?_ Reduced expression of IDO in IFENAR1 ™/~ mice;
IFNART™"™) KP metabolites were undetected in the hippocampus or frontal cortex 3 h post poly
I:C challenge.
CLP significantly increased the levels of KYN and KYN/TRP ratio and expression
of microglial Ibal in the hippocampus;
CLP increased the expression of pro-inflammatory cytokines, TNF-«, IL-13, and
Cecal ligation and IL-6 in the hi'ppocam.pus.; ) ) )
Gaoetal, perforation (CLP) Male Open field test and fear 12 h and Treatment with IDO.mhlbltor, 1—MT. d.ownregulated the increased expression of.
2016 [53] induced animal C57BL/6 mice conditioning test day 14 KYN, KYN/TRP ratio, and IDO activity and downregulated marker of microglial
: activation induce ;
model of sepsis ivation induced by CLP
Treatment with IDO inhibitors (1-MT and L-TRP) attenuated CLP-induced
cognitive impairment;
Treatment with L-KYN induced cognitive deficit in sham mice but did not affect the
locomotor activity and anxiety-like activity.
Decreased food intake both in high and low-dose LPS;
Colia et al i.p LPS 0.33 and Male C57BL/6 LPS increased hippocampal expression of inflammatory cytokines (IL-13), TNF-c,
i 0.83 mg/kg mice Not specified 3h IL-6, and COX-2;
2019 [73] Acute treatment with a high and low dose of LPS impaired neural plasticity-

12-15-week-old

increased expression of inflammatory markers; IL-133, PGE2;
The modulation of TDO2 was not affected by LPS.
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Type of Subjects

Test Battery
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Duration

Findings

Gibney
etal., 2013
[88]

i.p. Poly I.C 6 mg/kg

Male Sprague
Dawley 250-350 g

Home cage activity test,
saccharin preference, and
open field test

6, 2-,48,
and 72 h

Significantly reduced body weight at 24 h post poly I:C administration;

Reduced locomotor activity and anxiety-like behavior 6 h post poly I.C
administration;

Increased level of IL-1f3, IL-6, TNF-«, and CD11b at 6 h time point in frontal cortex
and hippocampus;

A significant 70-fold increase in IDO expression in the frontal cortex and a 3.3-fold
change in the hippocampus at 6 h post poly I:C administration;

Increased in KYN/TRP ratio in the brain at 24, 48 and 72 h post poly I.C
administration;

KYN level in the hippocampus was significantly higher at 24 and 48 h post poly I:C
administration, and back to control levels by 72 h;

The concentration of TRP increased in the frontal cortex at 24 and 48 h and 6, 24,
and 48 h in the hippocampus after poly I:C injection;

No alteration in 5-HT concentration in the frontal cortex and hippocampus.

Kelley
etal., 2013
[91]

i.p. Bacillus
Calmette—-Guerin
(BCG) i.p.

108 CFU/mice

Adult mice Balb/c
4-6-month-old vs.
aged mice
20-24-month-old

Locomotor activity,
sucrose preference test,
and tail suspension test

1,7,14 or
21 days

Aged mice exhibited a persistent reduction in body weight (BW) as compared to
adult mice with a transient reduction in BW;

Aged mice exhibited sickness behavior (reduced locomotor activity) until day 7 and
recovered 2 weeks after infection;

Locomotor activity was not affected in adult mice after BCG infection;

Longer rearing and anhedonia in aged mice than in adult mice after BCG infection;
Aged mice demonstrated an increase in KYN/TRP ratio as compared to the saline
group and the levels were significant at 7,14, and 21 days after BCG infection.

Walker
et al., 2013
[74]

LPSip 1 mg/kg (dose
to induced
depressive-like
behavior)
LPSip. 0.83 mg/kg
(dose to induce acute
sickness response)

CD-1 (6-week-old)
C57BL/6]
(12-week-old)

Locomotor activity,
sucrose preference test,

and forced swimming test

2-28 h

Significant increase in the brain KYN/TRP ratio in LPS-treated mice compared with
control;

LPS also significantly induced the elevation of KP metabolites, such as QA;

LPS decreased body weight, food consumption, and motor activity (sickness
behavior), and the effect was not altered by ketamine;

LPS decreased sucrose preference (depressive behavior), which was blocked by
ketamine pre-treatment;

Increase in the brain IL-6 and IL-1p3 at 6 and IL-6 at 28-H p.i. and the effects were
not altered by ketamine;

LPS increased plasma KYN/TRP ratio at 6 and 28 h, and brain KYN/TRP ratio at
28 h after treatment, and the effects were not affected by ketamine treatment.
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Zhao et al.,
2019 [75]

i.p LPS 0.5 mg/kg
and/or unpredictable
chronic mild stress
(UCMS)

Adult male Open field test, forced
C57BL/6] mice, swimming test, and tail 24 h
8-12-week-old suspension test.

No significant differences in locomotor activity in both LPS and UCMS mice;

LPS induced more apparent depressive-like behaviors than UCMS;

LPS induced robust expression of TNF-«, IL-13, and IL-6 in the serum and brain
areas (prefrontal cortex, hippocampus, and striatum), as compared to UCMS mice;
IDO expression in the brain (prefrontal cortex and hippocampus) was significantly
increased following LPS and UCMS;

The decrease of 5-HT and BDNF was detected only in the hippocampus of
LPS-stressed mice.

Schneiders
et al., 2015
[76]

C/EBPB*/* (Wild
type) and
C/EBPB™/~ (KO)
mice 6-12 weeks
old

i.p LPS 50 or 2500
ng/kg

Locomotor activity

(two-compartment cage) Sor24h

LPS stimulation showed drop in locomotor activity in response to normal
environmental stress (NES) after 2 h, while the activity of KO mice remained
significantly high;

The plasma level of IL-6 and IL-10 of both WT and KO increased 8 h p.i. with high
dose LPS and returned to basal levels at 24 h in WT mice. (TNF-« was not detected);
Higher expression of inflammatory mediators (IL-6, TNF-c, IL-10 in the brains of
KO mice) 24 h after LPS stimulation as compared to WT;

LPS induced significant upregulation of IDO-mRNA expression in the
hypothalamus 8 h p.i in WT which was absent in KO mice;
Tryptophan-hydroxylase (TPH) 2 was significantly increased after LPS treatment in
KO mice, but not in WT;

mRNA expression of IDO and TPH2 in the hypothalamus returned to basal levels at
24 h in both genotypes;

The mRNA expression of KMO was unchanged at 8 h and significantly higher at
24-h p.i. in KO mice compared to WT mice;

The IDO expression in the liver was significantly higher in KO mice 8 h p.i.
compared to WT mice and no difference in both genotypes at 24 h.

Dinel et al.,
2014 [77]

Male db/db and
db/+ mice Two-compartment cage
between 10 and 12 and forced swimming test
weeks

i.p LPS 5ug 2hto25h

LPS significantly increased the duration of immobility 24 h post-LPS in db/+;

LPS significantly increased the brain KYN/TRP ratio and this increase was
significantly reduced in db/db mice;

LPS significantly increased plasma levels of IL-1b, TNF-a, and IL-10 in db/+ and
db/db mice 2 h after treatment;

LPS-treated db/db mice exhibited similar peripheral levels of KYN to their db/+
counterparts but lower brain KYN levels;

LPS significantly increased hippocampus mRNA expression of IL-13, TNF-«, IL-6,
IFN-y, and IL-10 in both db/+ and db/db mice.
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Luetal, ] Male C57BL/6] Sucrose prfefere.nce test, LPS-induced depression-like behavior;
2021 [78] ip LPS1.0 mg/kg mice, 4-5 weeks of forcec.l swimming test, 24h Mice administered with LPS demonstrated the elevation of the TNF-«, IL-6, IL-1f3,
age and tail suspension test IL-10, TRP, and KYN levels and lower 5-HT in the hippocampus.
Male C57BL /6N Sucrose preference test, Aggravation.of s.ickness ?behgvior %nduced by FK565 (NOD1 agonist) or MDP
Farzi et al., ip. LPS (0.1 or mice. aged at 10 open field test, forced 21h (NOD_2 agonist) in §0mb1nat10n with LPS;
2015 [79] 0.83 mg/kg) ,ag swimming test, and tail The sickness behavior was paralleled by enhanced plasma and cerebral mRNA
weeks suspension test levels of proinﬂammatory cytokines (IFN-c, IL-1b, IL-6, TNF-a), as well as enhanced
plasma levels of kynurenine.
CatC
overexpression Marked increase in IDO levels in the hippocampus and prefrontal cortex of LPS and
ip LPS (CAT C OE) and UCMS mice;
P (0.5 mg/kg) fiel ‘
Zhang : Cat C knockdown Open field test, forced Cat C OE induced peripheral and central inflammatory response (promoted
and/or unpredictable S -
etal., 2018 chronic mild stress (CAT C KD.) swimming test, and tail 24h microglia/macrophage activation) with significantly increased TNFe, IL-1p and
[80] (UCMS) transgenic mice suspension test IL-6 in serum, hippocampus, and prefrontal cortex;
together with wild Cat C OE promoted upregulation of IDO and downregulation of 5SHT expression in
type (WT) at the brain, and subsequently aggravated depression-like behaviors.
8-weeks-old
. LPS led to a marked weight loss;
(t?ai‘al;%l;lo o LPS 250ug /K Male Wistar rats, ~ Open field test and forced uh LPS induced a depressive—?ike. b.ehavior, and the symptoms were blocked by
etal, Lp- HE/KE 60 days-old swimming test 1-methyltryptophan (IDO inhibitor);
[81] LPS increased 5HIAA /5HT and IDO and decreased 5-HT levels in the
hippocampus.
) Pavlovian conditioning, Mice treated with peripheral low-dose LPS (0.25 mg/kg) exhibited significant
Peyton ip. 2XLPS (0.25 Male C57B1/6] g increases in pre-cortex KYN and KYNA;
. accelerated rotarod radial 24 h, 48 h,
etal., 2019 mg/kg, 0.50mg/kg, mice, three _ Dual LPS administration did not impair exploratory activity;
. 8-arm maze, and prepulse = and 144 h
[82] or saline) 16 h apart months old inhibition Dual LPS-treated mice showed deficits in reference memory while working memory
was observed to be normal.
saleki Male Wistar rats, Pro-inflammatory cytokine (TNF-«, IL-13, and IL-6) levels in the hippocampus
Danielski oo . . .
otal. 2018 Cecal ligation and approximately 60  Open field test and object ~ 24 h-day significantly increased 24 h after sepsis induction;
[g()] perforation (CLP) days old, recognition test 10 KYN in the cortex, but not in the hippocampus significantly increased 24 h after
250-350 g sepsis induction.
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LPS-induced anxiety-like behavior and cognitive deficits;
Changes in behavior were accompanied by an increase in brain and plasma KYN:
Male TRP ratio;
e{[rr;‘;)egtoléto Single i.p LPS C57Bl6/NCrl mice  Elevated plus maze and 1961 e  Pre-treatment with IDO1 inhibitor (1.—MT) 7 days. before LPS injection reduced the
s 0.83 mg/kg aged 13 to fear conditioning test levels of KYN and the KYN: TRP ratio in the brain;
(83] 18 weeks e  Pre-treatment with TDO2 inhibitor (680C91) did not change the levels of KYN and
KYN: TRP ratio in the brain and serum, and KYNA levels in the serum;
e  Pre-treatment with IDO1 inhibitor and TDO2 inhibitor failed to reduce anxiety
parameters and mitigate cognitive deficit produced by LPS.
° Acute systemic inflammatory exposure to LPS, RS, and RS plus LPS induced
Choubey Single i.p. LPS ) ) anxiety-like behavior and depression-like behavior;
etal,2019  0.83 mg/kgand/or Adult male Swiss  Open field test and forced 3-24h e LPS, RS, and RS plus LPS augmented the activation of the TLR-4 receptor that

albino mice swimming test induces the release of pro-inflammatory IL-1f3 in the hippocampus region;
e  Exposure to RS, LPS, and RS plus LPS significantly upregulated NF-kB and IDO-1
gene expression in the hippocampus region.

[84] restraint stress (RS)

Abbreviations: IDO: indoleamine2,3-deoxygenase; TDO: tryptophan 2,3-dioxygenase; KMO: kynurenine 3-monooxygenase; TPH: tryptophan-hydroxylase; BDL: bile duct ligation; TNF-«:
tumor necrosis factor-alpha; IL-1f3: interleukin-1beta; IL-6: interleukin-6; IL-10: interleukin-10; IFN-y: interferon-gamma; KYN: kynurenine; TRP: tryptophan; 5-HT: 5-hydroxytryptamine
(serotonin); 5-HIAA: 5-Hydroxyindoleacetic; KYNA: kynurenic acid; 3-HK: 3-hydroxykynurenine; QA: quinolinic acid; CD40AB: CD40-antibody; LPS: lipopolysaccharide; WT: wild type;
CUR-LNC: curcumin loaded nanocapsule; OFT: open filed test; NOR: novel object recognition; GFAP: glial fibrillary acidic protein; BDNF: brain-derived neurotrophic factor; Poly I:C:
polyinosinic:polycytidylic acid; CLP: cecal ligation/perforation; 1-MT: 1-methyltryptophan; COX-2: cyclooxygenase-2; BCG: Bacillus Calmette-Guerin; CFU: colony forming unit; BW:
body weight; UCMS: unpredictable chronic mild stress; KO: knockout: NES: normal environmental stress; NOD: nucleotide-binding oligomerization domain; MDP: muramyldipeptide.
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Several test batteries for the evaluation of acute cognitive and behavior disturbances
were utilized, using either a single or a combination test to assess for sensory-motor,
emotional, and/or cognitive function. These studies documented acute changes in the
locomotor and exploratory activities [53,67,68,71,74-77,79-82,85-91], symptoms of an-
hedonia and depression [67,71-75,77-81,84,87,88,90,91], acute decline in cognitive func-
tion [53,54,68,82,83,86,87] and anxiety-like behavior [53,83,84,87,88], which are key symp-
toms of delirium. Regardless of the severity of the peripheral insults, acute systemic
inflammation significantly affects central KP activity and generates acute behavioral and
cognitive disturbances. Several studies showed that even mild acute systemic inflam-
mation can induce sickness behavior that is associated with peripheral and central KP
activation and its downstream metabolites [68,69,74,77,94], and the symptoms are shown
to be exaggerated in aged animals [91].

The activation of the central KP by peripheral LPS challenge resulted in drastic changes
in behavior and it is dose-dependent. In the porcine model of sickness behavior, a single
peripheral LPS administration was associated with decreased TRP and increased KYN
levels in the plasma but not in the brain [95]. In contrast, Larsson and colleagues (2016)
demonstrated that systemic inflammation following a repeated LPS administration induces
more robust changes in the peripheral and central KP activity than single LPS adminis-
tration [96]. In the context of sepsis-associated encephalopathy (SAE), which is a cerebral
manifestation commonly occurring in sepsis and one of many causes of delirium depicting
robust changes in the KYN levels. Sepsis induces activation of cerebral endothelial cells
over the blood-brain barrier and releases various inflammatory mediators into the brain.
Evidence suggests that SAE is aggravated by neurotoxicity and neuroinflammation, which
may contribute to neuronal death. Activation of IDO by IFN-y, TNF-«, IL-6, and IL-13
in the hippocampus generates several neuroactive compounds, including QA and 3-HK
that can modulate cognitive and behavior changes, affecting the development of delirium
during infection.

3.1. Role of Indoleamine 2,3-Deoxygenase in Delirium

Under acute inflammatory conditions, increased levels of pro-inflammatory cytokines
and oxidative stress may stimulate IDO, subsequently activating the catabolism of TRP via
KP. Animal and human studies have shown that the plasma KYN/TRP ratio is significantly
increased, which indicates that IDO and TRP catabolism are upregulated in delirium. The
finding is supported by several in-vivo studies that documented a significant increase in
the expression of brain IDO [54,69,71,75,76,80,81,84,87].

IDO plays an important role in immunoregulation and is implicated in suppressing
the effector phase of the immune response. Under normal physiological conditions, IDO
provides natural defense against inflammation because of its ability to restrict T-cell function
and promotes immune tolerance. Under pathological conditions, IDO becomes activated
and exerts anti-inflammatory activity via direct T cell suppression from degradation of TRP
or by enhancement of local Treg-mediated immunosuppression. Interestingly, accumulating
evidence implicates IDO in the immune escape of cancer cells, autoimmune and chronic
inflammation, such as rheumatoid arthritis and human immunodeficiency virus (HIV)
infection [97,98]. Moreover, recent evidence highlights the role of IDO in severe COVID-
19 and sepsis [99]. In delirium patients, direct measurement of IDO activity is yet to
be performed.

Several studies have demonstrated the effects of IDO1-inhibitor in the modulation of
the central KP activity and attenuated acute inflammation-induced behavior and cognition
disturbances. Kynurenine is the first metabolite of TRP degradation by IDO enzymes
and pre-treatment with an IDO-inhibitor increases the plasma and/or brain levels of TRP
and lowers the KYN/TRP ratio. Jiang and colleagues (2018) demonstrated that IDO-
inhibitor prevented BDL-induced learning and memory impairment in rats [87]. Similarly,
Comim and colleagues (2017) demonstrated that an IDO inhibitor (1-methyltryptophan)
blocked the enzymatic activity triggered by sepsis in the hippocampus and preserved
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the habituation memory [85]. Further, Gao and colleagues (2016) showed that treatment
with an IDO-inhibitor attenuated cognitive impairment in animals with sepsis induced
by CLP [53]. Severe sepsis and septic shock are regarded as a cytokine-mediated hyper-
inflammatory phase, usually associated with enormous immune dysregulation. Previous
in-vivo studies indicated that pharmacological inhibitors of IDO were shown to upregulate
chemokine expression and reduce mortality from CLP-induced sepsis [100]. Chemokines
may act directly on T cells or via indirect effects on antigen-presenting cells (APCs), which
subsequently promote differentiation of T cells to the site of inflammation. Contrary to
the porcine model of shock, Wirthgen and colleagues (2018) indicated that treatment with
1-methyltryptophan (1-MT) in the early phase of immune response did not significantly
downregulate IDO activity, instead they observed increased levels of TRP and KYNA levels
in the plasma, peripheral organ, and brain tissues [101]. The author suggested that the lack
of IDO inhibition of 1-MT and the potential weakness of antimicrobial activity should be
considered in future applications, especially in sepsis.

Meanwhile, IDO induction by the nuclear-binding domain (NOD)-1 and NOD-2
agonist have been shown to enhance plasma kynurenine levels and sickness behavior
associated with LPS administration [79]. From these studies, the KYN/TRP ratio seems to
be a relevant clinical biomarker for both prognostic and therapeutic purposes in systemic
inflammation-induced delirium. However, in most animal studies of acute behavioral
and cognitive disturbances, a brain tissue sample was frequently obtained rather than the
plasma and imposed limitations on the availability of non-invasive samples in furthering
the understanding of disease mechanisms.

3.2. Role of Neuroactive KP Metabolites in Delirium

The KP metabolites are associated with delirium via both microglial activation and
subsequent neuronal injury. Microglia plays an important role in the regulation of brain
development, and maintenance of the neuronal network and function. Increased IDO
immunoreactivity in microglia will lead to the production of both neuroprotective and
neurotoxic metabolites that could induce neuronal injury and subsequently affect neuronal
function. Of all of the metabolites of the KP, the QA and KYNA have been the most
studied that are associated with cognitive and behavior consequences in acute systemic
inflammation. Both QA and KYNA act on N-methyl-d-aspartate (NMDA) receptors.

3.2.1. Quinolinic Acid

Under normal physiological conditions, the production of QA from the main precursor
TRP mainly involves the synthesis of NAD*. Under the pathological situation, QA exerts
neurotoxicity activity via multiple mechanisms, including direct neurotoxicity by acting as
an agonist at the NMDA receptors, production of ROS, acting as a potent lipid peroxidant,
and inhibits glutamate uptake by astrocytes [102,103]. Quinolinic acid acts selectively at
NMDA receptors, specifically on the NR2A and NR2B subunits, and elevates cytosolic
calcium depositions, thus exerting necrosis and apoptosis of neurons [104]. A previous
in-vitro study has shown that QA application in hippocampus tissue was associated with
massive deposition of Ca* in damaged mitochondria [105]. Calcium (Ca*) is a universal
second messenger and participates in neural transmission when a neuron is activated.
Overstimulation of NMDA receptors increase intracellular Ca* and leads to the activation
of Ca*-dependent lysis enzymes which results in neuronal death [106]. This information is
supported by recently published data that demonstrated the causal association of QA with
neuronal damage marker, neurofilament light chain protein (NfL) in the cerebrospinal fluid
(CSF) of patients with delirium [61].

Concomitantly, QA showed pro-oxidative stress activity due to its ability to generate
ROS formation. Recently, a study by Hosoi and colleagues (2021) demonstrated that
intrastriatal administration of QA in rats induces acute microglia oxidative damage and
mitochondrial dysfunction which indicates an acute neurotoxicity effect of QA on the brain
via oxidative stress [107]. The study obtained a functional image of acute oxidative damage
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in the brain that occurred 3 to 24 h after QA injection. In contrast, QA does not readily cross
the BBB and systemic administration of this metabolite observed only small concentrations
in the brain, which subsequently converted to NAD* [108]. In the brain, QA induces
oxidative stress on its ability to stimulate NMDA receptors or interacts with free iron ions
via the Fenton reaction to generate oxidizing agents, including ROS [109]. Iron is a vital
element for all photosynthetic organisms and serves as a cofactor to enzymes in oxidation.
Additionally, acute stress, such as during sepsis, downregulates the nuclear translocation
of antioxidant defense factors, such as nuclear factor (erythroid-derived 2)-like 2 (Nrf2),
further predisposing neuronal injury and apoptosis [110,111]. Nrf2 is recognized as a
key regulator of antioxidants in the CNS and serves as a neuroprotection in response to
oxidative stress [112,113]. Nrf2 declines with age and is further exposed to oxidative stress
during acute inflammation [114]. This phenomenon could explain the vulnerable brain
theory in the occurrence of delirium in the elderly.

Oxidative stress may cause additional neurotoxicity effects of QA via lipid peroxi-
dation and inhibit the re-uptake of glutamate by astrocytes. Animal studies report that
intrastriatal injection of QA into rats was associated with lipid peroxidation within 2 h
after exposure, and the finding was supported by the presence of higher concentrations of
hydroxyl radical in the striatum [115,116]. Lipid peroxidation is one of the characteristic
features of systemic inflammation associated with KP activation, producing highly reactive
aldehydes, such as acrolein, malondialdehyde (MDA), and hydoxynonenal (HNE) [117].
QA increases the formation of lipid peroxidation, mediated by an NMDA receptor or by
its interaction with ferrous ions to form QA-Fe%* complexes [118,119]. There is evidence
that lipid peroxidation occurs in response to systemic inflammation, including sepsis and
surgery. Toufekoula and colleagues (2013) demonstrated that MDA levels in septic pa-
tients were correlated with the presence of organ dysfunctions [120]. Meanwhile, one
study reported a greater concentration of plasma MDA that was taken immediately after
cardiopulmonary bypass surgery and the levels were positively correlated with a marker
for cerebral injury, S100p [121]. Meanwhile, changes in neurotransmitter systems are
thought to contribute to the occurrence of delirium and the KP is directly related to several
neurotransmitter systems, particularly glutamatergic and serotonergic systems [122]. The
essential amino acid TRP is the precursor of 5-HT, which plays a vital role in the CNS,
particularly in mood regulation. Although, only a small fraction of TRP is metabolized
via the serotonin pathway, small changes in the production of 5-HT do alter brain mor-
phology, physiology, and behavior. In animal studies, activation of IDO by inflammatory
cytokines alters serotoninergic and glutamatergic neurotransmission. Acute and chronic
administration of LPS significantly changed the concentration of TRP via KP activation,
increasing the KYN/TRP ratio and decreasing the 5-HT/TRP ratio [72]. The activation of
the KP by pro-inflammatory cytokines potentially contributes to a substantially increased
amount of glutamate via the release of QA in activated microglia and reduces glutamate
reuptake by astrocytes. Increased amounts of glutamate released can continuously activate
several ligand-gated ion channels receptors, such as NMDA receptors, x-amino-3-hydroxy-
5-methylisoxazole-4-propionate (AMPA), and kainic acid (KA) receptors, which eventually
leads to an increase in intracellular calcium loads in neurons [123]. All of this evidence sug-
gests that glutamate activation contributes to neuronal dysfunction and death, supporting
QA-induced neurotoxicity during systemic inflammation.

Although evidence has supported the behavioral effects of QA, the use of an NMDA
receptor antagonist in eliminating symptoms associated with delirium is anecdotal. Ani-
mal studies suggest that ketamine administration was capable to attenuate LPS-induced
depressive-like behavior and these behavioral effects were associated with a decrease in QA
in the brain [74,124]. However, Walker and colleagues (2013) demonstrated that ketamine
administration failed to abrogate sickness behavior associated with LPS administration
in rats, despite a reduction in the KYN levels [74]. Meanwhile, in human studies, pre-
operative administration with ketamine has been shown to provide neuroprotective effects
on limiting the development of delirium, contributed by its anti-inflammatory actions [125].
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3.2.2. Kynurenic Acid

KYNA possesses neuroprotective activity from its ability to suppress the immune
response and acts as a non-competitive antagonist at the NMDA, AMPA, and KA receptors.
With regards to the immunomodulatory roles of KYNA, Ferreira and colleagues (2020)
observed that intrastriatal injection of KYNA in rats ameliorated the increase in ROS,
pro-inflammatory cytokines, and glutathione peroxidase activity induced by QA [126].
Meanwhile, systemic administration of KYNA in rats prevents the accumulation in the
neutrophil extracellular traps (NETs), a marker for BBB permeability and protects the
brain from mitochondrial dysfunction during sepsis [127]. Previous studies demonstrated
that KYNA facilitates immunosuppression, by activating the aryl hydrocarbon receptor
(AhR) [128,129]. AcR signaling has multiple impacts on the immune response and func-
tions on ligand-activated transcriptional factors. Evidence reported that KYNA is one of
the endogenous ligands for AhR and works synergistically in modulating inflammatory
cytokines and oxidative stress [130]. Moreover, the antagonistic action of KYNA on NMDA,
AMPA, and KA receptors provides additional neuroprotective benefits via the prevention
of glutamate neurotoxicity induced by QA [131]. Inhibition of KMO, which is the main
enzyme in the catabolism of KYN to neurotoxic metabolites, possibly creates a therapeutic
opportunity in preventing delirium during systemic inflammation. Several animal studies
demonstrated that peripheral KMO inhibitor administration elevates levels of KYNA in
the brain and improves cognition associated with neuronal damage, indicating that the
intervention shifts the TRP degradation into a neuroprotective pathway [132].

On the contrary, an attempt to elucidate the impact of exogenous KYNA on cognition
and behavior observed that exogenous administration of L-kynurenine (100 mg/kg) in rats
led to spatial memory deficits [133]. Changes in brain KYNA levels are assumed to affect
neurotransmitter release via modulation of the non-competitive blockade of a7-nicotinic
acetylcholine (a7nACh) receptors [134]. However, findings from several experimental
studies opposed the assumption, whereby KYNA had no effect on the a7nACh recep-
tors [135-137]. To date, the relationship between KYNA and cognitive deficit remains
unclear. The author suggested that KYNA-induced spatial memory deficits could occur
through the blockade of NMDA or a7nAch receptors in the prefrontal cortex. Both NMDA
and a7nAch receptors are mainly identified in the hippocampus, and antagonist-mediated
blocking of NMDA receptors by KYNA leads to excessive excitatory neurotransmitters,
such as glutamate and Ach in other brain regions [138]. Curiously, the administration of
kynurenine aminotransferase (KAT II) inhibitors has been shown to prevent the elevation of
KYNA levels in the brain and block cognitive dysfunction [139]. In human studies, KYNA
was found to be upregulated in the blood of patients with ICU delirium and POD [27,62].
In this context, increased serum KYNA may be attributable to an excessive secretion of
pro-inflammatory cytokines, which subsequently aggravates the KP activity as seen in
critically ill patients in ICU settings.

4. Translational Implications

The current management of delirium requires proper detection, recognition of the
cause, and treatment of symptoms. To date, there are no proven biomarkers as diagnostic
or prognostic indicators for delirium. There are many potential biomarkers that have been
investigated for their potential utility in delirium, including inflammatory biomarkers,
neuroimaging, and markers of neuronal injury. In fact, some of these biomarkers are proven
to be associated with the incidence of delirium (Table 4). However, the elevated levels of
inflammatory mediators may not be specific for delirium and their concentrations rise in
other conditions associated with inflammation. Considering the limitation, further research
is needed to investigate the predictive utility of these biomarkers.
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Table 4. Summary of biomarkers associated with delirium [140].

Biomarker Sample Type Main Effects
e  CRP levels was found to be associated with incidences of delirium (high CRP
CRP Plasma levels) and recovery from delirium (low CRP levels);
° Higher plasma CRP levels were associated with risk, duration, and severity of
delirium.
Patients with delirium showed higher S-100B levels in the serum;
5-100B Plasma e  Higher S-100B levels were associated with higher delirium incidence and
severity.
Higher NSE levels were associated with postoperative delirium;
NSE Plasma e  Elevated NSE levels were significantly associated with risk of delirium and
mortality.
Systemic inflammatory ° IL-6, -8, -10, and TNF-« levels were positively associated with higher delirium
Plasma
marker incidences and severity.
Neuroimaging MRI/EEG ° MRI- white matter hyperintensities;
[ )

EEG- generalized theta and delta slowing correlated with delirium severity.

Abbreviations: CRP: C-reactive protein; S-100B: 5100 calcium-binding protein B; NSE: neuron specific enolase; IL:
interleukin, TNF-o: tumor necrosis factor-alpha; MRI: magnetic resonance imaging; EEG: electroencephalography.

Kynurenine pathway and its biological active metabolites are potentially useful as a
biomarker in the assessment of delirium risk, diagnosis, and prognosis. In delirium, several
kynurenine parameters have been measured, including TRP, KYN, KYN/TRP ratio, QA,
and KYNA. Previous evidence suggests that older patients experiencing POD seem to have
an elevated perioperative KYN and reduced TRP levels [27,64,65]. Aging is associated
with increased TRP degradation towards the KP pathway and is implicated in several
age-related disorders. Westbrook and colleagues (2020) reported the KYN/TRP ratio was
positively correlated with functional decline and frailty status [141]. Measurement of KYN
and TRP, together with the KYN/TRP ratio can help to predict the degree of delirium
risk, especially in older adults admitted for surgery, or critically ill patients in the ED and
ICU. However, the clinical utility of TRP levels alone in the prediction of POD is arguable,
considering contradictory findings obtained from a sample of hip fracture patients [60].

The diagnosis of delirium is made clinically and requires basic investigative work-
up that is directed from history and physical findings, including an infective marker,
blood and urine, and measurement of electrolyte levels. Diagnosis is often difficult in
patients presenting for the first time, and their baseline cognitive function is not readily
available. Previously, Watne and colleagues (2022) reported that patients with delirium
had considerably higher levels of CSF-QA compared with those without delirium [61].
In addition, an acute intrastriatal injection of QA in the brain elicited several motor and
cognitive deficits associated with NMDA receptor-mediated neurotoxicity, oxidative stress,
and tau phosphorylation [103]. These mechanisms are involved in the development of
delirium. As the QA concentration rises in acute and chronic neurodegenerative conditions,
the best approach for use of QA in delirium diagnosis is perhaps through the use of age-
stratified cut-off points. In the meantime, critically ill patients with delirium and POD are
associated with poor clinical outcomes and greater resource consumption [3-7]. Delirium
patients who died during hospitalization were found to have higher KYN and KYN/TRP
compared to the survivors [56]. These results are in line with current findings that indicate a
positive correlation between KYN and the KYN/TRP ratio with poor neurological outcome
and mortality after cardiac arrest [142], and suggest their potential to predict the clinical
outcome in delirium. Until now, these biomarkers have yet to be proven in their utility in
clinical practice.

Furthermore, there are promising results in preclinical models that suggest the KP as a
therapeutic target for delirium, perhaps evaluated as monotherapy or in combination with
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other immunotherapeutic agents. Given that the activation of the KP has been demonstrated
in delirium, inhibition of IDO might have the potential to reduce inflammation in delirium
associated with acute illness, such as sepsis. Recently, several IDO inhibitors have been
evaluated, but these have been limited in patients with advanced malignancies [143].
Meanwhile, inhibition of KMO has been shown to increase brain production of KYNA
and improve cognition in animal models [144]. KYNA is neuroprotective, and the level
increases with KMO inhibition or enhancement of KAT enzymes. However, overexpression
of KYNA could be detrimental to cognition and some studies have reported increased
levels of KYNA in the plasma sample of delirium patients. Therefore, furthering preclinical
and clinical research is required to develop a better understanding of this relationship and
may open a therapeutic opportunity for delirium interventions.

5. Future Research Perspectives

Future research in delirium should address several issues. Further research into this
pathway should provide a clearer system-wide view of the general mechanisms underlying
both chronic neurodegenerative disorders and transient phenomena, such as delirium,
ideally improving the understanding of the pathophysiologic links between the acute and
chronic neurological conditions. Specifically, the potential role of IDOL1 in the development
of newer therapeutic strategies targeting neuroinflammation is worth exploring given
the burden of cognitive deficit disorders in an increasing ageing population. In addition,
improvements in animal models representing delirium should facilitate elucidating the
exact pathophysiological and biochemical mechanisms leading to the disease state, and
clinical presentations.

Meanwhile, the recent advances in more precise diagnostic tools in the case of delirium
provides opportunities for novel precision medicine techniques in the detection, treatment,
and optimization of patients presenting acutely with delirium and early cognitive disorders.
Serial measurements of these delirium biomarkers can possibly reveal the true natural
history of disease progression, as opposed to only relying on markers of established injury
to neuronal tissue. Delirium can be understood as brain failure in the setting of systemic
dysfunction due to multiple causes that may not necessarily originate from the nervous
system. Therefore, it may not be absolutely necessary to obtain direct samples, such as
CSE to investigate the condition. The availability of plasma delirium biomarkers avoids
more invasive diagnostic measures that can equally contribute to early diagnosis and
improvement of therapeutic interventions.

6. Conclusions

In conclusion, our review supports the speculation that the KP is implicated with
acute cognitive and behavior disturbances associated with systemic inflammation in delir-
ium. The KP has a potential role in preclinical research and clinical utility in pathogenesis
discovery and future interventions for acute delirium. There are, however, considerable
knowledge gaps in relation to the role and functions of individual KP neuroactive metabo-
lites in the disease process.

Author Contributions: Conceptualization, H.E. and S.M.; methodology, H.E. and S.M.; software,
A.H.P; validation, A.H.P. and H.E.; formal analysis, A.H.P. and H.E.; investigation, A.H.P. and H.E.;
resources, A.H.P. and H.E.; data curation, A.H.P,; writing original draft preparation, A H.P. and HE.;
writing review and editing, H.E., SM., M.L.N., WA.W.Z. and N.S.A; visualization, H.E. and N.S.A;
supervision, H.E., SM., M.L.N. and W.A.W.Z,; project administration, H.E.; funding acquisition, H.E.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Higher Education (MOHE), under the Funda-
mental Research Grant Scheme (FRGS) with the code project FRGS/1/2020/SKK0/UKM/02/15.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2023, 24, 5580 23 of 28

Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors have no conflicting interests to disclose.

References

1.  European Delirium Association; American Delirium Society. The DSM-5 criteria, level of arousal and delirium diagnosis:
Inclusiveness is safer. BMC Med. 2014, 12, 141.

2. Smit, L.; Wiegers, E.J.A.; Trogrlic, Z.; Rietdijk, W.J.R.; Gommers, D.; Ista, E.; van der Jagt, M. Prognostic significance of delirium
subtypes in critically ill medical and surgical patients: A secondary analysis of a prospective multicenter study. J. Intensive Care
2022, 10, 54. [CrossRef] [PubMed]

3. Salluh, J.L.E; Wang, H.; Schneider, E.B.; Nagaraja, N.; Yenokyan, G.; Damluji, A.; Serafim, R.B.; Stevens, R.D. Outcome of delirium
in critically ill patients: Systematic review and meta-analysis. BMJ 2015, 350, h2538. [CrossRef]

4. Leslie, D.L.; Marcantonio, E.R.; Zhang, Y.; Leo-Summers, L.; Inouye, S.K. One-year health care costs associated with delirium in
the elderly population. Arch. Intern. Med. 2008, 168, 27-32. [CrossRef] [PubMed]

5. Davis, D.H.; Muniz-Terrera, G.; Keage, H.A.; Stephan, B.C.; Fleming, J.; Ince, P.G.; Matthews, EE.; Cunningham, C.; Ely, EW.;
MacLullich, A.M. Association of delirium with cognitive decline in late life: A neuropathologic study of 3 population-based
cohort studies. JAMA Psychiatry 2017, 74, 244-251. [CrossRef]

6.  Witlox, J.; Eurelings, L.S.; de Jonghe, ].F.,; Kalisvaart, K.J.; Eikelenboom, P.; Van Gool, W.A. Delirium in elderly patients and the risk
of postdischarge mortality, institutionalization, and dementia: A meta-analysis. JAMA 2010, 304, 443-451. [CrossRef] [PubMed]

7. Pandharipande, P.P,; Girard, T.D.; Ely, EW. Long-term cognitive impairment after critical illness. N. Engl. ]. Med. 2014, 370,
185-186. [CrossRef] [PubMed]

8.  Silva, L.O.J.E; Berning, M.].; Stanich, J.A.; Gerberi, D.J.; Murad, M.H.; Han, ]. H.; Bellolio, F. Risk Factors for Delirium in Older
Adults in the Emergency Department: A Systematic Review and Meta-Analysis. Ann. Emerg. Med. 2021, 78, 549-565. [CrossRef]

9. Mariz, J.; Costa Castanho, T.; Teixeira, J.; Sousa, N.; Correia Santos, N. Delirium diagnostic and screening instruments in the
emergency department: An up-to-date systematic review. Geriatrics 2016, 1, 22. [CrossRef]

10. Khor, H.M.; Ong, H.C,; Tan, B.K.; Low, C.M.; Saedon, N.I; Tan, K.M.; Chin, A.V.; Kamaruzzaman, S.B.; Tan, M.P. Assessment of
Delirium Using the Confusion Assessment Method in Older Adult Inpatients in Malaysia. Geriatrics 2019, 4, 52. [CrossRef]

11. Oliveira, J.E.S.L.; Berning, M.].; Stanich, J.A.; Gerberi, D.J.; Han, J.; Bellolio, F. Risk factors for delirium among older adults in the
emergency department: A systematic review protocol. BM] Open 2020, 10, e039175. [CrossRef]

12.  Mattson, M.P; Arumugam, T.V. Hallmarks of brain aging: Adaptive and pathological modification by metabolic states. Cell
Metab. 2018, 27, 1176-1199. [CrossRef]

13.  Magny, E.; Le Petitcorps, H.; Pociumban, M.; Bouksani-Kacher, Z.; Pautas, E.; Belmin, J.; Bastuji-Garin, S.; Lafuente-Lafuente, C.
Predisposing and precipitating factors for delirium in community-dwelling older adults admitted to hospital with this condition:
A prospective case series. PLoS ONE 2018, 13, e0193034. [CrossRef]

14. Jayaswal, A.K.; Sampath, H.; Soohinda, G.; Dutta, S. Delirium in medical intensive care units: Incidence, subtypes, risk factors,
and outcome. Ind. ]. Psychiatry 2019, 61, 352. [CrossRef]

15. Cascella, M.; Muzio, M.R.; Bimonte, S.; Cuomo, A.; Jakobsson, J.G. Postoperative delirium and postoperative cognitive dys-
function: Updates in pathophysiology, potential translational approaches to clinical practice and further research perspectives.
Minerva Anestesiol. 2018, 84, 246-260. [CrossRef]

16. Yang, Y.; Zhao, X.; Dong, T.; Yang, Z.; Zhang, Q.; Zhang, Y. Risk factors for postoperative delirium following hip fracture repair in
elderly patients: A systematic review and meta-analysis. Aging Clin. Exp. Res. 2017, 29, 115-126. [CrossRef] [PubMed]

17.  Evered, L,; Silbert, B.; Knopman, D.S.; Scott, D.A.; DeKosky, S.T.; Rasmussen, L.S.; Oh, E.S.; Crosby, G.; Berger, M.; Eckenhoff, R.G.
Recommendations for the nomenclature of cognitive change associated with anaesthesia and surgery-2018. Br. |. Anaesth. 2018,
121, 1005-1012. [CrossRef] [PubMed]

18. Peng, C.; Wang, M.; Geng, Y.; Ke, J.; Dong, P.; Qin, J.; Zhong, D. Risk factors for postoperative delirium in ICU patients with
severe illness based on systematic review and meta-analysis. Ann. Palliat. Med. 2022, 11, 309-320. [CrossRef]

19. Bramley, P; McArthur, K.; Blayney, A.; McCullagh, L. Risk factors for postoperative delirium: An umbrella review of systematic
reviews. Int. |. Surg. 2021, 93, 106063. [CrossRef]

20. Oh, ES,; Fong, T.G.; Hshieh, T.T.; Inouye, S.K. Delirium in Older Persons: Advances in Diagnosis and Treatment. JAMA 2017, 318,
1161-1174. [CrossRef]

21. Farrell, K.R.; Ganzini, L. Misdiagnosing delirium as depression in medically ill elderly patients. Arch. Intern. Med. 1995, 155,
2459-2464. [CrossRef] [PubMed]

22.  Hercus, C.; Hudaib, A.-R. Delirium misdiagnosis risk in psychiatry: A machine learning-logistic regression predictive algorithm.
BMC Health Serv. Res. 2020, 20, 151. [CrossRef]

23. Rosen, T.; Connors, S.; Clark, S.; Halpern, A.; Stern, M.E.; DeWald, ].; Lachs, M.S.; Flomenbaum, N. Assessment and Management
of Delirium in Older Adults in the Emergency Department: Literature Review to Inform Development of a Novel Clinical
Protocol. Adv. Emerg. Nurs. J. 2015, 37, 183-196. [CrossRef] [PubMed]

24. Maldonado, ]J.R. Acute Brain Failure: Pathophysiology, Diagnosis, Management, and Sequelae of Delirium. Crit. Care Clin. 2017,

33, 461-519. [CrossRef]


http://doi.org/10.1186/s40560-022-00644-1
http://www.ncbi.nlm.nih.gov/pubmed/36539913
http://doi.org/10.1136/bmj.h2538
http://doi.org/10.1001/archinternmed.2007.4
http://www.ncbi.nlm.nih.gov/pubmed/18195192
http://doi.org/10.1001/jamapsychiatry.2016.3423
http://doi.org/10.1001/jama.2010.1013
http://www.ncbi.nlm.nih.gov/pubmed/20664045
http://doi.org/10.1097/SA.0000000000000071
http://www.ncbi.nlm.nih.gov/pubmed/24401069
http://doi.org/10.1016/j.annemergmed.2021.03.005
http://doi.org/10.3390/geriatrics1030022
http://doi.org/10.3390/geriatrics4030052
http://doi.org/10.1136/bmjopen-2020-039175
http://doi.org/10.1016/j.cmet.2018.05.011
http://doi.org/10.1371/journal.pone.0193034
http://doi.org/10.4103/psychiatry.IndianJPsychiatry_583_18
http://doi.org/10.23736/S0375-9393.17.12146-2
http://doi.org/10.1007/s40520-016-0541-6
http://www.ncbi.nlm.nih.gov/pubmed/26873816
http://doi.org/10.1016/j.bja.2017.11.087
http://www.ncbi.nlm.nih.gov/pubmed/30336844
http://doi.org/10.21037/apm-21-3954
http://doi.org/10.1016/j.ijsu.2021.106063
http://doi.org/10.1001/jama.2017.12067
http://doi.org/10.1001/archinte.1995.00430220119013
http://www.ncbi.nlm.nih.gov/pubmed/7503605
http://doi.org/10.1186/s12913-020-5005-1
http://doi.org/10.1097/TME.0000000000000066
http://www.ncbi.nlm.nih.gov/pubmed/26218485
http://doi.org/10.1016/j.ccc.2017.03.013

Int. J. Mol. Sci. 2023, 24, 5580 24 of 28

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Wang, J.; Song, Y.; Chen, Z.; Leng, S.X. Connection between Systemic Inflammation and Neuroinflammation Underlies Neuro-
protective Mechanism of Several Phytochemicals in Neurodegenerative Diseases. Oxid. Med. Cell Longev. 2018, 2018, 1972714.
[CrossRef]

Sun, Y.; Koyama, Y.; Shimada, S. Inflammation From Peripheral Organs to the Brain: How Does Systemic Inflammation Cause
Neuroinflammation? Front. Aging Neurosci. 2022, 14, 903455. [CrossRef]

Voils, S.A.; Shoulders, B.R.; Singh, S.; Solberg, L.M.; Garrett, T.].; Frye, R.F. Intensive care unit delirium in surgical patients is
associated with upregulation in tryptophan metabolism. Pharmacother. ]. Hum. Pharmacol. Drug Ther. 2020, 40, 500-506. [CrossRef]
Chiappelli, J.; Notarangelo, FEM.; Pocivavsek, A.; Thomas, M.A.; Rowland, L.M.; Schwarcz, R.; Hong, L.E. Influence of plasma
cytokines on kynurenine and kynurenic acid in schizophrenia. Neuropsychopharmacology 2018, 43, 1675-1680. [CrossRef] [PubMed]
DiSabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The devil is in the details. J. Neurochem. 2016, 139 (Suppl. S2),
136-153. [CrossRef]

Bistrian, B. Systemic response to inflammation. Nutr. Rev. 2007, 65, S170-S172. [CrossRef] [PubMed]

Le Floc’h, N.; Otten, W.; Merlot, E. Tryptophan metabolism, from nutrition to potential therapeutic applications. Amino Acids
2011, 41, 1195-1205. [CrossRef]

Mithaiwala, M.N.; Santana-Coelho, D.; Porter, G.A.; O’Connor, ].C. Neuroinflammation and the Kynurenine Pathway in CNS
Disease: Molecular Mechanisms and Therapeutic Implications. Cells 2021, 10, 1548. [CrossRef] [PubMed]

Capece, L.; Lewis-Ballester, A.; Marti, M.A.; Estrin, D.A_; Yeh, S.-R. Molecular basis for the substrate stereoselectivity in tryptophan
dioxygenase. Biochemistry 2011, 50, 10910-10918. [CrossRef] [PubMed]

King, N.J.; Thomas, S.R. Molecules in focus: Indoleamine 2,3-dioxygenase. Int. ]. Biochem. Cell Biol. 2007, 39, 2167-2172. [CrossRef]
[PubMed]

Braidy, N.; Guillemin, G.J.; Mansour, H.; Chan-Ling, T.; Grant, R. Changes in kynurenine pathway metabolism in the brain, liver
and kidney of aged female Wistar rats. FEBS |. 2011, 278, 4425-4434. [CrossRef] [PubMed]

Larkin, P.B.; Sathyasaikumar, K.V.; Notarangelo, FM.; Funakoshi, H.; Nakamura, T.; Schwarcz, R.; Muchowski, PJ. Tryptophan
2,3-dioxygenase and indoleamine 2,3-dioxygenase 1 make separate, tissue-specific contributions to basal and inflammation-
induced kynurenine pathway metabolism in mice. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2016, 1860, 2345-2354. [CrossRef]
[PubMed]

Lestage, J.; Verrier, D.; Palin, K.; Dantzer, R. The enzyme indoleamine 2, 3-dioxygenase is induced in the mouse brain in response
to peripheral administration of lipopolysaccharide and superantigen. Brain Behav. Immun. 2002, 16, 596-601. [CrossRef] [PubMed]
Comai, S.; Costa, C.V.,; Ragazzi, E.; Bertazzo, A.; Allegri, G. The effect of age on the enzyme activities of tryptophan metabolism
along the kynurenine pathway in rats. Clin. Chim. Acta 2005, 360, 67-80. [CrossRef]

Amori, L.; Guidetti, P.; Pellicciari, R.; Kajii, Y.; Schwarcz, R. On the relationship between the two branches of the kynurenine
pathway in the rat brain in vivo. J. Neurochem. 2009, 109, 316-325. [CrossRef]

Walsh, H.A.; Botting, N.P. Purification and biochemical characterization of some of the properties of recombinant human
kynureninase. Eur. J. Biochem. 2002, 269, 2069-2074. [CrossRef]

Badawy, A.A.-B. Hypothesis kynurenic and quinolinic acids: The main players of the kynurenine pathway and opponents in
inflammatory disease. Med. Hypotheses 2018, 118, 129-138. [CrossRef] [PubMed]

MacLullich, A.M.; Ferguson, K.J.; Miller, T.; de Rooij, S.E.; Cunningham, C. Unravelling the pathophysiology of delirium: A focus
on the role of aberrant stress responses. J. Psychosom. Res. 2008, 65, 229-238. [CrossRef] [PubMed]

Dostal, C.R.; Gamsby, N.S.; Lawson, M.A.; McCusker, R.H. Glia- and tissue-specific changes in the Kynurenine Pathway after
treatment of mice with lipopolysaccharide and dexamethasone. Brain Behav. Immun. 2018, 69, 321-335. [CrossRef]

Dostal, C.R.; Sulzer, M.C,; Kelley, KW,; Freund, G.G.; McCusker, R.H. Glial and tissue-specific regulation of Kynurenine Pathway
dioxygenases by acute stress of mice. Neurobiol. Stress 2017, 7, 1-15. [CrossRef]

Maes, M.; Rief, W. Diagnostic classifications in depression and somatization should include biomarkers, such as disorders in the
tryptophan catabolite (TRYCAT) pathway. Psychiatry Res. 2012, 196, 243-249. [CrossRef]

Sekine, A.; Kuroki, Y.; Urata, T.; Mori, N.; Fukuwatari, T. Inhibition of large neutral amino acid transporters suppresses kynurenic
acid production via inhibition of kynurenine uptake in rodent brain. Neurochem. Res. 2016, 41, 2256-2266. [CrossRef]

Walker, A K.; Wing, E.E.; Banks, W.A.; Dantzer, R. Leucine competes with kynurenine for blood-to-brain transport and prevents
lipopolysaccharide-induced depression-like behavior in mice. Mol. Psychiatry 2019, 24, 1523-1532. [CrossRef] [PubMed]
Guillemin, G.J.; Kerr, S.J.; Smythe, G.A.; Smith, D.G.; Kapoor, V.; Armati, PJ.; Croitoru, ].; Brew, B.J. Kynurenine pathway
metabolism in human astrocytes: A paradox for neuronal protection. | Neurochem. 2001, 78, 842-853. [CrossRef]

Garrison, A.M.; Parrott, ].M.; Tufion, A.; Delgado, ]J.; Redus, L.; O’Connor, ].C. Kynurenine pathway metabolic balance influences
microglia activity: Targeting kynurenine monooxygenase to dampen neuroinflammation. Psychoneuroendocrinology 2018, 94, 1-10.
[CrossRef]

Westhoff, D.; Engelen-Lee, ].Y.; Hoogland, I.C.M.; Aronica, EIM.A.; van Westerloo, D.J.; van de Beek, D.; van Gool, W.A. Systemic
infection and microglia activation: A prospective postmortem study in sepsis patients. Immun. Ageing 2019, 16, 18. [CrossRef]
Lemstra, A.W.; Groen in’t Woud, J.C.; Hoozemans, J.J.; van Haastert, E.S.; Rozemuller, A.].; Eikelenboom, P.; van Gool, W.A.
Microglia activation in sepsis: A case-control study. J. Neuroinflamm. 2007, 4, 4. [CrossRef] [PubMed]

Munster, B.C.v;; Aronica, E.; Zwinderman, A.H.; Eikelenboom, P.; Cunningham, C.; Rooij, S.E.J.A.d. Neuroinflammation in
delirium: A postmortem case-control study. Rejuvenation Res. 2011, 14, 615-622. [CrossRef] [PubMed]


http://doi.org/10.1155/2018/1972714
http://doi.org/10.3389/fnagi.2022.903455
http://doi.org/10.1002/phar.2392
http://doi.org/10.1038/s41386-018-0038-4
http://www.ncbi.nlm.nih.gov/pubmed/29520060
http://doi.org/10.1111/jnc.13607
http://doi.org/10.1301/nr.2007.dec.S170-S172
http://www.ncbi.nlm.nih.gov/pubmed/18240543
http://doi.org/10.1007/s00726-010-0752-7
http://doi.org/10.3390/cells10061548
http://www.ncbi.nlm.nih.gov/pubmed/34205235
http://doi.org/10.1021/bi201439m
http://www.ncbi.nlm.nih.gov/pubmed/22082147
http://doi.org/10.1016/j.biocel.2007.01.004
http://www.ncbi.nlm.nih.gov/pubmed/17320464
http://doi.org/10.1111/j.1742-4658.2011.08366.x
http://www.ncbi.nlm.nih.gov/pubmed/22032336
http://doi.org/10.1016/j.bbagen.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27392942
http://doi.org/10.1016/S0889-1591(02)00014-4
http://www.ncbi.nlm.nih.gov/pubmed/12401474
http://doi.org/10.1016/j.cccn.2005.04.013
http://doi.org/10.1111/j.1471-4159.2009.05893.x
http://doi.org/10.1046/j.1432-1033.2002.02854.x
http://doi.org/10.1016/j.mehy.2018.06.021
http://www.ncbi.nlm.nih.gov/pubmed/30037600
http://doi.org/10.1016/j.jpsychores.2008.05.019
http://www.ncbi.nlm.nih.gov/pubmed/18707945
http://doi.org/10.1016/j.bbi.2017.12.006
http://doi.org/10.1016/j.ynstr.2017.02.002
http://doi.org/10.1016/j.psychres.2011.09.029
http://doi.org/10.1007/s11064-016-1940-y
http://doi.org/10.1038/s41380-018-0076-7
http://www.ncbi.nlm.nih.gov/pubmed/29988087
http://doi.org/10.1046/j.1471-4159.2001.00498.x
http://doi.org/10.1016/j.psyneuen.2018.04.019
http://doi.org/10.1186/s12979-019-0158-7
http://doi.org/10.1186/1742-2094-4-4
http://www.ncbi.nlm.nih.gov/pubmed/17224051
http://doi.org/10.1089/rej.2011.1185
http://www.ncbi.nlm.nih.gov/pubmed/21978081

Int. J. Mol. Sci. 2023, 24, 5580 25 of 28

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Gao, R.; Kan, M.-Q.; Wang, S.-G.; Yang, R.-H.; Zhang, S.-G. Disrupted tryptophan metabolism induced cognitive impairment in a
mouse model of sepsis-associated encephalopathy. Inflammation 2016, 39, 550-560. [CrossRef]

Heisler, ].M.; O’Connor, ].C. Indoleamine 2,3-dioxygenase-dependent neurotoxic kynurenine metabolism mediates inflammation-
induced deficit in recognition memory. Brain Behav. Immun. 2015, 50, 115-124. [CrossRef] [PubMed]

Hoogland, I.; Westhoff, D.; Engelen-Lee, ].-Y.; Melief, ].; Valls Serén, M.; Houben-Weerts, ].H.; Huitinga, I.; Van Westerloo, D.].;
van der Poll, T.; van Gool, W.A. Microglial activation after systemic stimulation with lipopolysaccharide and Escherichia coli. Front.
Cell. Neurosci. 2018, 12, 110. [CrossRef]

Wilson, J.R.A.; Morandi, A.; Girard, T.D.; Thompson, J.L.; Boomershine, C.S.; Shintani, A.K,; Ely, EW.; Pandharipande, P.P. The
association of the kynurenine pathway of tryptophan metabolism with acute brain dysfunction during critical illness. Crit. Care
Med. 2012, 40, 835. [CrossRef]

Darcy, C.J.; Davis, ].S.; Woodberry, T.; McNeil, Y.R.; Stephens, D.P,; Yeo, TW.; Anstey, N.M. An observational cohort study of the
kynurenine to tryptophan ratio in sepsis: Association with impaired immune and microvascular function. PLoS ONE 2011, 6,
€21185. [CrossRef]

Nettis, M.A.; Veronese, M.; Nikkheslat, N.; Mariani, N.; Lombardo, G.; Sforzini, L.; Enache, D.; Harrison, N.A.; Turkheimer,
F.E.; Mondelli, V,; et al. PET imaging shows no changes in TSPO brain density after IFN-« immune challenge in healthy human
volunteers. Transl. Psychiatry 2020, 10, 89. [CrossRef]

Egberts, A.; Fekkes, D.; Ziere, G.; Van der Cammen, T.].M.; Mattace-Raso, FU.S. Potential Influence of Aspirin on Neopterin and
Tryptophan Levels in Patients with a Delirium. Geriatrics 2016, 1, 10. [CrossRef]

de Jonghe, A.; van Munster, B.C.; Fekkes, D.; van Oosten, H.E.; de Rooij, S.E. The tryptophan depletion theory in delirium: Not
confirmed in elderly hip fracture patients. Psychosomatics 2012, 53, 236-243. [CrossRef]

Watne, L.O,; Pollmann, C.T.; Neerland, B.E.; Quist-Paulsen, E.; Halaas, N.B.; Idland, A.-V.; Hassel, B.; Henjum, K.; Knapskog,
A.-B.; Frihagen, F. Cerebrospinal fluid quinolinic acid is strongly associated with delirium and mortality in hip fracture patients. J.
Clin. Investig. 2022, 133, €163472. [CrossRef]

Tripp, B.A,; Dillon, S.T.; Yuan, M.; Asara, ].M.; Vasunilashorn, S.M.; Fong, T.G.; Metzger, E.D.; Inouye, S.K.; Xie, Z.; Ngo, L.H.;
et al. Targeted metabolomics analysis of postoperative delirium. Sci. Rep. 2021, 11, 1521. [CrossRef] [PubMed]

Jin, Z.; Hu, J.; Ma, D. Postoperative delirium: Perioperative assessment, risk reduction, and management. Br. J. Anaesth. 2020, 125,
492-504. [CrossRef] [PubMed]

Robinson, T.N.; Raeburn, C.D.; Angles, E.M.; Moss, M. Low tryptophan levels are associated with postoperative delirium in the
elderly. Am. J. Surg. 2008, 196, 670-674. [CrossRef]

van der Mast, R.C.; van den Broek, WW.; Fekkes, D.; Pepplinkhuizen, L.; Habbema, J.D. Is delirium after cardiac surgery related
to plasma amino acids and physical condition? J. Neuropsychiatry Clin. Neurosci. 2000, 12, 57-63. [CrossRef]

Robinson, T.N.; Dunn, C.L.; Adams, J.C.; Hawkins, C.L.; Tran, Z.V.; Raeburn, C.D.; Moss, M. Tryptophan supplementation and
postoperative delirium-a randomized controlled trial. J. Am. Geriatr. Soc. 2014, 62, 1764-1771. [CrossRef] [PubMed]

de Gomes, M.G.; Souza, L.C.; Goes, A.R.; Del Fabbro, L.; Filho, C.B.; Donato, F.; Prigol, M.; Luchese, C.; Roman, S.S.; Puntel, R.L,;
et al. Fish oil ameliorates sickness behavior induced by lipopolysaccharide in aged mice through the modulation of kynurenine
pathway. J. Nutr. Biochem. 2018, 58, 37-48. [CrossRef]

Agostini, A.; Yuchun, D.; Li, B.; Kendall, D.A.; Pardon, M.C. Sex-specific hippocampal metabolic signatures at the onset of
systemic inflammation with lipopolysaccharide in the APPswe/PS1dE9 mouse model of Alzheimer’s disease. Brain Behav. Immun.
2020, 83, 87-111. [CrossRef]

de Gomes, M.G.; Teixeira, FE.G.; de Carvalho, EB.; Pacheco, C.O.; da Silva Neto, M.R.; Giacomeli, R.; Ramalho, J.B.; Dos
Santos, R.B.; Domingues, W.B.; Campos, V.E; et al. Curcumin-loaded lipid-core nanocapsules attenuates the immune challenge
LPS-induced in rats: Neuroinflammatory and behavioral response in sickness behavior. J. Neuroimmunol. 2020, 345, 577270.
[CrossRef]

Tufvesson-Alm, M.; Imbeault, S.; Liu, X.C.; Zheng, Y.; Faka, A.; Choi, D.S.; Schwieler, L.; Engberg, G.; Erhardt, S. Repeated admin-
istration of LPS exaggerates amphetamine-induced locomotor response and causes learning deficits in mice. J. Neuroimmunol.
2020, 349, 577401. [CrossRef]

Kang, A.; Hao, H.; Zheng, X,; Liang, Y.; Xie, Y.; Xie, T.; Dai, C.; Zhao, Q.; Wu, X,; Xie, L; et al. Peripheral anti-inflammatory effects
explain the ginsenosides paradox between poor brain distribution and anti-depression efficacy. J. Neuroinflamm. 2011, 8, 100.
[CrossRef]

Guo, Y,; Cai, H.; Chen, L; Liang, D.; Yang, R.; Dang, R.; Jiang, P. Quantitative profiling of neurotransmitter abnormalities in
the hippocampus of rats treated with lipopolysaccharide: Focusing on kynurenine pathway and implications for depression. J.
Neuroimmunol. 2016, 295-296, 41-46. [CrossRef] [PubMed]

Golia, M.T.; Poggini, S.; Alboni, S.; Garofalo, S.; Albanese, N.C.; Viglione, A.; Ajmone-Cat, M.A.; St-Pierre, A.; Brunello, N,;
Limatola, C. Interplay between inflammation and neural plasticity: Both immune activation and suppression impair LTP and
BDNF expression. Brain Behav. Immun. 2019, 81, 484-494. [CrossRef] [PubMed]

Walker, A K.; Budac, D.P; Bisulco, S.; Lee, A.W.; Smith, R.A.; Beenders, B.; Kelley, K.W.; Dantzer, R. NMDA receptor blockade by
ketamine abrogates lipopolysaccharide-induced depressive-like behavior in C57BL /6] mice. Neuropsychopharmacology 2013, 38,
1609-1616. [CrossRef]


http://doi.org/10.1007/s10753-015-0279-x
http://doi.org/10.1016/j.bbi.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26130057
http://doi.org/10.3389/fncel.2018.00110
http://doi.org/10.1097/CCM.0b013e318236f62d
http://doi.org/10.1371/journal.pone.0021185
http://doi.org/10.1038/s41398-020-0768-z
http://doi.org/10.3390/geriatrics1020010
http://doi.org/10.1016/j.psym.2011.09.009
http://doi.org/10.1172/JCI163472
http://doi.org/10.1038/s41598-020-80412-z
http://www.ncbi.nlm.nih.gov/pubmed/33452279
http://doi.org/10.1016/j.bja.2020.06.063
http://www.ncbi.nlm.nih.gov/pubmed/32798069
http://doi.org/10.1016/j.amjsurg.2008.07.007
http://doi.org/10.1176/jnp.12.1.57
http://doi.org/10.1111/jgs.12972
http://www.ncbi.nlm.nih.gov/pubmed/25112175
http://doi.org/10.1016/j.jnutbio.2018.05.002
http://doi.org/10.1016/j.bbi.2019.09.019
http://doi.org/10.1016/j.jneuroim.2020.577270
http://doi.org/10.1016/j.jneuroim.2020.577401
http://doi.org/10.1186/1742-2094-8-100
http://doi.org/10.1016/j.jneuroim.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27235347
http://doi.org/10.1016/j.bbi.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31279682
http://doi.org/10.1038/npp.2013.71

Int. J. Mol. Sci. 2023, 24, 5580 26 of 28

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Zhao, X.; Cao, F; Liu, Q.; Li, X,; Xu, G; Liu, G.; Zhang, Y.; Yang, X.; Yi, S.; Xu, F; et al. Behavioral, inflammatory and neurochemical
disturbances in LPS and UCMS-induced mouse models of depression. Behav. Brain Res. 2019, 364, 494-502. [CrossRef]
Schneiders, J.; Fuchs, F.; Damm, J.; Herden, C.; Gerstberger, R.; Soares, D.M.; Roth, J.; Rummel, C. The transcription factor nuclear
factor interleukin 6 mediates pro- and anti-inflammatory responses during LPS-induced systemic inflammation in mice. Brain
Behav. Immun. 2015, 48, 147-164. [CrossRef] [PubMed]

Dinel, A.L.; André, C.; Aubert, A.; Ferreira, G.; Layé, S.; Castanon, N. Lipopolysaccharide-induced brain activation of the
indoleamine 2,3-dioxygenase and depressive-like behavior are impaired in a mouse model of metabolic syndrome. Psychoneuroen-
docrinology 2014, 40, 48-59. [CrossRef] [PubMed]

Lu, C; Gao, R;; Zhang, Y,; Jiang, N.; Chen, Y.; Sun, J.; Wang, Q.; Fan, B.; Liu, X.; Wang, F. S-equol, a metabolite of dietary
soy isoflavones, alleviates lipopolysaccharide-induced depressive-like behavior in mice by inhibiting neuroinflammation and
enhancing synaptic plasticity. Food Funct. 2021, 12, 5770-5778. [CrossRef]

Farzi, A.; Reichmann, F,; Meinitzer, A.; Mayerhofer, R.; Jain, P.; Hassan, A.M.; Frohlich, E.E.; Wagner, K; Painsipp, E.; Rinner, B.;
et al. Synergistic effects of NOD1 or NOD2 and TLR4 activation on mouse sickness behavior in relation to immune and brain
activity markers. Brain Behav. Immun. 2015, 44, 106-120. [CrossRef]

Zhang, Y.; Fan, K,; Liu, Y,; Liu, G.; Yang, X.; Ma, J. Cathepsin C Aggravates Neuroinflammation Involved in Disturbances of
Behaviour and Neurochemistry in Acute and Chronic Stress-Induced Murine Model of Depression. Neurochem. Res. 2018, 43,
89-100. [CrossRef]

Carabelli, B.; Delattre, A.M.; Waltrick, A.P.F.; Aratjo, G.; Suchecki, D.; Machado, R.B.; de Souza, L.E.R.; Zanata, S.M.; Zanoveli,
J.M.; Ferraz, A.C. Fish-oil supplementation decreases Indoleamine-2,3-Dioxygenase expression and increases hippocampal
serotonin levels in the LPS depression model. Behav. Brain Res. 2020, 390, 112675. [CrossRef] [PubMed]

Peyton, L.; Oliveros, A.; Tufvesson-Alm, M.; Schwieler, L.; Starski, P.; Engberg, G.; Erhardt, S.; Choi, D.S. Lipopolysaccharide
Increases Cortical Kynurenic Acid and Deficits in Reference Memory in Mice. Int. |. Tryptophan Res. 2019, 12, 1178646919891169.
[CrossRef] [PubMed]

Imbeault, S.; Goiny, M.; Liu, X.; Erhardt, S. Effects of IDO1 and TDO2 inhibition on cognitive deficits and anxiety following
LPS-induced neuroinflammation. Acta Neuropsychiatr. 2020, 32, 43-53. [CrossRef]

Choubey, P.; Kwatra, M.; Pandey, S.N.; Kumar, D.; Dwivedi, D.K,; Rajput, P.; Mishra, A.; Lahkar, M.; Jangra, A. Ameliorative
effect of fisetin against lipopolysaccharide and restraint stress-induced behavioral deficits via modulation of NF-kB and IDO-1.
Psychopharmacology 2019, 236, 741-752. [CrossRef]

Comim, C.M,; Freiberger, V.; Ventura, L.; Mina, E,; Ferreira, G.K.; Michels, M.; Generoso, ].S.; Streck, E.L.; Quevedo, J.; Barichello,
T. Inhibition of indoleamine 2, 3-dioxygenase 1/2 prevented cognitive impairment and energetic metabolism changes in the
hippocampus of adult rats subjected to polymicrobial sepsis. J. Neuroimmunol. 2017, 305, 167-171. [CrossRef]

Danielski, L.G.; Giustina, A.D.; Goldim, M.P,; Florentino, D.; Mathias, K.; Garbossa, L.; de Bona Schraiber, R.; Laurentino, A.O.M.;
Goulart, M.; Michels, M.; et al. Vitamin B(6) Reduces Neurochemical and Long-Term Cognitive Alterations After Polymicrobial
Sepsis: Involvement of the Kynurenine Pathway Modulation. Mol Neurobiol. 2018, 55, 5255-5268. [CrossRef]

Jiang, X.; Xu, L, Tang, L.; Liu, F; Chen, Z; Zhang, J; Chen, L.; Pang, C.; Yu, X. Role of the indoleamine-2, 3-
dioxygenase/kynurenine pathway of tryptophan metabolism in behavioral alterations in a hepatic encephalopathy rat
model. J. Neuroinflamm. 2018, 15, 3. [CrossRef]

Gibney, S.M.; McGuinness, B.; Prendergast, C.; Harkin, A.; Connor, T.]J. Poly I: C-induced activation of the immune response is
accompanied by depression and anxiety-like behaviours, kynurenine pathway activation and reduced BDNF expression. Brain
Behav. Immun. 2013, 28, 170-181. [CrossRef] [PubMed]

Murray, C.; Griffin, EW,; O’Loughlin, E.; Lyons, A.; Sherwin, E.; Ahmed, S.; Stevenson, N.J.; Harkin, A.; Cunningham, C.
Interdependent and independent roles of type I interferons and IL-6 in innate immune, neuroinflammatory and sickness
behaviour responses to systemic poly I: C. Brain Behav. Immun. 2015, 48, 274-286. [CrossRef]

Cathomas, F; Fuertig, R.; Sigrist, H.; Newman, G.N.; Hoop, V.; Bizzozzero, M.; Mueller, A.; Luippold, A.; Ceci, A.; Hengerer, B.
CD40-TNF activation in mice induces extended sickness behavior syndrome co-incident with but not dependent on activation of
the kynurenine pathway. Brain Behav. Immun. 2015, 50, 125-140. [CrossRef]

Kelley, KW.; O’Connor, ].C.; Lawson, M.A.; Dantzer, R.; Rodriguez-Zas, S.L.; McCusker, R.H. Aging leads to prolonged duration
of inflammation-induced depression-like behavior caused by Bacillus Calmette-Guerin. Brain Behav. Immun. 2013, 32, 63-69.
[CrossRef] [PubMed]

Oh, ES.; Akeju, O.; Avidan, M.S.; Cunningham, C.; Hayden, K.M.; Jones, R.N.; Khachaturian, A.S.; Khan, B.A.; Marcantonio, E.R,;
Needham, D.M. A roadmap to advance delirium research: Recommendations from the NIDUS Scientific Think Tank. Alzheimer’s
Dement. 2020, 16, 726-733. [CrossRef] [PubMed]

Davis, D.H.; Skelly, D.T.; Murray, C.; Hennessy, E.; Bowen, J.; Norton, S.; Brayne, C.; Rahkonen, T.; Sulkava, R.; Sanderson,
D.J. Worsening cognitive impairment and neurodegenerative pathology progressively increase risk for delirium. Am. J. Geriatr.
Psychiatry 2015, 23, 403-415. [CrossRef] [PubMed]

Zhao, ]J.; Bi, W.; Xiao, S.; Lan, X.; Cheng, X.; Zhang, J.; Lu, D.; Wei, W.; Wang, Y.; Li, H. Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice. Sci. Rep. 2019, 9, 5790. [CrossRef] [PubMed]

Wirthgen, E.; Tuchscherer, M.; Otten, W.; Domanska, G.; Wollenhaupt, K.; Tuchscherer, A.; Kanitz, E. Activation of indoleamine
2,3-dioxygenase by LPS in a porcine model. Innate Immun. 2014, 20, 30-39. [CrossRef]


http://doi.org/10.1016/j.bbr.2017.05.064
http://doi.org/10.1016/j.bbi.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25813145
http://doi.org/10.1016/j.psyneuen.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24485475
http://doi.org/10.1039/D1FO00547B
http://doi.org/10.1016/j.bbi.2014.08.011
http://doi.org/10.1007/s11064-017-2320-y
http://doi.org/10.1016/j.bbr.2020.112675
http://www.ncbi.nlm.nih.gov/pubmed/32407816
http://doi.org/10.1177/1178646919891169
http://www.ncbi.nlm.nih.gov/pubmed/31896932
http://doi.org/10.1017/neu.2019.44
http://doi.org/10.1007/s00213-018-5105-3
http://doi.org/10.1016/j.jneuroim.2017.02.001
http://doi.org/10.1007/s12035-017-0706-0
http://doi.org/10.1186/s12974-017-1037-9
http://doi.org/10.1016/j.bbi.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/23201589
http://doi.org/10.1016/j.bbi.2015.04.009
http://doi.org/10.1016/j.bbi.2015.06.184
http://doi.org/10.1016/j.bbi.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23454036
http://doi.org/10.1002/alz.12076
http://www.ncbi.nlm.nih.gov/pubmed/32291901
http://doi.org/10.1016/j.jagp.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25239680
http://doi.org/10.1038/s41598-019-42286-8
http://www.ncbi.nlm.nih.gov/pubmed/30962497
http://doi.org/10.1177/1753425913481252

Int. J. Mol. Sci. 2023, 24, 5580 27 of 28

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Larsson, M.K,; Faka, A.; Bhat, M.; Imbeault, S.; Goiny, M.; Orhan, F.; Oliveros, A.; Stahl, S.; Liu, X.C.; Choi, D.S,; et al. Repeated
LPS Injection Induces Distinct Changes in the Kynurenine Pathway in Mice. Neurochem. Res. 2016, 41, 2243-2255. [CrossRef]
Zhai, L.; Bell, A.; Ladomersky, E.; Lauing, K.L.; Bollu, L.; Sosman, J.A.; Zhang, B.; Wu, ]J.D.; Miller, S.D.; Meeks, ].J.; et al.
Immunosuppressive IDO in Cancer: Mechanisms of Action, Animal Models, and Targeting Strategies. Front. Immunol. 2020, 11,
1185. [CrossRef]

Ogbechi, ].; Clanchy, EI.; Huang, Y.S.; Topping, L.M.; Stone, T.W.; Williams, R.O. IDO activation, inflammation and musculoskele-
tal disease. Exp. Gerontol. 2020, 131, 110820. [CrossRef] [PubMed]

Guo, L.; Schurink, B.; Roos, E.; Nossent, E.J.; Duitman, J.W.; Vlaar, A.P,; van der Valk, P.; Vaz, EM.; Yeh, S.R.; Geeraerts, Z.; et al.
Indoleamine 2,3-dioxygenase (IDO)-1 and IDO-2 activity and severe course of COVID-19. J. Pathol. 2022, 256, 256-261. [CrossRef]
Hoshi, M.; Osawa, Y.; Ito, H.; Ohtaki, H.; Ando, T.; Takamatsu, M.; Hara, A.; Saito, K.; Seishima, M. Blockade of Indoleamine
2,3-Dioxygenase Reduces Mortality from Peritonitis and Sepsis in Mice by Regulating Functions of CD11b" Peritoneal Cells.
Infect. Immun. 2014, 82, 4487-4495. [CrossRef]

Wirthgen, E.; Otten, W.; Tuchscherer, M.; Tuchscherer, A.; Domanska, G.; Brenmoehl, J.; Giinther, J.; Ohde, D.; Weitschies, W.;
Seidlitz, A.; et al. Effects of 1-Methyltryptophan on Immune Responses and the Kynurenine Pathway after Lipopolysaccharide
Challenge in Pigs. Int. J. Mol. Sci. 2018, 19, 3009. [CrossRef]

Pérez-De La Cruz, V.; Carrillo-Mora, P.; Santamaria, A. Quinolinic Acid, an endogenous molecule combining excitotoxicity,
oxidative stress and other toxic mechanisms. Int. ]. Tryptophan Res. IJTR 2012, 5, 1-8. [CrossRef]

Lugo-Huitrén, R.; Ugalde Muiiiz, P.; Pineda, B.; Pedraza-Chaverri, J.; Rios, C.; Pérez-de la Cruz, V. Quinolinic acid: An endogenous
neurotoxin with multiple targets. Oxid. Med. Cell Longev. 2013, 2013, 104024. [CrossRef]

Chen, Y.; Guillemin, G.J. Kynurenine pathway metabolites in humans: Disease and healthy states. Int. J. Tryptophan Res. 2009, 2,
1-19. [CrossRef]

Matyja, E. Intracellular calcium overload in a model of quinolinic acid neurotoxicity in organotypic culture of rat hippocampus;
inhibited by nimodipine. Folia Neuropathol. 1997, 35, 8-17.

Duncan, R.S.; Goad, D.L.; Grillo, M.A.; Kaja, S.; Payne, A.].; Koulen, P. Control of intracellular calcium signaling as a neuroprotec-
tive strategy. Molecules 2010, 15, 1168-1195. [CrossRef] [PubMed]

Hosoi, R.; Fujii, Y.; Hiroyuki, O.; Shukuri, M.; Nishiyama, S.; Kanazawa, M.; Todoroki, K.; Arano, Y.; Sakai, T.; Tsukada, H.; et al.
Evaluation of intracellular processes in quinolinic acid-induced brain damage by imaging reactive oxygen species generation and
mitochondrial complex I activity. EINMMI Res. 2021, 11, 99. [CrossRef] [PubMed]

Foster, A.C.; Miller, L.P; Oldendorf, W.H.; Schwarcz, R. Studies on the disposition of quinolinic acid after intracerebral or systemic
administration in the rat. Exp. Neurol. 1984, 84, 428-440. [CrossRef]

Kubicova, L.; Hadacek, E.; Chobot, V. Quinolinic acid: Neurotoxin or oxidative stress modulator? Int. J. Mol. Sci. 2013, 14,
21328-21338. [CrossRef]

Mallard, A.R.; Spathis, J.G.; Coombes, ].S. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and exercise. Free Radic. Biol. Med.
2020, 160, 471-479. [CrossRef] [PubMed]

Merry, T.L.; Ristow, M. Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced mitochondrial
biogenesis and the anti-oxidant response in mice. J. Physiol. 2016, 594, 5195-5207. [CrossRef] [PubMed]

Velagapudi, R.; El-Bakoush, A.; Olajide, O.A. Activation of Nrf2 Pathway Contributes to Neuroprotection by the Dietary
Flavonoid Tiliroside. Mol. Neurobiol. 2018, 55, 8103—-8123. [CrossRef]

Hannan, M.A ; Dash, R.; Sohag, A.A.M.; Haque, M.N.; Moon, 1.S. Neuroprotection Against Oxidative Stress: Phytochemicals
Targeting TrkB Signaling and the Nrf2-ARE Antioxidant System. Front. Mol. Neurosci. 2020, 13, 116. [CrossRef]

Dodson, M.; Anandhan, A.; Zhang, D.D.; Madhavan, L. An NRF2 Perspective on Stem Cells and Ageing. Front. Aging 2021, 2,
686. [CrossRef] [PubMed]

Santamaria, A.; Jiménez-Capdeville, M.E.; Camacho, A.; Rodriguez-Martinez, E.; Flores, A.; Galvan-Arzate, S. In vivo hydroxyl
radical formation after quinolinic acid infusion into rat corpus striatum. Neuroreport 2001, 12, 2693-2696. [CrossRef]
Santamaria, A.; Salvatierra-Sanchez, R.; Vazquez-Roman, B.; Santiago-Lopez, D.; Villeda-Hernandez, J.; Galvan-Arzate, S.;
Jiménez-Capdeville, M.E.; Ali, S.F. Protective effects of the antioxidant selenium on quinolinic acid-induced neurotoxicity in rats:
In vitro and in vivo studies. |. Neurochem. 2003, 86, 479-488. [CrossRef]

Davis, I; Yang, Y.; Wherritt, D.; Liu, A. Reassignment of the human aldehyde dehydrogenase ALDH8A1 (ALDH12) to the
kynurenine pathway in tryptophan catabolism. J. Biol. Chem. 2018, 293, 9594-9603. [CrossRef] [PubMed]

Iwahashi, H.; Kawamori, H.; Fukushima, K. Quinolinic acid, a-picolinic acid, fusaric acid, and 2, 6-pyridinedicarboxylic acid
enhance the Fenton reaction in phosphate buffer. Chem.-Biol. Interact. 1999, 118, 201-215. [CrossRef] [PubMed]

gt’astny, F,; Lisy, V.; Mares, V,; Lisa, V.; Balcar, VJ.; Santamaria, A. Quinolinic acid induces NMDA receptor-mediated lipid
peroxidation in rat brain microvessels. Redox Rep. 2004, 9, 229-233. [CrossRef] [PubMed]

Toufekoula, C.; Papadakis, V.; Tsaganos, T.; Routsi, C.; Orfanos, S.E.; Kotanidou, A.; Carrer, D.P,; Raftogiannis, M.; Baziaka, F;
Giamarellos-Bourboulis, E.J. Compartmentalization of lipid peroxidation in sepsis by multidrug-resistant gram-negative bacteria:
Experimental and clinical evidence. Crit. Care 2013, 17, R6. [CrossRef]

Robson, M.J.A.; Alston, R.P; Andrews, P].D.; Souter, M.]. S100( after coronary artery surgery: Association with lipid peroxidation
and neurocognitive scores. Crit. Care 2000, 4, 2. [CrossRef]

van der Mast, R.C. Pathophysiology of delirium. J. Geriatr. Psychiatry Neurol. 1998, 11, 138-145. [CrossRef] [PubMed]


http://doi.org/10.1007/s11064-016-1939-4
http://doi.org/10.3389/fimmu.2020.01185
http://doi.org/10.1016/j.exger.2019.110820
http://www.ncbi.nlm.nih.gov/pubmed/31884118
http://doi.org/10.1002/path.5842
http://doi.org/10.1128/IAI.02113-14
http://doi.org/10.3390/ijms19103009
http://doi.org/10.4137/IJTR.S8158
http://doi.org/10.1155/2013/104024
http://doi.org/10.4137/IJTR.S2097
http://doi.org/10.3390/molecules15031168
http://www.ncbi.nlm.nih.gov/pubmed/20335972
http://doi.org/10.1186/s13550-021-00841-3
http://www.ncbi.nlm.nih.gov/pubmed/34628558
http://doi.org/10.1016/0014-4886(84)90239-5
http://doi.org/10.3390/ijms141121328
http://doi.org/10.1016/j.freeradbiomed.2020.08.024
http://www.ncbi.nlm.nih.gov/pubmed/32871230
http://doi.org/10.1113/JP271957
http://www.ncbi.nlm.nih.gov/pubmed/27094017
http://doi.org/10.1007/s12035-018-0975-2
http://doi.org/10.3389/fnmol.2020.00116
http://doi.org/10.3389/fragi.2021.690686
http://www.ncbi.nlm.nih.gov/pubmed/36213179
http://doi.org/10.1097/00001756-200108280-00020
http://doi.org/10.1046/j.1471-4159.2003.01857.x
http://doi.org/10.1074/jbc.RA118.003320
http://www.ncbi.nlm.nih.gov/pubmed/29703752
http://doi.org/10.1016/S0009-2797(99)00080-0
http://www.ncbi.nlm.nih.gov/pubmed/10362227
http://doi.org/10.1179/135100004225006001
http://www.ncbi.nlm.nih.gov/pubmed/15479567
http://doi.org/10.1186/cc11930
http://doi.org/10.1186/cc704
http://doi.org/10.1177/089198879801100304
http://www.ncbi.nlm.nih.gov/pubmed/9894732

Int. J. Mol. Sci. 2023, 24, 5580 28 of 28

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Twomey, E.C.; Sobolevsky, A.I. Structural Mechanisms of Gating in Ionotropic Glutamate Receptors. Biochemistry 2018, 57,
267-276. [CrossRef] [PubMed]

Verdonk, F.; Petit, A.C.; Abdel-Ahad, P; Vinckier, F,; Jouvion, G.; de Maricourt, P; De Medeiros, G.F.; Danckaert, A.; Van
Steenwinckel, J.; Blatzer, M.; et al. Microglial production of quinolinic acid as a target and a biomarker of the antidepressant effect
of ketamine. Brain Behav. Immun. 2019, 81, 361-373. [CrossRef]

Hollinger, A.; Riist, C.A.; Riegger, H.; Gysi, B.; Tran, E; Briigger, ].; Huber, ].; Toft, K.; Surbeck, M.; Schmid, H.R.; et al. Ketamine
vs. haloperidol for prevention of cognitive dysfunction and postoperative delirium: A phase IV multicentre randomised
placebo-controlled double-blind clinical trial. J. Clin. Anesth. 2021, 68, 110099. [CrossRef] [PubMed]

Ferreira, ES.; Schmitz, F.; Marques, E.P; Siebert, C.; Wyse, A.T.S. Intrastriatal Quinolinic Acid Administration Impairs Redox
Homeostasis and Induces Inflammatory Changes: Prevention by Kynurenic Acid. Neurotox. Res. 2020, 38, 50-58. [CrossRef]
Poles, M.Z.; Naszai, A.; Gulacsi, L.; Czako, B.L.; Gal, K.G.; Glenz, R.J.; Dookhun, D.; Rutai, A.; Tallésy, S.P.; Szabo, A.; et al.
Kynurenic Acid and Its Synthetic Derivatives Protect Against Sepsis-Associated Neutrophil Activation and Brain Mitochondrial
Dysfunction in Rats. Front. Immunol. 2021, 12, 717157. [CrossRef]

Wang, G.; Cao, K; Liu, K.; Xue, Y.; Roberts, A.L; Li, F,; Han, Y,; Rabson, A.B.; Wang, Y.; Shi, Y. Kynurenic acid, an IDO metabolite,
controls TSG-6-mediatedimmunosuppression of human mesenchymal stem cells. Cell Death Differ. 2018, 25, 1209-1223. [CrossRef]
Garcia-Lara, L.; Pérez-Severiano, F.; Gonzalez-Esquivel, D.; Elizondo, G.; Segovia, J. Absence of aryl hydrocarbon receptors
increases endogenous kynurenic acid levels and protects mouse brain against excitotoxic insult and oxidative stress. J. Neurosci.
Res. 2015, 93, 1423-1433. [CrossRef]

DiNatale, B.C.; Murray, I.A.; Schroeder, J.C.; Flaveny, C.A.; Lahoti, T.S.; Laurenzana, E.M.; Omiecinski, C.J.; Perdew, G.H.
Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6 in the presence
of inflammatory signaling. Toxicol. Sci. 2010, 115, 89-97. [CrossRef]

Martos, D.; Tuka, B.; Tanaka, M.; Vécsei, L.; Telegdy, G. Memory Enhancement with Kynurenic Acid and Its Mechanisms in
Neurotransmission. Biomedicines 2022, 10, 849. [CrossRef] [PubMed]

Collier, M.E.; Zhang, S.; Scrutton, N.S.; Giorgini, F. Inflammation control and improvement of cognitive function in COVID-19
infections: Is there a role for kynurenine 3-monooxygenase inhibition? Drug Discov. Today 2021, 26, 1473-1481. [CrossRef]
[PubMed]

Chess, A.C.; Simoni, M.K.; Alling, T.E.; Bucci, D.J. Elevations of Endogenous Kynurenic Acid Produce Spatial Working Memory
Deficits. Schizophr. Bull. 2006, 33, 797-804. [CrossRef] [PubMed]

Klausing, A.D.; Fukuwatari, T.; Bucci, D.J.; Schwarcz, R. Stress-induced impairment in fear discrimination is causally related to
increased kynurenic acid formation in the prefrontal cortex. Psychopharmacology 2020, 237, 1931-1941. [CrossRef]

Dobelis, P.; Staley, K.]J.; Cooper, D.C. Lack of modulation of nicotinic acetylcholine alpha-7 receptor currents by kynurenic acid in
adult hippocampal interneurons. PLoS ONE 2012, 7, e41108. [CrossRef]

Mok, M.S.; Fricker, A.-C.; Weil, A.; Kew, J.N. Electrophysiological characterisation of the actions of kynurenic acid at ligand-gated
ion channels. Neuropharmacology 2009, 57, 242-249. [CrossRef]

Stone, T.W. Kynurenic acid blocks nicotinic synaptic transmission to hippocampal interneurons in young rats. Eur. |. Neurosci.
2007, 25, 2656-2665. [CrossRef] [PubMed ]

Su, T; Lu, Y,; Geng, Y.; Lu, W.; Chen, Y. How could N-Methyl-D-Aspartate Receptor Antagonists Lead to Excitation Instead of
Inhibition? Brain Sci. Adv. 2018, 4, 73-98. [CrossRef]

Kozak, R.; Campbell, B.M.; Strick, C.A.; Horner, W.; Hoffmann, W.E; Kiss, T.; Chapin, D.S.; McGinnis, D.; Abbott, A.L.; Roberts,
B.M.; et al. Reduction of brain kynurenic acid improves cognitive function. ]. Neurosci. 2014, 34, 10592-10602. [CrossRef]

Wang, S.; Lindroth, H.; Chan, C.; Greene, R.; Serrano-Andrews, P.; Khan, S.; Rios, G.; Jabbari, S.; Lim, J.; Saykin, A.J.; etal. A
Systematic Review of Delirium Biomarkers and Their Alignment with the NIA-AA Research Framework. J. Am. Geriatr. Soc.
2021, 69, 255-263. [CrossRef]

Westbrook, R.; Chung, T.; Lovett, ].; Ward, C.; Joca, H.; Yang, H.; Khadeer, M.; Tian, J.; Xue, Q.L.; Le, A.; et al. Kynurenines link
chronic inflammation to functional decline and physical frailty. [CI Insight 2020, 5, €136091. [CrossRef] [PubMed]

Loretz, N.; Becker, C.; Hochstrasser, S.; Metzger, K.; Beck, K.; Mueller, J.; Gross, S.; Vincent, A.; Amacher, S.A.; Sutter, R.; et al.
Activation of the kynurenine pathway predicts mortality and neurological outcome in cardiac arrest patients: A validation study.
J. Crit. Care 2022, 67, 57-65. [CrossRef] [PubMed]

Tang, K.; Wu, Y.-H.; Song, Y.; Yu, B. Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for cancer immunotherapy.
J. Hematol. Oncol. 2021, 14, 68. [CrossRef] [PubMed]

Zwilling, D.; Huang, S.Y.; Sathyasaikumar, K.V.; Notarangelo, EM.; Guidetti, P.; Wu, H.Q.; Lee, J.; Truong, J.; Andrews-Zwilling,
Y.; Hsieh, E.W,; et al. Kynurenine 3-monooxygenase inhibition in blood ameliorates neurodegeneration. Cell 2011, 145, 863-874.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acs.biochem.7b00891
http://www.ncbi.nlm.nih.gov/pubmed/29037031
http://doi.org/10.1016/j.bbi.2019.06.033
http://doi.org/10.1016/j.jclinane.2020.110099
http://www.ncbi.nlm.nih.gov/pubmed/33120302
http://doi.org/10.1007/s12640-020-00192-2
http://doi.org/10.3389/fimmu.2021.717157
http://doi.org/10.1038/s41418-017-0006-2
http://doi.org/10.1002/jnr.23595
http://doi.org/10.1093/toxsci/kfq024
http://doi.org/10.3390/biomedicines10040849
http://www.ncbi.nlm.nih.gov/pubmed/35453599
http://doi.org/10.1016/j.drudis.2021.02.009
http://www.ncbi.nlm.nih.gov/pubmed/33609782
http://doi.org/10.1093/schbul/sbl033
http://www.ncbi.nlm.nih.gov/pubmed/16920787
http://doi.org/10.1007/s00213-020-05507-x
http://doi.org/10.1371/journal.pone.0041108
http://doi.org/10.1016/j.neuropharm.2009.06.003
http://doi.org/10.1111/j.1460-9568.2007.05540.x
http://www.ncbi.nlm.nih.gov/pubmed/17459105
http://doi.org/10.26599/BSA.2018.2018.9050009
http://doi.org/10.1523/JNEUROSCI.1107-14.2014
http://doi.org/10.1111/jgs.16836
http://doi.org/10.1172/jci.insight.136091
http://www.ncbi.nlm.nih.gov/pubmed/32814718
http://doi.org/10.1016/j.jcrc.2021.09.025
http://www.ncbi.nlm.nih.gov/pubmed/34673332
http://doi.org/10.1186/s13045-021-01080-8
http://www.ncbi.nlm.nih.gov/pubmed/33883013
http://doi.org/10.1016/j.cell.2011.05.020
http://www.ncbi.nlm.nih.gov/pubmed/21640374

	Introduction 
	Tryptophan-Kynurenine Pathway 
	Role of the Tryptophan-Kynurenine Pathway in Delirium 
	Role of Indoleamine 2,3-Deoxygenase in Delirium 
	Role of Neuroactive KP Metabolites in Delirium 
	Quinolinic Acid 
	Kynurenic Acid 


	Translational Implications 
	Future Research Perspectives 
	Conclusions 
	References

