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Abstract: Schizophrenia is a neuropsychiatric disorder characterized by various symptoms including
autonomic imbalance. These disturbances involve almost all autonomic functions and might con-
tribute to poor medication compliance, worsened quality of life and increased mortality. Therefore, it
has a great importance to find a potential therapeutic solution to improve the autonomic disturbances.
The altered level of kynurenines (e.g., kynurenic acid), as tryptophan metabolites, is almost the most
consistently found biochemical abnormality in schizophrenia. Kynurenic acid influences different
types of receptors, most of them involved in the pathophysiology of schizophrenia. Only few data
suggest that kynurenines might have effects on multiple autonomic functions. Publications so far
have discussed the implication of kynurenines and the alteration of the autonomic nervous system in
schizophrenia independently from each other. Thus, the coupling between them has not yet been
addressed in schizophrenia, although their direct common points, potential interfaces indicate the
consideration of their interaction. The present review gathers autonomic disturbances, the impaired
kynurenine pathway in schizophrenia, and the effects of kynurenine pathway on autonomic functions.
In the last part of the review, the potential interaction between the two systems in schizophrenia, and
the possible therapeutic options are discussed.

Keywords: autonomic nervous system; kynurenic acid; kynurenine pathway; schizophrenia

1. Introduction

Schizophrenia is a neuropsychiatric disorder, affecting about 1% of the population,
frequently associated with substantial social and economic implications [1]. This generates
significant healthcare costs, as central nervous system (CNS) disorders are among the
most costly medical conditions (EUR 386 billion annually in the EU) [2]. Schizophrenia
is characterized by positive and negative symptoms and cognitive impairments that can
influence the patients’ thoughts, perceptions, speech, emotions and behaviors. Positive
symptoms include hallucinations, voices that converse with or about the patient and
delusions that are often paranoid. Negative symptoms include flattened affect, loss of a
sense of pleasure, loss of will or drive and social withdrawal [3]. Additionally, impaired
cognitive function is also enduring and core feature with different manifestations [4–6].

Besides the behavioral alterations, schizophrenia is commonly associated with auto-
nomic imbalance, that may be related to increased morbidity and mortality [7–16]. Thus,
the autonomic dysfunction is associated with multiple aspects of schizophrenia patho-
physiology, including symptom severity, cognitive impairment and the development
of cardiometabolic comorbidities, such as metabolic syndrome and high body mass in-
dex [8,10,11,14]. The high number of articles (481 in August 2021) found in MEDLINE
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search using “schizophrenia and autonomic nervous system” (ANS) keywords also sug-
gests that the disturbance of the ANS has a high impact and its treatment is very important
in this patient group.

Several neurotransmitter systems are implicated in the neurobiology of schizophrenia,
including dopaminergic, glutamatergic, GABAergic (gamma-aminobutyric acid, GABA),
adrenergic, cholinergic and serotoninergic [17–21]. Besides the classical neurotransmitters,
the kynurenine pathway (KP) metabolites (especially the kynurenic acid [KYNA]) has
gained attention in the pathophysiology of schizophrenia. Elevated brain KYNA level,
a neuroactive metabolite, is one of the most consistently found biochemical marker in
schizophrenia [22,23]. Thus, searching in MEDLINE with “schizophrenia and kynurenic
acid” keywords resulted in 270 articles (in August of 2021). KYNA acts as an antagonist of
N-methyl-D-aspartate and α-7 nicotinic acetylcholine receptors (NMDAR, α7nAChR), both
of them involved in the schizophrenia pathogenesis [24–26]. Nevertheless, at high concen-
trations, KYNA can also play a neuroprotective role in conditions of excitotoxicity [27–29].

Publications so far have discussed the implication of kynurenines (KYNs) and the
alteration of the ANS in schizophrenia independently from each other, only few data
suggest that the KP metabolites have effects on autonomic functions [30–32]. Nevertheless,
the coupling between them in schizophrenia has not yet been addressed, even though
their direct common points, potential interaction or similar therapeutic application targets
indicate the consideration of their interaction.

The primary aim of this review is to discuss the potential interface between these
systems. In Section 2, the alterations of ANS in schizophrenia are characterized (Figure 1).
In Section 3, the impaired KP is reviewed in schizophrenia. In Section 4, the effects of KP
on autonomic functions are discussed. The Section 5 considers the effects of antipsychotic
drugs on these systems, the potential interaction of the ANS and KP in schizophrenia and
gathers some novel molecules and therapeutic options along with their targets, which may
affect the KP and autonomic functions in schizophrenic patients. Since earlier reviews have
discussed the clinical significance of this pathway with regards to psychiatric disorders,
this study focuses shortly on this topic in the last part of the review [29,33,34].
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2. Autonomic Regulation in Schizophrenia

In 1899, Emil Kraepelin described extensive autonomic alterations in patients with
schizophrenia, such as increased heart rate, altered pupillary function, increased sweating
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and salivation, as well as abnormal thermoregulation (Table 1) [9,35]. Since Kraepelin’s
publication, several studies suggested impaired ANS activity of these patients compared
to the general population [15,36–38]. The majority of the research has clearly implicated
that the ANS imbalance is more likely a result of diminished parasympathetic rather than
elevated sympathetic activity, so the poor parasympathetic modulation is accompanied
by relative sympathetic nervous system dominance [8,11,39,40]. However, few studies
have reported conflicting findings in relation to the evidence presented above. While some
authors did not find evidence of sympathovagal imbalance, others found an augmented
sympathetic activity in schizophrenic patients [10,41–44], or alterations both in sympathetic
and parasympathetic activities [10,45].

Table 1. Autonomic nervous system related clinical and preclinical findings in schizophrenia.

ANS Assessment Clinical Findings References Preclinical Findings References

Blood pressure Moderately higher systolic and
diastolic blood pressure [39]

Blood pressure
variability No changes [39]

Heart rate variability Reduced complexity [7,46,47]

Thermoregulation

Abnormal diurnal variation of
body temperature [48]

PCP rat model:
Acute PCP: hypothermia

Chronic PCP: hyperthermia
Perinatal PCP: long-lasting effect

on the baseline temperature

[49,50]

Impaired ability to heat stress
adaptation

Higher skin conductance
Disturbed sympathetic skin

responses

[44,48,51–60] Wisket rat model:
Higher body temperature,

Higher alteration rate
[61]

Higher rate of sweating [62]

Pupil function

Increased resting pupil
diameter [8] Wisket rat model:

Sedation—several parameters
disturbed

Anesthesia—prolonged
constriction and redilation

processes, blunted differences

[63]A “sluggish” parasympathetic
function by light [64]

Decreased stimulus
sensitivity [12]

Gastrointestinal
system

Increased tachygastria,
arrhythmia [62]

Delayed gastric emptying,
diabetic gastroparesis [62,65]

Correlation between salivary
α-amylase level and psychiatric

symptoms
[66]

Urinary system
Enhanced urinary frequency,

urgency, incontinence and
detrusor hyperreflexia

[67] Wisket rat model: decreased
bladder volume [68]

Abbreviations: ANS: autonomic nervous system, PCP: phencyclidine.

The altered ANS functions in patients with schizophrenia might be associated with
the diverse physical, mental and/or behavioral symptoms. Furthermore, it contributes
to poor medication compliance, worsened quality of life, increased severity of psychotic
symptoms and increased mortality (including various causes of death in schizophrenia).
The increased risk of premature death in patients with schizophrenia is at two to three times
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that of the general population, that has a great importance to find a potential therapeutic
solutions to improve the autonomic disturbances [14,42,45,69–75].

2.1. Symptoms Related to Autonomic Abnormalities in Schizophrenia

The evaluation of blood pressure and heart rate variability can be used to describe auto-
nomic regulation of the cardiovascular system. Regarding the blood pressure, even though
systolic and diastolic blood pressure values were moderately higher in schizophrenic
patients, its variability did not differ from controls (Table 1) [39]. The complexity of heart
rate variability is indicative of cardiac adaptability, thus, the reduced complexity suggests
difficulty in heart rate adaptation in response to environmental stimuli (Table 1) [7,46,47].
In antipsychotic treated patients cardiac autonomic dysregulation and reduced complexity
of heart rate modulation have been reported, that highly correlated with the pharmacody-
namics of the drug applied [7,46,76–78]. Thus, the strongest association of low heart rate
variability was noted among schizophrenic patients on antipsychotic treatment with high-
affinity muscarinic antagonism (i.e., clozapine, olanzapine and quetiapine), that further
signify the autonomic dysregulation [14,79–81].

Respiration has a significant effect on heart rate oscillations, too, resulting increased
parasympathetic activity. Thus, deep breathing could be considered as the most reliable
test of parasympathetic function by using the respiratory peak as a quantitative measure
of vagal control [82–85]. Deep breathing results increased variance and high frequency
of heart rate in healthy controls, but significantly reduced response was reported in both
patients with schizophrenia and their relatives, indicating diminished autonomic reactivity
of cardiac functions (Table 1) [38,85].

The dysregulation of body temperature might be intrinsic to the syndrome of schizophre-
nia, manifested in altered baseline values, abnormal diurnal variation, and an impaired
adaptation to heat and cold stress [48]. The higher skin conductance and the disturbed
sympathetic skin responses to innocuous stimuli, reported in schizophrenic patients, also
refers to the enhanced sympathetic nervous system activity, which showed correlation
with symptom severity and poor functional outcome (Table 1) [44,48,51–60]. Significantly
higher rate of sweating was also reported in schizophrenia patients (Table 1) [62].

Regarding the preclinical studies, Pechnick and George evaluated the thermoregu-
latory effects of phencyclidine (PCP, a noncompetitive NMDAR antagonist, applied as a
schizophrenia model) in adult Wistar rats [49]. While acute administration of PCP pro-
duced hypothermia, chronic treatment resulted in prolonged hyperthermia [49,50] (Table 1).
In a chronic, complex rat model of schizophrenia (developed by postweaning isolation
rearing, subchronic ketamine treatment and selective breeding; named Wisket) higher body
temperature during the active phase was accompanied by wider range of its fluctuation
compared to control Wistar rats (Table 1) [61].

Pupillography is a non-invasive and cost-effective method to determine autonomic
activity, and it is suitable to examine both the sympathetic and parasympathetic functions in
the context of schizophrenia, too [8,14,64]. The main sympathetically influenced parameter
is the resting pupil diameter, which is significantly increased in patients suffering from
schizophrenia [8]. Furthermore, “sluggish” parasympathetic function of the pupil by
light stimuli and in darkness after pharmacological manipulation was identified among
schizophrenia patients [64]. For instance, to induce a pupillary light response in patients
with schizophrenia, a 10-fold increase stimulus intensity was required as compared to
controls [12]. Similar changes were found in Wisket rats, in which the pupillary light reflex
was studied in two series after sedation (diazepam) or anesthesia (chloral hydrate) [63].
Thus, the initial and minimum pupil diameters were greater, the degree of the constriction
was lower, and the flatness of the curve and the total duration of constriction were shorter in
the sedated Wisket rats compared to control animals. Chloral hydrate anesthesia prolonged
the constriction and redilation processes compared to the sedated animals and blunted the
differences between the groups (Table 1) [63].
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In schizophrenia patients increased sympathetic modulation within the enteric ner-
vous system was also indicated by significantly increased amount of tachygastria and
arrhythmia within the gastric pacemaker activity before and after test meal digestion [62].
Additionally, gastric motility disorders, e.g., delayed gastric emptying or diabetic gas-
troparesis, have been observed in patients, indicating increased sympathetic modula-
tion [62,65].There is a pilot study, in which a significant correlation has been found between
salivary α-amylase level and psychiatric symptoms in schizophrenic patients (Table 1) [66].
Thus, the salivary α-amylase reactivity could serve as a potential marker to measure the
sympathetic-adrenal-medullary activity [86–88].

The vagus nerve is the chief mediator of the bidirectional communication along the
gut-brain axis through cholinergic activation of nicotinic receptors on myenteric neu-
rons [14,89]. Furthermore, ANS regulates the mucosal immune response and can also
induce changes in gut microbiome composition and activity [14,89,90]. In turn, sensory
afferent neurons of the vagus nerve detect a diverse range of stimuli within the intestines
and gut microbiome projecting to the nucleus tractus solitarii (NTS) in the brainstem to
initiate autonomic, endocrine and behavioral responses [91]. Thus, it is plausible that dys-
biosis in schizophrenia may cause aberrant vagal signaling leading to e.g., cardiometabolic
disturbances. Further research is needed to investigate the relationship between autonomic
dysfunction and dysbiosis in schizophrenia [14].

Beside enhanced urinary frequency or urgency, incontinence and detrusor hyper-
reflexia were also reported as common autonomic symptoms in schizophrenic patients [67].
In a rat model of schizophrenia treated with ketamine and housed individually the bladder
volume significantly decreased, suggesting also detrusor hyperreflexia (Table 1) [68].

2.2. Action Mechanisms of ANS Dysregulation

The precise mechanism of ANS dysregulation in schizophrenia remains unclear, both
structural and functional changes might be involved. Largely divergent brain centers,
including the different nuclei of hypothalamus and brainstem (e.g., locus coeruleus, LC),
are associated with sympathetic and parasympathetic activity [13,92]. The underlying
causes are likely to be a combination of “peripheral” and “central” mechanisms either with
equal importance or with one playing a predominate role [48].

Although the hypothalamus comprises only 2% of the total brain volume, it is a key
integrating center of endocrine, autonomic and behavioral responses and homeostatic
balance [93]. The hypothalamus is connected with nearly all other brain area, e.g., var-
ious limbic structures, brainstem nuclei, thalamus, the cerebral cortex and the pituitary
gland [94]. One of the most important hypothalamic nuclei of the central autonomic net-
work is the paraventricular nucleus (PVN). Other hypothalamic nuclei in this network
include the dorsomedial nucleus, the lateral hypothalamic area, the posterior hypothalamic
nucleus and the mammillary nucleus [95]. So far only few studies have investigated its
structural alterations in schizophrenia with inconsistent findings [96–102]. Some of them
reported larger volume of hypothalamus, paraventricular nucleus and the mammillary
bodies in schizophrenic patients compared to healthy controls [96–99]. However, post-
mortem investigations found decreased or unchanged volumes of these hypothalamic
subregions [100–102].

LC neurons produce most of the norepinephrine (NE) released in the brain acting on
adrenergic receptors [19,103]. LC projects vastly to most of the brain, including subcortical
areas, such as the olfactory bulb and dorsal hippocampus; cortical areas, in particular the
prefrontal cortex, and reciprocally to other neuromodulator systems, such as the cholin-
ergic, dopaminergic and serotoninergic systems [19]. In turn, LC receives direct input
from the cortex and several subcortical areas including amygdala and hypothalamus, and
from giganto- and paragiganto-cellular nuclei [104]. The importance of LC in controlling
autonomic function results from both direct projections to the spinal cord and projections
to autonomic nuclei in the brainstem. A correlation between LC neuronal and sympathetic
activities, as evidenced by parameters such as heart rate, blood pressure and cervical
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sympathetic tone, has been reported [105]. Thus, LC activation produces an increase in
sympathetic activity and a decrease in parasympathetic activity via its projections. There-
fore, alterations in LC activity affect the complex patterns of neuronal activity throughout
the brain, observed as changes in measures of arousal and autonomic function [106].

Evidence for noradrenergic dysfunctions in schizophrenia have been proposed for
decades, indicated by elevated NE level in the CSF, brain and serum of patients [107,108].
Abnormalities in LC itself have also been reported in schizophrenia patients with inconsis-
tent results [109,110]. While in paranoid schizophrenia significantly elevated dopamine-
beta-hydroxylase activity (that catalyzes the conversion of dopamine to NE) was observed
in LC; in elderly schizophrenic patients its marked decrease was reported compared with
age-matched controls [109,110]. These neurobiological impairments in schizophrenia cor-
relate with symptoms; thus, the positive and negative symptoms are consistent with the
hyper- or hypoactivity of NE system, respectively.

It has to be claimed that numerous genetic, epidemiological and clinical evidence
have suggested that inflammatory pathways are also disrupted in schizophrenia, and
individuals with infection, inflammation or autoimmune diseases are more susceptible to
schizophrenia [111–114]. Therefore, it cannot be excluded that at least a part of the observed
anatomical and physiological alterations might be due to the inflammatory disturbances.

3. Kynurenine Pathway in Schizophrenia

Current evidence shows that the tryptophan (TRP) metabolism, including KP is
involved in the regulation of many biological systems that are dysfunctional in psychi-
atric disorders, such as CNS neurotransmission, immune-inflammatory, endocrine and
metabolic systems [32,115]. It is highly desirable to expound on the mechanisms through
which the KYNs link with many systems and ultimately influence domains such as emo-
tion, cognition and pain [116]. The KP metabolites may underlie different psychotic and
cognitive symptoms via neuromodulation [117], thus, the dysregulation of TRP metabolism
has been implicated in the pathophysiology of schizophrenia [118–120]. Since KYNA, as
one of the most important metabolite of KP, acts upon multiple receptors, its abnormal level
may disrupt the balance of neurotransmitter systems, as has been detected in various neu-
rodegenerative and neuropsychiatric disorders [121]. This raises the possibility that KYN
metabolites have diagnostic (biomarker) and predictive value for the treatment outcome;
furthermore, targeting the KP may emerge as a unique opportunity in the development of
novel treatments for neuropsychiatric disorders [32,122,123].

The KP accounts for approximately 95% of TRP metabolism and involves several neu-
roactive metabolites. In the first, rate-limiting step of the KP TRP is oxidized by the follow-
ing enzymes: indoleamine 2,3-dioxygenase 1 (IDO1), indoleamine 2,3-dioxygenase 2 (IDO2)
or tryptophan 2,3-dioxygenase (TDO) (Figure 2). In most tissues, the TRP metabolism is cat-
alyzed by IDO1,2 into N-formylkynurenine, then into KYN by formamidase enzyme [124].
IDOs are widely expressed in macrophages, neurons and astrocytes in the brain, and a poly-
morphism in the allele of IDO rs9657182 has been associated with schizophrenia [125–130].
A disbalance in the activation of IDO may be resulted in increased production of KYNA in
schizophrenia leading to glutamatergic imbalance [131]. Additionally, proinflammatory
cytokines, such as interferon-γ, interleukin 1, and tumor necrosis factor α, which might be
enhanced in schizophrenia, are able to shift TRP metabolism to KYN by increasing IDO
enzyme activity [114,132–135].

TDO acting in the brain and liver modulates the available quantity of TRP throughout
the body [126]. The enzyme also modulates serotonin levels by reducing the amount of TRP
available for synthesis of the neurotransmitter [126,136]. TDO is selectively upregulated in
the postmortem frontal cortex of schizophrenic patients [137].
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Diverting from the common precursor, KYN, there are two main branches of the KP.
In a neuroprotective branch, directly from KYN through irreversible transamination by
kynurenine aminotransferases (KATs), KYNA is synthesized in astrocytes and neurons as a
terminal metabolite [29,138]. Four subtypes of KATs (KAT1 to KAT4) have been identified,
of which KAT1 and KAT2 are thought to have predominant roles in humans [29,139]
with the most abundant activities of KAT2 among them (60%). In the other, so called
neurotoxic branch of the pathway, guarded by the enzyme kynurenine 3-monooxygenase
(KMO), 3-hydroxykynurenine (3-HK) is produced from KYN [114,140]. KMO is expressed
either peripherally (kidney and liver) or in the brain [141]. Within the CNS, KMO is
primarily expressed in the microglia cells, linking the enhanced production of KMO to
inflammatory pathways [138,141,142] 3-HK is further metabolized to 3-hydroxyanthranilic
acid by kynureninase that is ultimately leads to the formation of the intermediate quinolinic
acid (QUIN). Subsequently, it is transformed to nicotinamide adenine dinucleotide (NAD+),
which participates in basic cellular processes [29].

The role of KP disruption in schizophrenia has already been established [119,120,143].
The KYN hypothesis of schizophrenia is built upon the fact that the excess amount of KYNA
can induce abnormal behavior by interfering with glutamatergic and cholinergic transmis-
sions, and indirectly affecting dopaminergic signaling, thereby leading to schizophrenic
symptoms [25,123,144–147]. KYNA can influence different types of receptors, possesses
broad-spectrum competitive antagonist of all three ionotropic glutamate receptors. It has a
stronger affinity for NMDARs, but weaker antagonistic effect on kainate and α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptors (KAR, AMPAR) (Table 2). In studies
using human postmortem brain samples, altered expression of NMDARs, AMPARs and
KARs have been found in schizophrenic patients, suggesting that the abnormal glutamate
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neurotransmission is associated with the pathophysiology of the disorder [148–150]. Data
suggest that KYNA is also an α7nAChR antagonist [144,151–153] (Table 2), however, a
recent review claims that KYNA does not directly affect nicotinic receptors [154,155].

Table 2. Receptor-binding profile of KYNA.

Receptor Activity References

α7nAChRs antagonist [154–157]
AHR agonist [158]
AMPAR antagonist [148–150]
GPR35 agonist [30,32,159,160]
KAR antagonist [149,150]
NMDAR antagonist [121,149,150,157,161–172]

KYNA has an agonistic effect on aryl hydrocarbon receptor (AHR), a transcription
factor involved in the metabolism of xenobiotics [30,114,173–175], in the regulation of
several physiological processes, including intestinal homeostasis, development, behavior
and immunological responses [176,177]. A postmortem human proteomic study identi-
fied disrupted AHR signaling in hippocampus of schizophrenic patients [158]. At last,
KYNA has been shown to possess agonist activity at an orphan G-protein-coupled re-
ceptor (GPR35), which predominantly detected in immune cells and the gastrointestinal
tract [30,32,164,165], but no data is available about a link between the GPR35 function and
the pathophysiology of schizophrenia.

The reports about the affected KP have confirmed elevated KYNA level in schizophre-
nia, that seems to be one of the most consistently found biochemical aberrations in this
disease [23,178–181]. Indeed, the higher level of brain KYNA concentration is in connection
with the higher degree of cognitive impairment in schizophrenia [24,182]. Additional
insight can be derived from the findings of recently published meta analyses, which de-
termined the central and peripheral KP metabolites in schizophrenia [183,184]. The KYN
is also elevated in both CSF and cortical brain regions, but the neurotoxic branch of the
KP seems to be unaffected, since QUIN and 3-HK were found at normal levels in the
postmortem schizophrenic brain [119,178,180,181,185]. Studies investigating peripheral
serum levels of KYN, 3-HK, KYNA and QUIN detected no difference between first-episode
neuroleptic-naive patients and controls [183,186,187]. Whereas another study suggested
that enhanced serum level of 3-HK could predict the symptom severity in schizophre-
nia [188]. In addition, another metabolite of the KP, anthranilic acid, is also markedly
increased in serum of schizophrenia patients [189].

Further elements related to KP, including enzymes, are also altered in schizophrenia.
The genetic variants of these enzymes, leading to the abnormal level of KYNA, have been
linked to psychotic symptoms and cognitive dysfunctions [190–192]. In postmortem brain
samples of schizophrenic patients reduced KMO activity has been reported [192]. The
increased KYNA production and level may be directly related to increased KAT activity
(Figure 2). In support of this finding, enhanced number of astrocytes, as the primary source
of KYNA, has been found in patients with schizophrenia [186,193]. However, in a post-
mortem tissue analysis of schizophrenic patients revealed an increase in KYNA that was
associated with decreased KMO activity rather than alterations in KAT activity [181,194].
The TDO activity is also upregulated in the postmortem brains of schizophrenic pa-
tients [137,192].

Animal models also support the KYN hypothesis of schizophrenia [163,169,171,195].
Thus, similarly to the NMDA receptor antagonists, experimentally increased brain concen-
tration of KYNA induces impairments in cognitive flexibility, memory, long-term potenti-
ation and sensory gating, as well as increased amphetamine-induced locomotor activity
and disturbed social interaction and reward circuitry were detected [157,161–164,167–172].
These effects might be due to the down-regulation of the permissive action of α7nAChRs,
since the antagonism of α7nAChR by KYNA may induce psychotic symptoms [156,157].
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In the last decade, a growing number of evidence proved the role of the interaction
between inflammation and KP in the pathophysiology of schizophrenia [117]. The inflam-
matory mediators can unbalance the KP in schizophrenia and the resulted KP metabolites
can, in turn, underlie different psychotic symptoms via modulation of neurotransmis-
sion [196].

The conventional view is that peripheral KYNA and QUIN poorly cross the blood-
brain barrier (BBB), thus, these metabolites may be derived in situ from KYN in the brain.
Therefore, it was suggested that they may not necessarily play important role in the
pathogenesis of schizophrenia [196]. In contrast TRP, KYN, and 3HK can be transported
across the BBB [32,197]. Under physiological conditions 60−80% of KYN in the brain is
exogenous origin, being actively transported across the BBB by the large neutral amino
acid transporter 1 [32]. The neuroinflammation in neuropathology of schizophrenia is
closely associated with the disruption of the BBB integrity due to microglial activation and
elevated cytokine production, such that the entry of circulating KP metabolites into the
CNS can be elevated [198–202]. Following systemic immune activation the transport of the
KYN may approach 100%, although if inflammation is limited to the brain, KYN can be
produced centrally from TRP [203].

It should also be mentioned that KYNA, as a potent antioxidant metabolite, at higher
concentrations can exerts neuroprotection, thus, the clinical significance of KP abnormal-
ities in patients with schizophrenia remains unclear [204]. Thus, the elevation of brain
KYNA level, either by administration of L-KYN or pharmacological manipulation of the
availability of the KP enzymes, has become an attractive strategy to attenuate neuroinflam-
matory responses and to protect against glutamate induced excitotoxicity associated with
ischemic brain injury [29,205,206]. Furthermore, during neuroinflammation both in the
periphery and in the brain, KYNA may produce anti-inflammatory responses through the
activation of AHRs [30,114,173–175].

In summary, it should be claimed that the role of KP in the etiology of schizophrenia is
complex and the literature contains numerous inconsistent findings. Alongside this, physi-
ological variations in patients may occur within different schizophrenic subgroups [196].

4. The Interplay of Kynurenines and Autonomic Functions

Some preclinical studies suggest that KP metabolites have significant role in the
regulation of the ANS, including cardiovascular, gastrointestinal systems and urinary
tract (Table 3) [159,207,208]. However, we still do not know exactly, how the KYNA
and/or other KP metabolites are involved in the modulation of sympathetic outflow.
The results of studies investigating stress-related TRP metabolism supported that, in
part through the activation of the hypothalamic–pituitary–adrenal (HPA) axis, including
the sympathetic nervous system, the formation of KYNA and other KP metabolites are
stimulated [22,209–213]. The increased extracellular concentration of KYNA in rat brain
has been associated with reduced cell firing rate in LC, presumably, the endogenous KYNA
counterbalances the effects of glutamate (Figure 3) [106,214]. Thus, KYNA is claimed to
be a hypotensive agent in rats [215,216]. Microinjection of KYNA into the PVN promoted
decreased mean arterial blood pressure and heart rate [217] (Figure 3, Table 3). In the
ventral part of the medulla and in the NTS many KAT-immunoreactive neurons were
found in association with NMDA receptors involved in the control of blood pressure [218].
In agreement with it, glutamate injected into the rostral ventrolateral medulla elevated the
blood pressure and heart rate in anesthetized rats, but the centrally administered KYNA
lowered the blood pressure (Figure 3, Table 3) [219,220].
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In other research, in spontaneous hypertensive rat strain, developed by a missense
mutation of KAT-I gene, with abnormally low KYNA levels in the medulla were linked to
high blood pressure, which was dose dependently attenuated by L-KYN (Table 3) [221–223].
Furthermore, KYNA microinjection into the NTS in awake rat blocked the processing of
the parasympathetic component (bradycardia) of the chemoreflex, however, the pressor
response was only partially reduced [224] (Figure 3). Similar results were seen in a working
heart-brainstem preparation of rats [230].

Some data suggest that the gastrointestinal function is also influenced by the KP.
Thus, the activation of LC neurons by colon distension was significantly antagonized by
intracerebroventricular (icv.) administration of KYNA (Table 3) [207]. Gastrointestinal
motility regulation is predominantly cholinergic in nature, but NMDARs are also present
and abundantly expressed on enteric cholinergic neurons [231–236]. Glutamate or its
endogenous receptor agonists/antagonists may participate in modulation of the enteric
cholinergic function, since NMDAR activation enhances the nitrogen monoxide dependent
acetylcholine release from the myenteric neurons in the ileum and colon (Figure 3) [237–239].
KYNA and SZR72 treatment decreased the motility index, nitric oxide synthase activity and
reactive oxygen species in intestinal obstruction and colitis-induced models [33,225–227].
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Table 3. The interplay of kynurenines and the autonomic functions.

ANS Assessment Preclinical Findings References

Hypothalamus

HPA axis stimulates the formation of KYNA
and other KP metabolites [22,209–213,217]

KYNA in the PVN decreased mean arterial
blood pressure and heart rate [217]

Brainstem

L-KYN decreases the elevated blood pressure [219–223]

Chemoreflex: KYNA blocked the
parasympathetic component (bradycardia),

pressor response was reduced
[224]

Gastrointestinal system

Activated LC by colon distension antagonized
by administered KYNA [207]

KYNA decreased the motility index Colitis
model: KYNA and SZR-72 decreased the

motility index, normalized the smooth muscle
tone, had an inhibitory effect on the

colitis-induced high reactive oxygen species
activities

[33,225–227]

Urinary system

KYNA prevented LC elicited by bladder
distention

KYNA inhibited the urinary bladder
contractions evoked by stimulating the pontine

micturition center

[228,229]

Abbreviations: HPA: hypothalamic–pituitary–adrenal, KYNA: kynurenic acid, LC: locus coeruleus, L-KYN: L-
kynurenine, KP: kynurenine pathway, PVN: paraventricular nucleus.

The KP also has effects on the urinary tract (Figure 3, Table 3). Anatomical and
electrophysiological studies have demonstrated the existence of glutamate input from
the ventrolateral medulla to the LC. The icv. administered KYNA could prevent both
increases in LC discharge rate and EEG activation elicited by bladder distention and
inhibited the urinary bladder contractions evoked by stimulating the pontine micturition
center [228,229]. In a recent study a potential treatment of hyperreflexic urinary bladder
and detrusor-sphincter dyssynergia have been investigated in a rat model [208]. The
administration of replication-defective herpes simplex virus vectors encoding the KAT2
gene into the bladder wall blocked NMDARs in the lumbosacral dorsal root ganglia, as
well as in the lumbosacral micturition center through the enhanced production of KYNA
(Figure 3) [208].

5. The Potential Interaction of the ANS and KP in Schizophrenia, and Molecules
Mutually Targeting KP and Autonomic Dysfunctions in Schizophrenia

It is important to mention that antipsychotic drugs may produce adverse effects on
autonomic functioning and sympathovagal balance [11,14,240,241]. The extent to which
they exacerbate autonomic dysfunction in schizophrenia highly depends on the phar-
macodynamics of the antipsychotic taken [14]. These disturbances appear mainly in the
cardiovascular system with a negative correlation between neurocardiac control and the
degree of antipsychotic affinity and antagonism of muscarinic receptors (M1–M5). Further-
more, antipsychotics with high muscarinic affinity (olanzapine, clozapine and quetiapine)
show greater reductions in heart rate variability, than low muscarinic affinity antipsy-
chotics, like risperidone or aripiprazole [242–244]. Additionally, in cases of olanzapine
and clozapine, their antiadrenergic properties also play a role in ANS modulation. For
example, olanzapine, as an antagonist of α1 adrenergic receptors, causes vasodilation
and reduction in blood pressure, which thereby initiates a reflexive sympathetic response.
Similarly, clozapine enhances the noradrenergic activity through the antagonism of α2
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adrenergic receptors [245]. Indeed, studies examining catecholamine levels have revealed
that clozapine significantly increases plasma NE [14,246].

Treatment options based on targeting the KYN metabolism in schizophrenia may
influence the autonomic signs discussed in this section, although no direct evidence is
available for the complex interaction between these systems. Regarding the complex
interplay of the ANS, KP and schizophrenia (S4), only few indirect data are available.

As the inflammatory hypothesis of schizophrenia is supported by clinical studies and
the KP is associated with inflammatory processes, thus the schizophrenia-related neuroin-
flammation could increase KMO-dependent KYN metabolism, leading to the accumulation
of 3-HK and QUIN [34,130,247,248]. In schizophrenia the blunted type-1 immune response
with various inflammatory stimuli in microglia may modify the rate-limiting step of the KP.
Thus, TRP is catalyzed by IDO into N-formyl-L-kynurenine in the hypothalamic, pituitary
and adrenal areas, influencing the function of ANS [29,249,250]. The induction of IDO
could potentially result in production of toxic metabolites (3-HK, QUIN), therefore, CNS
infections or other inflammatory processes could negatively affect the function of the HPA
axis through interferon-γ induced upregulation of IDO [250]. Furthermore, decreased
serum level of 3-HK following antipsychotic therapy was detected [145].

It is suggested that several ways for the improvements of autonomic signs might be
available through influencing the KP in schizophrenia. A review written by Dounay et al.
highlights recent advances in medicinal chemistry toward three of the enzyme targets in KP:
IDO1, KAT’s and KMO [141], and these enzymes have currently the greatest potential as
drug targets for preclinical and clinical investigation of the KP. Thus, numerous medicinal
chemistry studies are aimed to design novel, potent and selective inhibitors for each of
these enzymes [141].

5.1. Direct Modulators of the KP

In ketamine-induced schizophrenia rat model the IDO inhibitor 1-methyl-D-tryptophan
and the TDO inhibitor allopurinol prevented lipid peroxidation and increased superoxide
dismutase and catalase activity in brain region specific manner (Table 4) [130]. Moreover,
in a depression mice model glycyrrhizic acid prevented the activated enzymes in KP and
the development of depressive-like behaviors [251] Therefore, it was suggested that these
KP inhibitors could represent a viable therapeutic target in treating schizophrenia and
other diseases associated with neuroinflammation and oxidative stress. The regulatory
region of the tdo2 gene, containing glucocorticoid response elements, could be upregulated
by dexamethasone, an anti-inflammatory glucocorticoid drug [130,252–254]. Thus, the
expression of TDO is induced by glucocorticoid hormones, glucagon, estrogens, and also
regulated by the availability of its substrate, TRP [126,136,255–260]. Moreover, there are
reports indicating that TDO activation is stimulated by free radicals. It is suggested that
the inhibition of IDO and TDO enzymes promote antioxidant effect via the inhibition
of the production KYN metabolites [130]. Co-treatment with antidepressant tianeptine
(specifically enhancing serotonin uptake), the allopurinol improved the chronic stress in-
duced depressive-like behavior in rats (Table 4) [261]. However, no potential TDO selective
inhibitor has entered clinical trials thus far [261].
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Table 4. Some therapeutic options may influence the KP.

Molecule/Therapy Action
Mechanism Effect Preclinical Model Ref. Clinical Study Ref.

1-methyl-D-
tryptophan IDO inhibitor

Decreased
neuroinflammation
and oxidative stress

Ketamine-induced
schizophrenia rat

model
[130]

Allopurinol TDO inhibitor

Antioxidant effect
Ketamine-induced
schizophrenia rat

model
[130]

Improved
depressive-like

behavior

Chronic
stress-induced

depression mice
model

[261]

D-cycloserine KAT inhibitor Improved cognitive
functions Schizophrenia [262,263]

PF-04859989 KAT inhibitor Restored glutamate
release events

Rat model
exhibiting elevated

KYNA levels
[264]

Angiotensin
receptor blockers KAT inhibitor Reduced KYNA

production Rat cortical slice [215,265–267]

Ro 61-8048 KMO inhibitor Neuroprotection
Gerbil and rat
model of brain

ischemia
[268]

Leucine

Large neutral
amino acid

transporter 1
blocker

Prevented systemic
KYN from entering

into the brain

Depression-like
mice model [198]

VNS

Anti-inflammatory,
Improved heart rate

variability,
low moods and

emotional symptoms

Depression [269,270]

Anti-inflammatory
via α7nAChRs Schizophrenia [247]

Dipyridamol Adenosine
reuptake inhibitor

Greater improvement
in positive symptoms

and general
psychopathology

symptoms

Schizophrenia [271]

Abbreviation: VNS: vagal nerve stimulation.

Drugs influencing the KAT enzymes are one of the most intensely studied therapeutic
approach in schizophrenia [272]. Previous electrophysiological and behavioral studies
approaching KAT2 inhibition have confirmed their beneficial effects [114,273–280]. Clinical
trials showed that D-cycloserine, has positive effects on cognitive functions in patients
with schizophrenia or those experiencing Alzheimer’s delusions, by decreasing KYNA
levels in the brain by inhibiting KAT1, 2 and 3 [262,263,272]. It has been reported that
administration of a systemically available KAT2 inhibitor, PF-04859989, restores glutamate
release events in the prefrontal cortex of rats exhibiting elevated KYNA levels [264]. It has
been published that angiotensin receptor blockers inhibit KAT2 activity and reduce KYNA
production in rat cortical slices (Table 4) [215].

Nowadays, the research is focused on KMO inhibitors to reduce QUIN synthesis
thereby reducing neural activity and excitotoxicity in neurodegenerative disorders [281].
Thus, specific KMO inhibitors (e.g., Ro 61-8048) resulted in anticonvulsive, neuropro-
tective and anti-dyskinetic effects leading to the acceptance of KMO as a drug target
(Table 4) [268,282–286]. On the other hand, an interruption of KMO activity would favor
a metabolic shift towards the production of KYNA [194]. Nonetheless, pharmacological
inhibition of KMO might also lead to undesirable consequences on the nervous and im-
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mune systems that will have to be evaluated carefully in animals prior to clinical studies,
therefore KMO inhibitors are still at the pre-clinical phase of development [120,276].

5.2. Indirect Modulatory Options of the KP

As was mentioned above, the BBB integrity is decreased in schizophrenia due to
enhanced inflammatory processes, thus a promising treatment strategy might be based on
reducing the access of circulating KYN to the brain. In this vein, it has been demonstrated
that leucine treatment in mice is a potential method of competitively blocking the large
neutral amino acid transporter 1 to prevent systemic KYN from entering into the brain and
attenuate the formation of neurotoxic KYN metabolites (Table 4) [198].

Some studies suggested that the parasympathetic activation through vagal nerve
stimulation (VNS) inhibited cytokine production, improved heart rate variability, and
ameliorated low moods and emotional symptoms in depressive patients resistant to phar-
macological treatment [269,270]. This method is referred as a promising add-on treatment
for treatment-refractory depression, but its application in other psychiatric disorders, such
as dementia or schizophrenia is increasingly evaluated (Table 4) [287]. Recent studies have
indicated that VNS controls both peripheral and central inflammation via α7nAChRs [247].
Since KYNA, as a potent non-competitive α7nAChR-antagonist, facilitates disturbances in
schizophrenia, the VNS might have a counterbalancing effect [144,247].

Adenosine, an endogenous nucleoside formed by the degradation of adenosine-
triphosphate (ATP) during energy-consuming processes, acts as a neuromodulator. It influ-
ences multiple physiological processes through activation of four subtypes of G-protein cou-
pled membrane purinergic receptors (A1, A2A, A2B and A3) controlling synaptic plasticity
and neurotransmitter release (e.g., glutamate, dopamine and GABA [288–291]. Of relevance
to this review adenosine acts on brainstem nuclei involved in autonomic cardiovascular
regulation. In general, it decreases sympathetic tone through complex and incompletely
understood mechanisms of action [290,291]. The “adenosine hypothesis of schizophrenia”
postulates that a reduced adenosinergic tone is involved in the dysregulation of gluta-
matergic and dopaminergic activity in schizophrenia patients [292–299]. The dopamine
level in schizophrenia is, at least partly, under the control of adenosine: reduced activation
of presynaptic A1 receptors can trigger increased availability of dopamine leading to in-
creased basal activity of the dopamine D2 receptor, thus promoting psychosis [300–303].
In addition, in the basal ganglia adenosine directly modulates dopaminergic signaling
through complexes formed between adenosine and dopamine receptors [304–307]. A2A
receptors exert fine regulation of individual synapses and their activation facilitates gluta-
mate release and potentiates NMDAR function [294,308]. Therefore, A2A receptors regulate
synaptic plasticity by promoting adequate (or aberrant) adaptive responses in neuronal
circuits [294,300,309]. Microinjection of adenosine into the NTS evokes a dose-dependent
decrease in blood pressure, heart rate, and renal sympathetic nerve activity, primarily
through A2A receptors (Table 4) [310]. That is also the case for the A3 receptor regulating
serotonergic and glutamatergic systems [311,312]. A link between adenosine hypofunction
and schizophrenia is supported by clinical evidence demonstrating increased enzymatic
degradation of adenosine in patients [313,314]. Therefore, this neurotransmitter system
might be a potential target for novel drug treatment of several psychiatric conditions,
including schizophrenia [315]. An open clinical trial demonstrated that patients treated
with a combination of haloperidol and dipyridamol (an adenosine uptake inhibitor, in-
creasing adenosine availability in the synaptic cleft) had a greater improvement in positive
symptoms compared with patients treated with haloperidol alone (Table 4) [271,293]. Ac-
cordingly, based on informative preclinical studies, adenosine receptor agonists may act as
atypical antipsychotic drugs implicating for the proposed use of them in schizophrenia
treatment [294,316]. Although neurobiological properties of adenosine may be linked to
KYNA, interactions between the adenosinergic system and the KP have not been carefully
examined so far. However, both of them are associated with schizophrenia, thus a deeper
understanding of their interactions may lead to the development of innovative strategies
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for the treatment of this disorder [292]. Specifically, the effects of combined approaches with
adenosine receptor ligands and compounds able to reduce brain KYNA levels (e.g., KAT 2
inhibitors) have not been assessed experimentally so far. These studies might support the
development of new multi-target therapeutic strategies that focus on both the purinergic
system and KP.

Unfortunately, it should be claimed that none of the above-mentioned treatment
options were investigated regarding the autonomic dysfunction of schizophrenia and KP.

6. Summary and Conclusions

There is an established correlation between schizophrenia and autonomic dysregula-
tion, and almost all function of the autonomic nervous system is affected in schizophrenic
patients. The investigation of the ANS function in individuals who are at increased
risk of developing schizophrenia may be particularly useful to identify the dysregulated
physiological patterns at an early stage of schizophrenia, and to develop appropriate
interventions [10].

The KYNA hypothesis of schizophrenia is built upon the fact that the elevated KYNA
interferes with disturbed glutamatergic and cholinergic transmission [25,123,144–147].
Furthermore, metabolites of the KP can influence the functionality of the autonomic system
(see Section 4). Therefore, it might be assumed that an overlap between these systems
might have a significant role in the etiology of schizophrenia, however, extensive studies
are required to adequately explore this hypothesis. Though the treatment of schizophrenia
remains challenging, a better understanding of the interplay between KP and ANS could
introduce novel therapeutic options and considerations for drug treatments. Furthermore,
it should be mentioned that drugs influencing the KP and/or ANS might be important
tools for decreasing antipsychotic-induced adverse effects.

Alterations in KP and ANS are present not only in schizophrenia, but also in other
neurological disorders, such as migraine, or neurodegenerative disorders including Hunt-
ington’s, Alzheimer’s, Parkinson’s diseases and multiple sclerosis [261,317–323]. Studying
the interaction between ANS and KP in different neuropsychiatric disorders might broaden
our knowledge to understand mechanisms and disorders apart from schizophrenia and
help to find new therapeutic solutions.
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Abbreviations

α7nAChR α-7 nicotinic receptors acetylcholine
AHR aryl hydrocarbon receptor
AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
ANS autonomic nervous system
BBB blood-brain barrier
CNS central nervous system
CSF cerebrospinal fluid
GABA γ-aminobutyric acid
GPR35 G-protein-coupled receptor 35
3-HK 3-hydroxykynurenine
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HPA hypothalamic–pituitary–adrenal
IDO indoleamine 2,3-dioxygenase
icv intracerebroventricular
KAR kainite receptor
KAT kynurenine aminotransferase
KMO kynurenine 3-monooxygenase
KP kynurenine pathway
KYNA kynurenic acid
KYN kynurenine
LC locus coeruleus
NE norepinephrine
NMDAR N-methyl-D-aspartate receptor
NTS nucleus tractus solitarii
QUIN quinolinic acid
PCP phencyclidine
PVN paraventricular nucleus
TDO tryptophan 2,3-dioxygenase
TRP tryptophan
VNS vagal nerve stimulation
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Inhibit KAT II Activity in the Brain—Its Possible Clinical Applications. Neurotox. Res. 2017, 32, 639–648. [CrossRef]
216. Mills, E.; Minson, J.; Drolet, G.; Chalmers, J. Effect of intrathecal amino acid receptor antagonists on basal blood pressure and

pressor responses to brainstem stimulation in normotensive and hypertensive rats. J. Cardiovasc. Pharmacol. 1990, 15, 877–883.
[CrossRef] [PubMed]

217. Mastelari, R.B.; de Abreu, S.B.; de Aguiar Corrêa, F.M.; de Souza, H.C.D.; Martins-Pinge, M.C. Glutamatergic neurotransmission
in the hypothalamus PVN on heart rate variability in exercise trained rats. Auton. Neurosci. Basic Clin. 2012, 170, 42–47. [CrossRef]

218. Kapoor, R.; Okuno, E.; Kido, R.; Kapoor, V. Immuno-localization of kynurenine aminotransferase (KAT) in the rat medulla and
spinal cord. Neuroreport 1997, 8, 3619–3623. [CrossRef] [PubMed]

219. Ito, S.; Komatsu, K.; Tsukamoto, K.; Sved, A.F. Excitatory amino acids in the rostral ventrolateral medulla support blood pressure
in spontaneously hypertensive rats. Hypertension 2000, 35, 413–417. [CrossRef]

220. Willette, R.N.; Punnen-Grandy, S.; Krieger, A.J.; Sapru, H.N. Differential regulation of regional vascular resistance by the rostral
and caudal ventrolateral medulla in the rat. J. Auton. Nerv. Syst. 1987, 18, 143–151. [CrossRef]

221. Kapoor, V.; Kapoor, R.; Chalmers, J. Kynurenic acid, an endogenous glutamate antagonist, in SHR and WKY rats: Possible role in
central blood pressure regulation. Clin. Exp. Pharmacol. Physiol. 1994, 21, 891–896. [CrossRef]

222. Kwok, J.B.J.; Kapoor, R.; Gotoda, T.; Iwamoto, Y.; Iizuka, Y.; Yamada, N.; Isaacs, K.E.; Kushwaha, V.V.; Bret Church, W.; Schofield,
P.R.; et al. A missense mutation in kynurenine aminotransferase-1 in spontaneously hypertensive rats. J. Biol. Chem. 2002, 277,
35779–35782. [CrossRef]

223. Wang, Y.; Liu, H.; McKenzie, G.; Witting, P.K.; Stasch, J.-P.; Hahn, M.; Changsirivathanathamrong, D.; Wu, B.J.; Ball, H.J.; Thomas,
S.R.; et al. Kynurenine is an endothelium-derived relaxing factor produced during inflammation. Nat. Med. 2010, 16, 279–285.
[CrossRef] [PubMed]

224. Haibara, A.S.; Bonagamba, L.G.H.; Machado, B.H. Sympathoexcitatory neurotransmission of the chemoreflex in the NTS of
awake rats. Am. J. Physiol.—Regul. Integr. Comp. Physiol. 1999, 276, R69–R80. [CrossRef]

225. Kaszaki, J.; Palásthy, Z.; Érczes, D.; Rácz, A.; Torday, C.; Varga, G.; Vécsei, L.; Boros, M. Kynurenic acid inhibits intestinal
hypermotility and xanthine oxidase activity during experimental colon obstruction in dogs. Neurogastroenterol. Motil. 2008, 20,
53–62. [CrossRef]

226. Knyihar-Csillik, E.; Mihaly, A.; Krisztin-Peva, B.; Robotka, H.; Szatmari, I.; Fulop, F.; Toldi, J.; Csillik, B.; Vécsei, L. The kynurenate
analog SZR-72 prevents the nitroglycerol-induced increase of c-fos immunoreactivity in the rat caudal trigeminal nucleus:
Comparative studies of the effects of SZR-72 and kynurenic acid. Neurosci. Res. 2008, 61, 429–432. [CrossRef]

227. Varga, G.; Érces, D.; Fazekas, B.; Fülöp, M.; Kovács, T.; Kaszaki, J.; Fülöp, F.; Vécsei, L.; Boros, M. N-Methyl-d-aspartate
receptor antagonism decreases motility and inflammatory activation in the early phase of acute experimental colitis in the rat.
Neurogastroenterol. Motil. 2010, 22, 217.e68. [CrossRef] [PubMed]

228. Page, M.E.; Akaoka, H.; Aston-Jones, G.; Valentino, R.J. Bladder distention activates noradrenergic locus coeruleus neurons by an
excitatory amino acid mechanism. Neuroscience 1992, 51, 555–563. [CrossRef]

229. Iwabuchi, N. Sacral glutamatergic transmission in the descending limb of the micturition reflex in the cat. Fukuoka Igaku Zasshi
1997, 88, 30–38.

230. Braga, V.A.; Machado, B.H. Chemoreflex sympathoexcitation was not altered by the antagonism of glutamate receptors in
the commissural nucleus tractus solitarii in the working heart-brainstem preparation of rats. Exp. Physiol. 2006, 91, 551–559.
[CrossRef]

231. Furness, J.B.; Kunze, W.A.A.; Bertrand, P.P.; Clerc, N.; Bornstein, J.C. Intrinsic primary afferent neurons of the intestine. Prog.
Neurobiol. 1998, 54, 1–18. [CrossRef]

232. Kaszaki, J.; Érces, D.; Varga, G.; Szabó, A.; Vécsei, L.; Boros, M. Kynurenines and intestinal neurotransmission: The role of
N-methyl-d-aspartate receptors. J. Neural Transm. 2012, 119, 211–223. [CrossRef]

http://doi.org/10.1016/S0006-8993(97)00116-9
http://doi.org/10.1038/sc.2016.178
http://doi.org/10.1042/bj2260397
http://www.ncbi.nlm.nih.gov/pubmed/3994665
http://doi.org/10.1080/10253890701685908
http://www.ncbi.nlm.nih.gov/pubmed/18311604
http://doi.org/10.1210/endo-76-6-1190
http://doi.org/10.1016/S0361-9230(00)00252-5
http://doi.org/10.1042/bj2290499
http://doi.org/10.1002/1098-2396(200008)37:23.0.co;2-l
http://doi.org/10.1007/s12640-017-9781-2
http://doi.org/10.1097/00005344-199006000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1694909
http://doi.org/10.1016/j.autneu.2012.07.007
http://doi.org/10.1097/00001756-199711100-00039
http://www.ncbi.nlm.nih.gov/pubmed/9427337
http://doi.org/10.1161/01.HYP.35.1.413
http://doi.org/10.1016/0165-1838(87)90101-9
http://doi.org/10.1111/j.1440-1681.1994.tb02460.x
http://doi.org/10.1074/jbc.C200303200
http://doi.org/10.1038/nm.2092
http://www.ncbi.nlm.nih.gov/pubmed/20190767
http://doi.org/10.1152/ajpregu.1999.276.1.R69
http://doi.org/10.1111/j.1365-2982.2007.00989.x
http://doi.org/10.1016/j.neures.2008.04.009
http://doi.org/10.1111/j.1365-2982.2009.01390.x
http://www.ncbi.nlm.nih.gov/pubmed/19735360
http://doi.org/10.1016/0306-4522(92)90295-D
http://doi.org/10.1113/expphysiol.2005.033100
http://doi.org/10.1016/S0301-0082(97)00051-8
http://doi.org/10.1007/s00702-011-0658-x


Int. J. Mol. Sci. 2021, 22, 10016 25 of 28

233. Liu, M.T.; Rothstein, J.D.; Gershon, M.D.; Kirchgessner, A.L. Glutamatergic enteric neurons. J. Neurosci. 1997, 17, 4764–4784.
[CrossRef] [PubMed]

234. Moroni, F.; Luzzi, S.; Franchi-Micheli, S.; Zilletti, L. The presence of N-methyl-d-aspartate-type receptors for glutamic acid in the
guinea pig myenteric plexus. Neurosci. Lett. 1986, 68, 57–62. [CrossRef]

235. Shannon, H.E.; Sawyer, B.D. Glutamate receptors of the N-methyl-D-aspartate subtype in the myenteric plexus of the guinea pig
ileum. J. Pharmacol. Exp. Ther. 1989, 251, 518–523. [PubMed]

236. Wiley, J.W.; Lu, Y.X.; Owyang, C. Evidence for a glutamatergic neural pathway in the myenteric plexus. Am. J. Physiol. Liver
Physiol. 1991, 261, G693–G700. [CrossRef]

237. Giaroni, C.; Zanetti, E.; Chiaravalli, A.M.; Albarello, L.; Dominioni, L.; Capella, C.; Lecchini, S.; Frigo, G. Evidence for a
glutamatergic modulation of the cholinergic function in the human enteric nervous system via NMDA receptors. Eur. J. Pharmacol.
2003, 476, 63–69. [CrossRef]

238. Kohjitani, A.; Funahashi, M.; Miyawaki, T.; Hanazaki, M.; Matsuo, R.; Shimada, M. Peripheral N-methyl-D-aspartate receptors
modulate nonadrenergic noncholinergic lower esophageal sphincter relaxation in rabbits. Anesth. Analg. 2005, 101, 1681–1688.
[CrossRef]

239. Milusheva, E.A.; Kuneva, V.I.; Itzev, D.E.; Kortezova, N.I.; Sperlagh, B.; Mizhorkova, Z.N. Glutamate stimulation of acetylcholine
release from myenteric plexus is mediated by endogenous nitric oxide. Brain Res. Bull. 2005, 66, 229–234. [CrossRef]

240. Cohen, H.; Loewenthal, U.; Matar, M.; Kotler, M. Association of autonomic dysfunction and clozapine: Heart rate variability and
risk for sudden death in patients with schizophrenia on long-term psychotropic medication. Br. J. Psychiatry 2001, 179, 167–171.
[CrossRef]

241. Lamberti, J.S.; Olson, D.; Crilly, J.F.; Olivares, T.; Williams, G.C.; Tu, X.; Tang, W.; Wiener, K.; Dvorin, S.; Dietz, M.B. Prevalence of
the metabolic syndrome among patients receiving clozapine. Am. J. Psychiatry 2006, 163, 1273–1276. [CrossRef] [PubMed]

242. Hattori, S.; Kishida, I.; Suda, A.; Miyauchi, M.; Shiraishi, Y.; Fujibayashi, M.; Tsujita, N.; Ishii, C.; Ishii, N.; Moritani, T.; et al.
Effects of four atypical antipsychotics on autonomic nervous system activity in schizophrenia. Schizophr. Res. 2018, 193, 134–138.
[CrossRef] [PubMed]

243. Huang, W.L.; Chang, L.R.; Kuo, T.B.J.; Lin, Y.H.; Chen, Y.Z.; Yang, C.C.H. Impact of antipsychotics and anticholinergics on
autonomic modulation in patients with schizophrenia. J. Clin. Psychopharmacol. 2013, 33, 170–177. [CrossRef] [PubMed]

244. Yuen, J.W.Y.; Kim, D.D.; Procyshyn, R.M.; White, R.F.; Honer, W.G.; Barr, A.M. Clozapine-induced cardiovascular side effects and
autonomic dysfunction: A systematic review. Front. Neurosci. 2018, 12, 203. [CrossRef]

245. Kopin, I.J. Catecholamine metabolism: Basic aspects and clinical significance. Pharmacol. Rev. 1985, 37, 333–364.
246. Brown, A.S.; Gewirtz, G.; Harkavy-Friedman, J.; Cooper, T.; Brébion, G.; Amador, X.F.; Malaspina, D.; Gorman, J.M. Effects of

clozapine on plasma catecholamines and relation to treatment response in schizophrenia: A within-subject comparison with
haloperidol. Neuropsychopharmacology 1997, 17, 317–325. [CrossRef]

247. Corsi-Zuelli, F.M.d.G.; Brognara, F.; Quirino, G.F.d.S.; Hiroki, C.H.; Fais, R.S.; Del-Ben, C.M.; Ulloa, L.; Salgado, H.C.; Kanashiro,
A.; Loureiro, C.M. Neuroimmune Interactions in Schizophrenia: Focus on Vagus Nerve Stimulation and Activation of the Alpha-7
Nicotinic Acetylcholine Receptor. Front. Immunol. 2017, 8, 618. [CrossRef]

248. Réus, G.Z.; Fries, G.R.; Stertz, L.; Badawy, M.; Passos, I.C.; Barichello, T.; Kapczinski, F.; Quevedo, J. The role of inflammation and
microglial activation in the pathophysiology of psychiatric disorders. Neuroscience 2015, 300, 141–154. [CrossRef]

249. Konsman, J.P.; Parnet, P.; Dantzer, R. Cytokine-induced sickness behaviour: Mechanisms and implications. Trends Neurosci. 2002,
25, 154–159. [CrossRef]

250. Tu, H.; Rady, P.L.; Juelich, T.; Smith, E.M.; Tyring, S.K.; Hughes, T.K. Cytokine Regulation of Tryptophan Metabolism in the
Hypothalamic-Pituitary-Adrenal (HPA) Axis: Implications for Protective and Toxic Consequences in Neuroendocrine Regulation.
Cell. Mol. Neurobiol. 2005, 25, 673–680. [CrossRef] [PubMed]

251. Wang, B.; Lian, Y.-J.; Dong, X.; Peng, W.; Liu, L.-L.; Su, W.-J.; Gong, H.; Zhang, T.; Jiang, C.-L.; Li, J.-S.; et al. Glycyrrhizic acid
ameliorates the kynurenine pathway in association with its antidepressant effect. Behav. Brain Res. 2018, 353, 250–257. [CrossRef]
[PubMed]

252. Danesch, U.; Hashimoto, S.; Renkawitz, R.; Schutz, G. Transcriptional regulation of the tryptophan oxygenase gene in rat liver by
glucocorticoids. J. Biol. Chem. 1983, 258, 4750–4753. [CrossRef]

253. Danesch, U.; Gloss, B.; Schmid, W.; Schütz, G.; Schüle, R.; Renkawitz, R. Glucocorticoid induction of the rat tryptophan oxygenase
gene is mediated by two widely separated glucocorticoid-responsive elements. EMBO J. 1987, 6, 625–630. [CrossRef] [PubMed]

254. Yu, C.P.; Pan, Z.Z.; Luo, D.Y. TDO as a therapeutic target in brain diseases. Metab. Brain Dis. 2016, 31, 737–747. [CrossRef]
[PubMed]

255. Nakamura, T.; Shinno, H.; Ichihara, A. Insulin and glucagon as a new regulator system for tryptophan oxygenase activity
demonstrated in primary cultured rat hepatocytes. J. Biol. Chem. 1980, 255, 7533–7535. [CrossRef]

256. Braidman, I.P.; Rose, P. Effects of sex hormones on three glucocorticoid-inducible enzymes concerned with amino acid metabolism
in rat liver. Endocrinology 1971, 89, 1250–1255. [CrossRef]

257. Schutz, G.; Killewich, L.; Chen, G.; Feigelson, P. Control of the mRNA for hepatic tryptophan oxygenase during hormonal and
substrate induction. Proc. Natl. Acad. Sci. USA 1975, 72, 1017–1020. [CrossRef]

258. Wolf, H.; Brown, R.R. Studies on tryptophan metabolism in male subjects treated with hydrocortisone. J. Clin. Endocrinol. Metab.
1971, 33, 838–843. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.17-12-04764.1997
http://www.ncbi.nlm.nih.gov/pubmed/9169536
http://doi.org/10.1016/0304-3940(86)90229-6
http://www.ncbi.nlm.nih.gov/pubmed/2572691
http://doi.org/10.1152/ajpgi.1991.261.4.G693
http://doi.org/10.1016/S0014-2999(03)02147-2
http://doi.org/10.1213/01.ANE.0000184137.37687.B7
http://doi.org/10.1016/j.brainresbull.2005.05.011
http://doi.org/10.1192/bjp.179.2.167
http://doi.org/10.1176/ajp.2006.163.7.1273
http://www.ncbi.nlm.nih.gov/pubmed/16816234
http://doi.org/10.1016/j.schres.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28709776
http://doi.org/10.1097/JCP.0b013e3182839052
http://www.ncbi.nlm.nih.gov/pubmed/23422372
http://doi.org/10.3389/fnins.2018.00203
http://doi.org/10.1016/S0893-133X(97)00073-0
http://doi.org/10.3389/fimmu.2017.00618
http://doi.org/10.1016/j.neuroscience.2015.05.018
http://doi.org/10.1016/S0166-2236(00)02088-9
http://doi.org/10.1007/s10571-005-4007-1
http://www.ncbi.nlm.nih.gov/pubmed/16075385
http://doi.org/10.1016/j.bbr.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29366745
http://doi.org/10.1016/S0021-9258(18)32486-4
http://doi.org/10.1002/j.1460-2075.1987.tb04800.x
http://www.ncbi.nlm.nih.gov/pubmed/3582368
http://doi.org/10.1007/s11011-016-9824-z
http://www.ncbi.nlm.nih.gov/pubmed/27072164
http://doi.org/10.1016/S0021-9258(19)43858-1
http://doi.org/10.1210/endo-89-5-1250
http://doi.org/10.1073/pnas.72.3.1017
http://doi.org/10.1210/jcem-33-5-838


Int. J. Mol. Sci. 2021, 22, 10016 26 of 28

259. Altman, K.; Greengard, O. Correlation of kynurenine excretion with liver tryptophan pyrrolase levels in disease and after
hydrocortisone induction. J. Clin. Invest. 1966, 45, 1525–1534. [CrossRef] [PubMed]

260. Knox, W.E.; Mehler, A.H. The adaptive increase of the tryptophan peroxidase-oxidase system of liver. Science (80-) 1951, 113,
237–238. [CrossRef]

261. Qin, Y.; Wang, N.; Zhang, X.; Han, X.; Zhai, X.; Lu, Y. IDO and TDO as a potential therapeutic target in different types of
depression. Metab. Brain Dis. 2018, 33, 1787–1800. [CrossRef]

262. Baran, H.; Kepplinger, B. D-cycloserine lowers kynurenic acid formation-New mechanism of action. Eur. Neuropsychopharmacol.
2014, 24, 639–644. [CrossRef]

263. Gottlieb, J.D.; Cather, C.; Shanahan, M.; Creedon, T.; Macklin, E.A.; Goff, D.C. D-cycloserine facilitation of cognitive behavioral
therapy for delusions in schizophrenia. Schizophr. Res. 2011, 131, 69–74. [CrossRef]

264. Koshy Cherian, A.; Gritton, H.; Johnson, D.E.; Young, D.; Kozak, R.; Sarter, M. A systemically-available kynurenine aminotrans-
ferase II (KAT II) inhibitor restores nicotine-evoked glutamatergic activity in the cortex of rats. Neuropharmacology 2014, 82, 41–48.
[CrossRef] [PubMed]

265. Culman, J.; Von Heyer, C.; Piepenburg, B.; Rascher, W.; Unger, T. Effects of systemic treatment with irbesartan and losartan on
central responses to angiotensin II in conscious, normotensive rats. Eur. J. Pharmacol. 1999, 367, 255–265. [CrossRef]

266. Kishi, T.; Hirooka, Y.; Sunagawa, K. Sympathoinhibition caused by orally administered telmisartan through inhibition of the AT1
receptor in the rostral ventrolateral medulla of hypertensive rats. Hypertens. Res. 2012, 35, 940–946. [CrossRef]

267. Zhuo, M.; Gebhart, G.F. Effects of neonatal capsaicin treatment on descending modulation of spinal nociception from the rostral,
medial medulla in adult rat. Brain Res. 1994, 645, 164–178. [CrossRef]

268. Cozzi, A.; Carpenedo, R.; Moroni, F. Kynurenine hydroxylase inhibitors reduce ischemic brain damage: Studies with (m-
nitrobenzoyl)-alanine (mNBA) and 3,4-dimethoxy-[-N-4-(nitrophenyl)thiazol-2YL]-benzenesulfonamide (Ro 61-8048) in models
of focal or global brain ischemia. J. Cereb. Blood Flow Metab. 1999, 19, 771–777. [CrossRef] [PubMed]

269. Köhler, O.; Benros, M.E.; Nordentoft, M.; Farkouh, M.E.; Iyengar, R.L.; Mors, O.; Krogh, J. Effect of Anti-inflammatory Treatment
on Depression, Depressive Symptoms, and Adverse Effects. JAMA Psychiatry 2014, 71, 1381. [CrossRef] [PubMed]

270. Nemeroff, C.B.; Mayberg, H.S.; Krahl, S.E.; McNamara, J.; Frazer, A.; Henry, T.R.; George, M.S.; Charney, D.S.; Brannan, S.K. VNS
Therapy in Treatment-Resistant Depression: Clinical Evidence and Putative Neurobiological Mechanisms. Neuropsychopharmacol-
ogy 2006, 31, 1345–1355. [CrossRef] [PubMed]

271. Akhondzadeh, S.; Shasavand, E.; Jamilian, H.R.; Shabestari, O.; Kamalipour, A. Dipyridamole in the treatment of schizophrenia:
Adenosine-dopamine receptor interactions. J. Clin. Pharm. Ther. 2000, 25, 131–137. [CrossRef]

272. Nematollahi, A.; Sun, G.; Jayawickrama, G.S.; Church, W.B. Kynurenine Aminotransferase Isozyme Inhibitors: A Review. Int. J.
Mol. Sci. 2016, 17, 946. [CrossRef]

273. Bortz, D.M.; Wu, H.Q.; Schwarcz, R.; Bruno, J.P. Oral administration of a specific kynurenic acid synthesis (KAT II) inhibitor
attenuates evoked glutamate release in rat prefrontal cortex. Neuropharmacology 2017, 121, 69–78. [CrossRef]

274. Dounay, A.B.; Anderson, M.; Bechle, B.M.; Campbell, B.M.; Claffey, M.M.; Evdokimov, A.; Evrard, E.; Fonseca, K.R.; Gan, X.;
Ghosh, S.; et al. Discovery of Brain-Penetrant, Irreversible Kynurenine Aminotransferase II Inhibitors for Schizophrenia. ACS
Med. Chem. Lett. 2012, 3, 187–192. [CrossRef]

275. Dounay, A.B.; Anderson, M.; Bechle, B.M.; Evrard, E.; Gan, X.; Kim, J.Y.; McAllister, L.A.; Pandit, J.; Rong, S.; Salafia, M.A.; et al.
PF-04859989 as a template for structure-based drug design: Identification of new pyrazole series of irreversible KAT II inhibitors
with improved lipophilic efficiency. Bioorganic Med. Chem. Lett. 2013, 23, 1961–1966. [CrossRef] [PubMed]

276. Jacobs, K.R.; Castellano-González, G.; Guillemin, G.J.; Lovejoy, D.B. Major Developments in the Design of Inhibitors along the
Kynurenine Pathway. Curr. Med. Chem. 2017, 24, 2471. [CrossRef]

277. Jayawickrama, G.S.; Nematollahi, A.; Sun, G.; Church, W.B. Improvement of kynurenine aminotransferase-II inhibitors guided by
mimicking sulfate esters. PLoS ONE 2018, 13, e0196404. [CrossRef] [PubMed]

278. Jayawickrama, G.S.; Nematollahi, A.; Sun, G.; Gorrell, M.D.; Church, W.B. Inhibition of human kynurenine aminotransferase
isozymes by estrogen and its derivatives. Sci. Rep. 2017, 7, 17559. [CrossRef] [PubMed]

279. Pocivavsek, A.; Elmer, G.I.; Schwarcz, R. Inhibition of kynurenine aminotransferase II attenuates hippocampus-dependent
memory deficit in adult rats treated prenatally with kynurenine. Hippocampus 2019, 29, 73–77. [CrossRef] [PubMed]

280. Wu, H.Q.; Okuyama, M.; Kajii, Y.; Pocivavsek, A.; Bruno, J.P.; Schwarcz, R. Targeting kynurenine aminotransferase II in psychiatric
diseases: Promising effects of an orally active enzyme inhibitor. Schizophr. Bull. 2014, 40, 152–158. [CrossRef]

281. Huang, Y.-S.; Ogbechi, J.; Clanchy, F.I.; Williams, R.O.; Stone, T.W. IDO and Kynurenine Metabolites in Peripheral and CNS
Disorders. Front. Immunol. 2020, 11, 388. [CrossRef]

282. Giorgini, F.; Huang, S.Y.; Sathyasaikumar, K.V.; Notarangelo, F.M.; Thomas, M.A.R.; Tararina, M.; Wu, H.Q.; Schwarcz, R.;
Muchowski, P.J. Targeted deletion of kynurenine 3-monooxygenase in mice: A new tool for studying kynurenine pathway
metabolism in periphery and brain. J. Biol. Chem. 2013, 288, 36554–36566. [CrossRef] [PubMed]

283. Amaral, M.; Levy, C.; Heyes, D.J.; Lafite, P.; Outeiro, T.F.; Giorgini, F.; Leys, D.; Scrutton, N.S. Structural basis of kynurenine
3-monooxygenase inhibition. Nature 2013, 496, 382–385. [CrossRef]

284. Chiarugi, A.; Carpenedo, R.; Molina, M.T.; Mattoli, L.; Pellicciari, R.; Moroni, F. Comparison of the Neurochemical and Behavioral
Effects Resulting from the Inhibition of Kynurenine Hydroxylase and/or Kynureninase. J. Neurochem. 1995, 65, 1176–1183.
[CrossRef] [PubMed]

http://doi.org/10.1172/JCI105459
http://www.ncbi.nlm.nih.gov/pubmed/5925511
http://doi.org/10.1126/science.113.2931.237
http://doi.org/10.1007/s11011-018-0290-7
http://doi.org/10.1016/j.euroneuro.2013.10.006
http://doi.org/10.1016/j.schres.2011.05.029
http://doi.org/10.1016/j.neuropharm.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24647121
http://doi.org/10.1016/S0014-2999(98)00983-2
http://doi.org/10.1038/hr.2012.63
http://doi.org/10.1016/0006-8993(94)91650-0
http://doi.org/10.1097/00004647-199907000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10413032
http://doi.org/10.1001/jamapsychiatry.2014.1611
http://www.ncbi.nlm.nih.gov/pubmed/25322082
http://doi.org/10.1038/sj.npp.1301082
http://www.ncbi.nlm.nih.gov/pubmed/16641939
http://doi.org/10.1046/j.1365-2710.2000.00273.x
http://doi.org/10.3390/ijms17060946
http://doi.org/10.1016/j.neuropharm.2017.04.023
http://doi.org/10.1021/ml200204m
http://doi.org/10.1016/j.bmcl.2013.02.039
http://www.ncbi.nlm.nih.gov/pubmed/23466229
http://doi.org/10.2174/0929867324666170502123114
http://doi.org/10.1371/journal.pone.0196404
http://www.ncbi.nlm.nih.gov/pubmed/29689093
http://doi.org/10.1038/s41598-017-17979-7
http://www.ncbi.nlm.nih.gov/pubmed/29242525
http://doi.org/10.1002/hipo.23040
http://www.ncbi.nlm.nih.gov/pubmed/30311334
http://doi.org/10.1093/schbul/sbt157
http://doi.org/10.3389/fimmu.2020.00388
http://doi.org/10.1074/jbc.M113.503813
http://www.ncbi.nlm.nih.gov/pubmed/24189070
http://doi.org/10.1038/nature12039
http://doi.org/10.1046/j.1471-4159.1995.65031176.x
http://www.ncbi.nlm.nih.gov/pubmed/7643095


Int. J. Mol. Sci. 2021, 22, 10016 27 of 28

285. Grégoire, L.; Rassoulpour, A.; Guidetti, P.; Samadi, P.; Bédard, P.J.; Izzo, E.; Schwarcz, R.; Di Paolo, T. Prolonged kynurenine
3-hydroxylase inhibition reduces development of levodopa-induced dyskinesias in parkinsonian monkeys. Behav. Brain Res.
2008, 186, 161–167. [CrossRef] [PubMed]

286. Zwilling, D.; Huang, S.Y.; Sathyasaikumar, K.V.; Notarangelo, F.M.; 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]

287. Cimpianu, C.-L.; Strube, W.; Falkai, P.; Palm, U.; Hasan, A. Vagus nerve stimulation in psychiatry: A systematic review of the
available evidence. J. Neural Transm. 2017, 124, 145–158. [CrossRef]

288. Cunha, R.A. Neuroprotection by adenosine in the brain: From A1 receptor activation to A2A receptor blockade. Purinergic Signal.
2005, 1, 111–134. [CrossRef]

289. Fredholm, B.B.; Chen, J.F.; Cunha, R.A.; Svenningsson, P.; Vaugeois, J.M. Adenosine and Brain Function. Int. Rev. Neurobiol. 2005,
63, 191–270. [CrossRef] [PubMed]

290. Biaggioni, I. Adenosine Receptors and Autonomic Regulation. In Primer on the Autonomic Nervous System; Elsevier: Amsterdam,
The Netherlands, 2012; pp. 95–97. ISBN 9780123865250.

291. Biaggioni, I. The pharmacology of autonomic failure: From hypotension to hypertension. Pharmacol. Rev. 2017, 69, 53–62.
[CrossRef] [PubMed]

292. Beggiato, S.; Zuccarini, M.; Cassano, T.; Borroto-Escuela, D.O.; Di Iorio, P.; Schwarcz, R.; Fuxe, K.; Ferraro, L. Adenosine and
Kynurenic Acid Interactions: Possible Relevance for Schizophrenia Treatment? Front. Pharmacol. 2021, 12, 589. [CrossRef]
[PubMed]

293. Cheffer, A.; Castillo, A.R.G.; Corrêa-Velloso, J.; Gonçalves, M.C.B.; Naaldijk, Y.; Nascimento, I.C.; Burnstock, G.; Ulrich, H.
Purinergic system in psychiatric diseases. Mol. Psychiatry 2018, 23, 94–106. [CrossRef]

294. Krügel, U. Purinergic receptors in psychiatric disorders. Neuropharmacology 2016, 104, 212–225. [CrossRef]
295. Lara, D.R.; Souza, D.O. Schizophrenia: A purinergic hypothesis. Med. Hypotheses 2000, 54, 157–166. [CrossRef]
296. Boison, D.; Singer, P.; Shen, H.Y.; Feldon, J.; Yee, B.K. Adenosine hypothesis of schizophrenia—Opportunities for pharmacotherapy.

Neuropharmacology 2012, 62, 1527–1543. [CrossRef] [PubMed]
297. Hirota, T.; Kishi, T. Adenosine hypothesis in schizophrenia and bipolar disorder: A systematic review and meta-analysis of

randomized controlled trial of adjuvant purinergic modulators. Schizophr. Res. 2013, 149, 88–95. [CrossRef]
298. Lara, D.R.; Dall’Igna, O.P.; Ghisolfi, E.S.; Brunstein, M.G. Involvement of adenosine in the neurobiology of schizophrenia and its

therapeutic implications. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2006, 30, 617–629. [CrossRef]
299. Rial, D.; Lara, D.R.; Cunha, R.A. The Adenosine Neuromodulation System in Schizophrenia. In International Review of Neurobiology;

Academic Press Inc.: Cambridge, MA, USA, 2014; Volume 119, pp. 395–449.
300. Boison, D.; Aronica, E. Comorbidities in Neurology: Is adenosine the common link? Neuropharmacology 2015, 97, 18–34. [CrossRef]
301. Borycz, J.; Pereira, M.F.; Melani, A.; Rodrigues, R.J.; Köfalvi, A.; Panlilio, L.; Pedata, F.; Goldberg, S.R.; Cunha, R.A.; Ferré, S.

Differential glutamate-dependent and glutamate-independent adenosine A 1 receptor-mediated modulation of dopamine release
in different striatal compartments. J. Neurochem. 2007, 101, 355–363. [CrossRef]

302. Seeman, P.; Kapur, S. Schizophrenia: More dopamine, more D2 receptors. Proc. Natl. Acad. Sci. USA 2000, 97, 7673–7675.
[CrossRef] [PubMed]

303. Tost, H.; Alam, T.; Meyer-Lindenberg, A. Dopamine and psychosis: Theory, pathomechanisms and intermediate phenotypes.
Neurosci. Biobehav. Rev. 2010, 34, 689–700. [CrossRef] [PubMed]

304. Fuxe, K.; Agnati, L.F.; Jacobsen, K.; Hillion, J.; Canals, M.; Torvinen, M.; Tinner-Staines, B.; Staines, W.; Rosin, D.; Terasmaa, A.;
et al. Receptor heteromerization in adenosine A2A receptor signaling: Relevance for striatal function and Parkinson’s disease.
Neurology 2003, 61, S19–S23. [CrossRef] [PubMed]

305. Fuxe, K.; Marcellino, D.; Leo, G.; Agnati, L.F. Molecular integration via allosteric interactions in receptor heteromers. A working
hypothesis. Curr. Opin. Pharmacol. 2010, 10, 14–22. [CrossRef] [PubMed]

306. Fuxe, K.; Ferré, S.; Genedani, S.; Franco, R.; Agnati, L.F. Adenosine receptor-dopamine receptor interactions in the basal ganglia
and their relevance for brain function. Physiol. Behav. 2007, 92, 210–217. [CrossRef]

307. Fuxe, K.; Marcellino, D.; Genedani, S.; Agnati, L. Adenosine A 2A receptors, dopamine D 2 receptors and their interactions in
Parkinson’s disease. Mov. Disord. 2007, 22, 1990–2017. [CrossRef] [PubMed]

308. Hines, D.J.; Haydon, P.G. Astrocytic adenosine: From synapses to psychiatric disorders. Philos. Trans. R. Soc. B Biol. Sci. 2014, 369,
20130594. [CrossRef] [PubMed]

309. Azdad, K.; Gall, D.; Woods, A.S.; Ledent, C.; Ferré, S.; Schiffmann, S.N. Dopamine D2 and adenosine A2A receptors regulate
NMDA-mediated excitation in accumbens neurons through A2A-D 2 receptor heteromerization. Neuropsychopharmacology 2009,
34, 972–986. [CrossRef]

310. Phillis, J.W.; Scislo, T.J.; O’Leary, D.S. Purines and the nucleus tractus solitarius: Effects on cardiovascular and respiratory function.
Clin. Exp. Pharmacol. Physiol. 1997, 24, 738–742. [CrossRef]

311. Campbell, N.G.; Zhu, C.-B.; Lindler, K.M.; Yaspan, B.L.; Kistner-Griffin, E.; Hewlett, W.A.; Tate, C.G.; Blakely, R.D.; Sutcliffe, J.S.
Rare coding variants of the adenosine A3 receptor are increased in autism: On the trail of the serotonin transporter regulome.
Mol. Autism 2013, 4, 28. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbr.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17868931
http://doi.org/10.1016/j.cell.2011.05.020
http://doi.org/10.1007/s00702-016-1642-2
http://doi.org/10.1007/s11302-005-0649-1
http://doi.org/10.1016/S0074-7742(05)63007-3
http://www.ncbi.nlm.nih.gov/pubmed/15797469
http://doi.org/10.1124/pr.115.012161
http://www.ncbi.nlm.nih.gov/pubmed/28011746
http://doi.org/10.3389/fphar.2021.654426
http://www.ncbi.nlm.nih.gov/pubmed/33935767
http://doi.org/10.1038/mp.2017.188
http://doi.org/10.1016/j.neuropharm.2015.10.032
http://doi.org/10.1054/mehy.1999.0003
http://doi.org/10.1016/j.neuropharm.2011.01.048
http://www.ncbi.nlm.nih.gov/pubmed/21315743
http://doi.org/10.1016/j.schres.2013.06.038
http://doi.org/10.1016/j.pnpbp.2006.02.002
http://doi.org/10.1016/j.neuropharm.2015.04.031
http://doi.org/10.1111/j.1471-4159.2006.04386.x
http://doi.org/10.1073/pnas.97.14.7673
http://www.ncbi.nlm.nih.gov/pubmed/10884398
http://doi.org/10.1016/j.neubiorev.2009.06.005
http://www.ncbi.nlm.nih.gov/pubmed/19559045
http://doi.org/10.1212/01.WNL.0000095206.44418.5C
http://www.ncbi.nlm.nih.gov/pubmed/14663004
http://doi.org/10.1016/j.coph.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19942481
http://doi.org/10.1016/j.physbeh.2007.05.034
http://doi.org/10.1002/mds.21440
http://www.ncbi.nlm.nih.gov/pubmed/17618524
http://doi.org/10.1098/rstb.2013.0594
http://www.ncbi.nlm.nih.gov/pubmed/25225088
http://doi.org/10.1038/npp.2008.144
http://doi.org/10.1111/j.1440-1681.1997.tb02124.x
http://doi.org/10.1186/2040-2392-4-28
http://www.ncbi.nlm.nih.gov/pubmed/23953133


Int. J. Mol. Sci. 2021, 22, 10016 28 of 28

312. Dennis, S.H.; Jaafari, N.; Cimarosti, H.; Hanley, J.G.; Henley, J.M.; Mellor, J.R. Oxygen/glucose deprivation induces a reduction in
synaptic AMPA receptors on hippocampal CA3 neurons mediated by mGluR1 and adenosine A3 receptors. J. Neurosci. 2011, 31,
11941–11952. [CrossRef] [PubMed]

313. Brunstein, M.G.; Silveira, E.M.; Chaves, L.S.; Machado, H.; Schenkel, O.; Belmonte-de-Abreu, P.; Souza, D.O.; Lara, D.R.
Increased serum adenosine deaminase activity in schizophrenic receiving antipsychotic treatment. Neurosci. Lett. 2007, 414, 61–64.
[CrossRef]

314. Dutra, G.P.; Ottoni, G.L.; Lara, D.R.; Bogo, M.R. Lower frequency of the low activity adenosine deaminase allelic variant (ADA1*2)
in schizophrenic patients. Rev. Bras. Psiquiatr. 2010, 32, 275–278. [CrossRef]

315. Cunha, R.; Ferre, S.; Vaugeois, J.-M.; Chen, J.-F. Potential Therapeutic Interest of Adenosine A2A Receptors in Psychiatric
Disorders. Curr. Pharm. Des. 2008, 14, 1512–1524. [CrossRef] [PubMed]

316. Borroto-Escuela, D.O.; Fuxe, K. Adenosine heteroreceptor complexes in the basal ganglia are implicated in Parkinson’s disease
and its treatment. J. Neural Transm. 2019, 126, 455–471. [CrossRef] [PubMed]

317. Andrich, J.; Schmitz, T.; Saft, C.; Postert, T.; Kraus, P.; Epplen, J.T.; Przuntek, H.; Agelink, M.W. Autonomic nervous system
function in Huntington’s disease. J. Neurol. Neurosurg. Psychiatry 2002, 72, 726–731. [CrossRef]

318. Eren, O.E.; Ruscheweyh, R.; Schankin, C.; Schöberl, F.; Straube, A. The cold pressor test in interictal migraine patients—Different
parasympathetic pupillary response indicates dysbalance of the cranial autonomic nervous system. BMC Neurol. 2018, 18, 1–9.
[CrossRef] [PubMed]

319. Nagy-Grócz, G.; Laborc, K.F.; Veres, G.; Bajtai, A.; Bohár, Z.; Zádori, D.; Fejes-Szabó, A.; Spekker, E.; Vécsei, L.; Párdutz, Á. The
Effect of Systemic Nitroglycerin Administration on the Kynurenine Pathway in the Rat. Front. Neurol. 2017, 8, 278. [CrossRef]

320. Pintér, A.; Cseh, D.; Sárközi, A.; Illigens, B.; Siepmann, T. Autonomic Dysregulation in Multiple Sclerosis. Int. J. Mol. Sci. 2015, 16,
16920–16952. [CrossRef]

321. Venkatesan, D.; Iyer, M.; Narayanasamy, A.; Siva, K.; Vellingiri, B. Kynurenine pathway in Parkinson’s disease—An update.
eNeurologicalSci 2020, 21, 100270. [CrossRef] [PubMed]

322. Won, E.; Kim, Y.-K. Stress, the Autonomic Nervous System, and the Immune-kynurenine Pathway in the Etiology of Depression.
Curr. Neuropharmacol. 2016, 14, 665–673. [CrossRef] [PubMed]

323. Bryn, V.; Verkerk, R.; Skjeldal, O.H.; Saugstad, O.D.; Ormstad, H. Kynurenine Pathway in Autism Spectrum Disorders in Children.
Neuropsychobiology 2017, 76, 82–88. [CrossRef] [PubMed]

http://doi.org/10.1523/JNEUROSCI.1183-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21849555
http://doi.org/10.1016/j.neulet.2006.11.071
http://doi.org/10.1590/S1516-44462010005000003
http://doi.org/10.2174/138161208784480090
http://www.ncbi.nlm.nih.gov/pubmed/18537674
http://doi.org/10.1007/s00702-019-01969-2
http://www.ncbi.nlm.nih.gov/pubmed/30637481
http://doi.org/10.1136/jnnp.72.6.726
http://doi.org/10.1186/s12883-018-1043-2
http://www.ncbi.nlm.nih.gov/pubmed/29661162
http://doi.org/10.3389/fneur.2017.00278
http://doi.org/10.3390/ijms160816920
http://doi.org/10.1016/j.ensci.2020.100270
http://www.ncbi.nlm.nih.gov/pubmed/33134567
http://doi.org/10.2174/1570159X14666151208113006
http://www.ncbi.nlm.nih.gov/pubmed/27640517
http://doi.org/10.1159/000488157
http://www.ncbi.nlm.nih.gov/pubmed/29694960

	Introduction 
	Autonomic Regulation in Schizophrenia 
	Symptoms Related to Autonomic Abnormalities in Schizophrenia 
	Action Mechanisms of ANS Dysregulation 

	Kynurenine Pathway in Schizophrenia 
	The Interplay of Kynurenines and Autonomic Functions 
	The Potential Interaction of the ANS and KP in Schizophrenia, and Molecules Mutually Targeting KP and Autonomic Dysfunctions in Schizophrenia 
	Direct Modulators of the KP 
	Indirect Modulatory Options of the KP 

	Summary and Conclusions 
	References

