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Abstract: Diseases of the central nervous system (CNS) remain a significant health, social and eco-
nomic problem around the globe. The development of therapeutic strategies for CNS conditions
has suffered due to a poor understanding of the underlying pathologies that manifest them. Un-
derstanding common etiological origins at the cellular and molecular level is essential to enhance
the development of efficacious and targeted treatment options. Over the years, neuroinflammation
has been posited as a common link between multiple neurological, neurodegenerative and neu-
ropsychiatric disorders. Processes that precipitate neuroinflammatory conditions including genetics,
infections, physical injury and psychosocial factors, like stress and trauma, closely link dysregulation
in kynurenine pathway (KP) of tryptophan metabolism as a possible pathophysiological factor that
‘fuel the fire’ in CNS diseases. In this study, we aim to review emerging evidence that provide
mechanistic insights between different CNS disorders, neuroinflammation and the KP. We provide a
thorough overview of the different branches of the KP pertinent to CNS disease pathology that have
therapeutic implications for the development of selected and efficacious treatment strategies.

Keywords: affective disorders; depression; kynurenine pathway; microglia; neuroinflammation;
neurodegeneration; therapeutic strategies

Highlights

- Disturbances in KP metabolism and its regulation affect CNS disease progression and
associated pathology with notable changes in KP metabolite levels, enzyme function
and gene induction.

- KP of tryptophan metabolism is ubiquitous in eukaryotic cells and regulates sev-
eral key biological systems including oxidative stress, energy metabolism, immune
function, gut-microbiota functions and neurotransmitter functions.

- Aging, genetic and environmental risk factors ensue a feedforward loop between
neuroinflammation and KP metabolic imbalance during CNS disease.

- Broadly targeting neuroinflammation in CNS disorders with currently available anti-
inflammatory pharmacotherapy is inefficacious for a lack of specificity.

- Therapeutic targeting of KP for CNS diseases requires a better understanding of KP
metabolite functions, cellular and molecular events affected by KP and neuroinflam-
mation in effector cells like microglia and astrocytes.

- In this review, we describe and discuss evidence from the field that elaborates on KP
metabolite production and function, alterations in KP metabolic imbalance arising
during CNS diseases and potential targets tested in pre-clinical or clinical stages.
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1. Introduction

Central nervous system disorders are the second-leading cause of death globally
(~17%), and they pose a major healthcare problem affecting over 250 million people world-
wide when accounting for disability adjusted life years (DALYs) [1]. In the United States
alone, Alzheimer’s disease (AD) and other dementias, Parkinson’s disease (PD), chronic
lower back pain, stroke, traumatic brain injury (TBI), migraines, epilepsy, multiple sclero-
sis (MS) and spinal cord injury are the most commonly reported neurological disorders
that cumulatively amount to a significant burden on the healthcare expenditure (approxi-
mately USD 0.8 trillion) and caregivers. Among these, AD and other dementias affect over
7.5 million people in the US with the average per person cost of care estimated at USD
46,000 and over USD 240 billion in total expenditure [2]. The US Census Bureau predicts
that by 2050 over 88.5 million people will be 65 years and older, or one out of every four
people, indicating an increasing aging populous that will be at elevated risk for disease.

Neuropsychiatric and neurodevelopmental disorders are not among the leading cause
of deaths in the US; however, the disease burden and prevalence of these mental health
conditions is both alarming and overwhelming. According to the National Institute of
Mental Health (NIMH), neurological disorders in conjunction with neuropsychiatric disor-
ders are the leading contributors to DALYs and years lived with disability (YLD) ahead
of cardiovascular and circulatory diseases among the American population. However,
globally stroke remains the single largest neurological contributor to DALYs. Globally,
the prevalence of mental health disorders including substance abuse is 11–18% or 1 in
every 6–7 people [1]. Over 264 million people in the world suffer from depression alone
while over 275 million people live with at least one type of anxiety disorder. As of 2017, an
estimated one in five US adults or 14% of the general population lived with a mental illness.
The most prevalent of mental health disorders are anxiety disorders with over 40 million
or 18.1% of the population affected by them (Anxiety and Depression Association of Amer-
ica). There are an estimated 17.4 million adults or 7.1% of the US population who have
suffered at least one major depressive disorder (MDD), which is less prevalent than anxiety
disorders but remains the dominant contributor to US DALYs affected by mental illnesses
(National Institute of Mental Health). Around the world, mental health problems cause 7%
of all global burden of disease and account for 19% years lived with disability. A myriad of
factors have led to the current scenario that includes cuts to spending on neurological and
mental health research, inefficient and inadequate government spending on healthcare,
lack of a holistic understanding of the human brain, mysterious etiological origins of CNS
diseases and a dearth of appropriate tools and disease models to study the brain and its
disorders. Frustratingly, where there have been remarkable achievements in other diseases
and associated therapeutics, candidate drugs and strategies to treat CNS disorders have
met with limited success in the clinic. There is an urgent and unmet demand for targeted
therapeutics that are able to mitigate CNS conditions, which relies on a better understand-
ing of the pathogenic mechanisms that underlie the fundamental origins of such disorders.
Over the past two decades, a burgeoning amount of literature has implicated the role of
innate immune response and closely associated neuroinflammation to be a critical risk and
pathological factor of CNS disorders. Neuroinflammation is prevalent in multiple brain
disorders including AD, TBI, stroke, anxiety and mood disorders, neurodevelopmental
disorders [3–5]. There is remarkable similarity in biochemical observations, cellular and
molecular changes and outcomes of behavioral experiments between clinical settings and
preclinical models of neuroinflammation that support this notion. Importantly, there exists
an intricate relationship between neuroinflammation and the innate immune response,
designed to repair and protect the organism, but dysregulation of the same processes due
to numerous factors can be detrimental to the organism and its survival.

Alterations in metabolic pathways are an important consequence that arise due to
inflammatory process. One such pathway that has received considerable attention in the
recent past has been the kynurenine pathway (KP) of tryptophan metabolism, which is
most well-known for the de novo synthesis of nicotinamide adenine dinucleotide (NAD).
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NAD is present in all eukaryotic cells. It is the ultimate breakdown product of oxidative
kynurenine metabolism critically involved in redox reactions of energy metabolism along
the mitochondrial respiratory chain, DNA repair and transcriptional regulation and as a
novel neurotransmitter [6]. In addition to NAD, several other metabolic products of the
KP exist that exert unique biological actions, and will be described herein. Importantly,
studies from both the laboratory and the clinic have reported alterations in KP metabolism
and fluctuations in the level of KP metabolites in the context of CNS disease. As appreci-
ation that inflammation-induced changes in KP metabolism may represent a convergent
pathogenic target across a wide spectrum of CNS disease, understanding cellular and
molecular mechanisms are necessary to develop novel therapeutic strategies.

2. Neuroinflammation

Neuroinflammation is the inflammation of the CNS that arises due to disease, brain in-
jury, infection or stress, which involves the production and complex interplay of cytokines,
chemokines, reactive oxygen species and second messengers. Numerous studies have
reported the involvement of neuroinflammation in diseases such as AD, PD, stroke, TBI,
mood disorders and autism spectrum disorders (ASD) [3,7]. In AD, a vicious loop between
neuronal damage due to amyloid-β (Aβ) aggregation and neurofibrillary tangles, neuroin-
flammation and microglia activation exists that correlates well with the progression of
disease and symptom severity with extensive damage found in cortical and basal forebrain
areas [4,8]. Interestingly, there is evidence to suggest that microglia elimination in the five
familial mutations (5xFAD) model of AD does not modulate Aβ pathology [9]. A follow up
study by the same group published found that longer treatment with colony stimulating
factor 1 receptor (CSF1R) antagonist which eliminates microglia for longer periods did
indeed impair plaque formation and that microglia are key in plaque formation [10]. In
addition, a recently published study also found that tau pathology is not affected by the
presence of peripheral macrophages nor microglia elimination in young or old human
Tau knock-in tau transgenic mice (hTau) [11]. Of note, the hTau model does not fully
recapitulate the diseased AD brain and develops pathology on a different time course
compared to other models like the 5xFAD model. Furthermore, recent studies have shown
that age associated changes in microglial genes of humans and mice align well at younger
ages; however, they do differ at older ages especially disease associated ones and have
little overlap. It is attractive to speculate that this phenomenon could explain little effect of
microglia elimination in hTau mice [12,13]. Clinical studies assaying inflammatory cytokine
production, neuroimaging and post-mortem human brain tissue transcriptomic analysis
have better predictive validity while assaying pathological hallmarks [14]. A meta-analysis
conducted by Swardfager et al., found elevated levels of pro-inflammatory cytokines like
interleukin-1 beta (IL-1β,) tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and
transforming growth factor-beta (TGF-β) in blood samples of AD patients and elevated lev-
els of TGF-β in cerebrospinal fluid (CSF) of AD compared to healthy controls [15]. Although
TGF-β is protective, higher circulating levels of IL-6 promote TGF-β signaling in microglia;
the resident immune cells of the brain that prime microglia and increase their activation.
Microglia activation is characterized by changes in both structure and function where they
transition from highly ramified/branched surveilling cells to de-ramified, spheroidal cells
that release pro-inflammatory cytokines and chemokines primed for clearing cellular and
pathogenic debris [16]. Similarly, stroke, which is associated with major damage to the
neurovasculature, induces a robust neuroinflammatory component that lasts several days
to weeks. This period involves the activation of microglia cells around the infarct area,
followed by infiltration of leukocytes, neutrophils and others inflammatory cells, increased
production of reactive oxygen species (ROS), cytokines, chemokines and increased immune
signaling mechanisms to provide damage control in a spatio-temporal manner [3]. How-
ever, the sustained microglial activation and presence of such neuroinflammatory processes
in the infarct area affects the neighboring peri-infarct region to exacerbate excitotoxicity and
upregulating inflammatory signaling mechanisms. In neurodegenerative and neurological
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diseases like AD, PD, stroke or epilepsy, glial cells (astrocytes and microglia) are the first
line of cellular defense that respond to local and global insults. Activation of these cells
engages and activates several mechanisms including aberrant cytokine and chemokine
signaling, alterations in B-cell and T-cell response, caspase and complement activation and
recruitment of peripheral macrophages, leukocytes and neutrophils in the brain. In turn,
dysregulated neuroinflammation can result in altered metabolism, increased demyelina-
tion, neuronal apoptosis, neuronal autophagy and perturbed mitochondrial energetics that
compromise the functioning of nerve cells ultimately causing their death and become patho-
logical features observed in patients [17,18]. In addition, chronic inflammation induced
experimentally in rodents can reduce rates of neurogenesis, cause dendritic atrophy of
pyramidal neurons and alter density and stability of neuronal spines (synapses) [19,20]. The
precise mechanism(s) by which neuroinflammation precipitates these diverse pathogenic
processes in the CNS remain poorly understood, but KP metabolism has emerged as a
putative point of convergence.

Affective disorders that include major depressive disorder (MDD), anxiety disor-
ders and schizophrenia usually do not show overt neuronal loss typically observed in
neurological and neurodegenerative diseases; however, extensive literature suggests that
psychiatric illnesses also have a prominent neuroimmune/innate immune signature that
positively correlates with clinical symptoms. These include an increase in the presence of
pro-inflammatory markers like TNF-α and IL-6 in both the periphery and CSF of patients
accompanied with an increase in acute phase proteins like C-reactive protein (CRP) and
an upregulated innate immune response [21,22]. From an evolutionary perspective, these
signals allow efficient management of threats and aversive stimuli to regulate mood and
reward processing, but risk factors, like abnormal gene processing, persistent inflammatory
signals associated with a host of peripheral diseases, and chronic stress can turn this in to
a maladaptive immune response that becomes pathogenic. Observations from a clinical
study by Capuron et al., where patients with malignant melanoma being treated with
interferon-α (IFN-α) noted that immunotherapy resulted in marked changes in mood of pa-
tients similar to symptoms seen in patients suffering from MDD and anxiety disorders [23].
Moreover, in a subset of these patients, co-treatment with the classical anti-depressant
paroxetine belonging to the selective serotonin reuptake inhibitors (SSRIs) class did not
improve symptoms of anxiety and depression induced by cytokine therapy. The authors
concluded that the observed effects on mood after treatment with the inflammatory cy-
tokine were not a result of sickness behavior but other mechanisms were at play that would
explain the affective changes observed in such patients [23].

One significant finding that could provide a plausible explanation was a marked
decrease in serum tryptophan levels. Remarkably, a wide range of studies have reported
increased tryptophan metabolism along the KP in patients suffering neurologic, neu-
rodegenerative, neuropsychiatric and neurodevelopmental disease. Experimentally, di-
rect administration of endotoxin (LPS), a pathogen associated molecular pattern (PAMP)
found in the cell wall of Gram-negative bacteria, induces anxiety and depressive like
behaviors in healthy human volunteers as well as in mouse models. Targeted genetic
deletion of indoleamine-2,3-dioxygenase (IDO) or pretreatment of mice with its inhibitor,
1-methyltryptophan (1-MT), protected mice from the anxiogenic, depressogenic, and cog-
nitive impairing effects produced by administration of LPS [24,25]. Furthermore, LPS
and other infectious agents including viruses upregulate the production of inflammatory
cytokines by engaging Toll-like receptors (TLRs) which, in turn, induce enzymes along the
KP of tryptophan metabolism both directly and indirectly via proinflammatory cytokines.

Therapeutic attempts to broadly targeting inflammation/neuroinflammation in CNS
disease have yielded largely disappointing results. The INTREPAD trial evaluated the
safety and efficacy of low-dose Naproxen, a non-steroidal anti-inflammatory drug (NSAID)
for preventing the progression of disease in presymptomatic AD among cognitively intact
persons at risk. However, not only did it fail to reduce the progression of presymptomatic
AD but also found an increase in the frequency of adverse effects associated with the
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treatment of Naproxen 220 mg twice daily [26]. Similarly, other clinical trials that include
administration of drugs belonging to the NSAID class, rofecoxib, celecoxib, diclofenac,
indomethacin and the nuclear factor kappa light chain enhancer of activated B cells (NF-
κB) inhibitor Etanercept failed to show significant beneficial effects on AD progression.
Moreover, the side effects on cardiovascular function and gastrointestinal function out-
weighed any marginal beneficial effect observed from such studies [27,28]. Likewise, broad
strategies such as targeting leukocyte infiltration, interleukin-1 receptor (IL-1R) antagonism
and immunomodulation of T-regulatory cells have failed to improve stroke outcomes in
preclinical and clinical testing [29]. For affective conditions like MDD, treatment with
IL-6 targeting antibodies sirukumab and tocilizumab, NSAIDs like acetyl salicylic acid
(ASA) and celecoxib, N-Acetylcysteine that reduces oxidative stress have met with lim-
ited success while treatment with TNF-α antagonist infliximab shows beneficial effects in
only a subset of patients with higher inflammatory markers profile [30]. Yet, in the same
diseases or disease models, more targeted treatments focused on discrete or downstream
inflammatory processes and effector cells have shown more promise. For example, in a
double-blind randomized clinical trial with treatment resistant depression patients, found
augmentation of minocycline (a tetracycline antibacterial) to anti-depressants improved
behavioral symptoms in patients with low grade inflammation [31]. A meta-analysis also
found minocycline to have significant anti-depressant activity and several clinical trials
aimed to improve depression outcomes and improve treatment response scores in mood
disorders with minocycline are currently underway [32,33]. LPS induced depressive like al-
terations are reversed by treatment with ketamine that positively correlated with reduction
in quinolinic acid (QA) production from microglia [34]. A novel antagonist of purinergic
type 2 (P2X7) receptors, which are critical for microglial activation, was efficacious in
mitigating depressive-like behaviors induced by peripheral inflammation or chronic stress
in rodents [35]. Furthermore, targeting microglia activation using minocycline has shown
utility in preclinical models of cerebral ischemia and additional clinical trials are required
to evaluate translational benefits in improving stroke outcomes [36]. Interestingly, targeting
the KP oxidative branch to block downstream metabolite production by administration
of kynurenic acid or inhibiting the KMO enzyme in rodent models of stroke have yielded
positive results [37]. However, these strategies have not been tested in clinical trials. For
neurodegenerative diseases like AD and PD, minocycline treatment failed to slow cognitive
decline or significantly improve disease progression in clinical trials [38,39]. However,
microglia ablation in the 5xFAD model of AD using the CSF-1R inhibitor-PLX5622 re-
duced plaque formation and improved cognitive performance [10]. Similarly, temporary
ablation of microglia with PLX5622 reduced neuroinflammation, neurodegeneration in
traumatic brain injury model with notable neurobehavioral improvement [40]. Engineer-
ing hematopoietic stem cells to deliver glial cell line derived neurotrophic factor (GDNF)
directly to sites of neurodegeneration in mouse models of PD to mitigate decline in mo-
tor function, comorbid cognitive impairment and depressive-like behaviors [41]. These
examples indicate that targeted strategies with strong evidence from preclinical studies
will pave the way for development of specific treatment for CNS disorders.

3. The Kynurenine Pathway

The essential amino acid L-Tryptophan (trp) serves as the precursor for the synthesis
of several indole related compounds like serotonin, melatonin and kynurenine that are
essential for growth, metabolism and longevity [6,42]. Outside of the brain, 95% of trp is
broken down to kynurenine while less than 2% of all trp is converted to the neuroactive
compounds serotonin and melatonin [43]. The enzymes, IDO1, IDO2 and tryptophan
2,3-dioxygenase (TDO) catalyze the oxidative cleavage of the indole ring of trp to convert
it to N-formylkynurenine [44]. Another enzyme, kynurenine formamidase or kynurenine
formylase then rapidly hydrolyzes this intermediate product to kynurenine [45]. In the
periphery, TDO is responsible for hepatic kynurenine production, whereas IDO is the
rate-limiting enzyme for kynurenine synthesis outside the liver. Following the production
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of kynurenine, KP metabolism segregates along two primary branches and several smaller
branches that give rise to the production of physiologically and neurochemically active
kynurenine metabolites. Figure 1 illustrates the KP of tryptophan metabolism and its
regulation by cytokines.
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the figure [46–52].

In peripheral tissues including liver and kidney, phagocytes like monocytes and
macrophages catabolize the majority of kynurenine along an oxidative branch initiated by the
enzyme kynurenine-3-monooxygenase (KMO) (also known as kynurenine 3-hydroxylase)
that adds a hydroxyl group to kynurenine converting it to 3-hydroxykynurenine (3-HK) [53].
In the brain, microglia cells predominantly breakdown kynurenine to 3-HK as astrocytes
lack the enzyme KMO required for this step [54,55]. Oxidative cleavage of 3-HK by
kynureninase generates 3-hydroxyanthranillic acid (3-HANA) which is the precursor to
QA, a potent neurotoxin [56]. The enzyme 3-hydroxyanthranillate-3,4-dixogygenase (3-
HAO) catalyzes the conversion of 3-HANA to QA [57]. In peripheral tissues and the
brain, the enzyme quinolonate phosphoribosyl transferase (QPRT) metabolizes QA to form
NAD that facilitates energy production [58]. Within the mammalian brain, the enzyme
capacity of QPRT is limited and becomes the rate-limiting step in NAD synthesis keeping
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the production in check. The reaction also generates a highly unstable intermediate prod-
uct 2-amino-3-carboxymuconic-6-semialdehyde (ACMS) with a half-life of approximately
20 min and spontaneously rearranges to form QA [59]. Furthermore, the enzyme ACMS
decarboxylase generates another by-product known as picolinic acid (PA). In the human
CNS, both glial cells as well as neurons produce PA and may play a neuroprotective role.

The second major branch of the KP occurs by irreversible transamination of kynure-
nine to generate kynurenic acid (KA) that acts as a neuroprotectant under basal conditions.
The enzyme, kynurenine aminotransferase (KAT) catalyzes this reaction, and four different
KATs (KAT I–IV) have been discovered in mammals. These include KAT I/glutamine
transaminase K/cysteine conjugate beta-lyase 1, KAT II-aminoadipate aminotransferase,
KAT III-cysteine conjugate beta-lyase 2 and KAT IV-glutamic-oxaloacetic transaminase
2-mitochondrial aspartate aminotransferase [60]. In the brain, astrocytic KAT II is the
predominant enzyme responsible for KA production [61].

Notably, in the brain, and alternate route of oxidative kynurenine metabolism can
bypass KMO formation of 3-HK. The enzyme kynureninase can also metabolize kynurenine
to generate anthranilic acid that can act as a better substrate for QA production in the
brain [62]. 3-HK and 3-HANA also can serve as substrates to generate additional by-
products possessing unique neuroactive properties and discussed in Section 4. Xanthurenic
acid (XA) is produced by the transamination of 3-HK, catalyzed by KAT II and recently
reported to possess neurotransmitter activity at metabotropic receptors in the nervous
system [63,64]. Downstream of 3-HK, the dimerization of 3-HANA, i.e., condensation of
two molecules of 3-HANA produces cinnabarinic acid (CA). Studies have found that CA is
present in liver, kidney, spleen, lung and the brain [65,66].

Under physiological conditions, the actions of different enzymes, vitamins and co-
factors, compartmentalization of metabolism and excretion through the renal system tightly
governs KP metabolism [53]. From the periphery, the precursor tryptophan, kynurenine
and 3-HK are the only metabolites along the KP that cross the blood brain barrier (BBB)
through the large neutral amino acid transporter [66]. In addition, anthranilic acid crosses
the BBB by passive diffusion to appreciable levels. The other major metabolites including
3-HANA, KA and QA poorly diffuse across the BBB. Thus, the de novo synthesis of these
metabolites depends on the enzymatic activity in the glial cells and neurons [55,67]. Several
clinical studies have found the increase in kynurenine/tryptophan (K/T) ratio in the pe-
riphery to be associated with CNS diseases and serves as a reliable biomarker to highlight
dysregulation in KP metabolism [68,69]. Furthermore, this ratio is an important indicator of
IDO activity, the critical enzyme that regulates tryptophan breakdown to kynurenine dur-
ing inflammation. Importantly, IDO is stimulated in the body by growth factors, cytokines
and steroid hormones [70,71]. However, under inflammatory insults increased production
of pro-inflammatory cytokines like interferon, challenge with infectious agents and several
diseased states, the activity of IDO is upregulated that disproportionately increases the
level of kynurenine in the circulation and in brain tissue [72,73]. IDO upregulation in
the periphery occurs in immune system derived cells like dendritic cells, monocytes and
macrophages that respond to immune activation [73]. The majority (>60%) of kynurenine in
the brain is directly transported from peripheral circulation [74]. An increase in circulating
K/T ratio can cause an increased flux of kynurenine across the blood–brain barrier due
to concentration-dependent competition for the large neutral amino acid transporter, and
during pathological CNS conditions the BBB can become leaky to increase passive trans-
port [14,75]. Similarly, the enzyme KMO is also upregulated by immune stimulation and
disease state to increase the oxidative metabolism of kynurenine towards the production of
QA in microglia and, when unchecked, contribute to increased neurotoxicity [76]. Unlike
IDO and KMO, the enzyme KAT is not induced or upregulated due to inflammation, which
shifts the balance between QA and KA that is critical for maintaining KP metabolism
homeostasis. In addition, interferon gamma (IFN-γ) mediated IDO induction is potentiated
by the action of TNF-α, IL-1α, Toll like receptors, pattern associated damage patterns or
memory recognition cells of the immune system, that all increase NF-κB dependent signal-
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ing [77]. Sustained hyper-activation of NF-κB further dysregulates immune signaling due
to changes in the profile of immune genes, growth factors, developmental genes, hormonal
and homoeostatic signaling. Immune cells of various types exist in the CSF, meninges
and parenchyma that further contribute to increased KP metabolism and its metabolites in
the CNS.

4. KP Metabolism, Immune Cell Trafficking and Neuroimmune Signaling

The antiquated idea that the brain is an immuno-privileged organ devoid of active
inflammatory processes has been replaced by new understanding that the CNS has dynamic
and robust, albeit unique and very tightly regulated, immune activity. Several CNS disease
models have reported enhanced trafficking of immune cells as well as dysfunctional
signaling of existing immune and glial cells [14,78,79]. Immune cell trafficking to the
brain serves important roles as resident immune cells, microglia and infiltrating immune
(leukocytes, neutrophils, T-cells) perform critical roles like clearing debris and apoptotic
cells, enhance repair in areas of injury and produce growth factors for trophic support,
synaptic pruning and immune surveillance among other functions. However, inflammatory
conditions and diseased states cause BBB leakiness, disruptions in tight junction, adhesion
molecules and enhanced transport of cytokines and metabolites that disrupt normal brain
function. In the brain perivascular spaces, endothelial cells (EC) and pericytes have
the machinery for KP metabolism. While EC’s constitutively produce KA and perciytes
produce PA, immune activation by inflammatory cytokines like IFN-γ and TNF-α increase
the production of kynurenine through these cells [80]. Under normal and infectious
condition, IDO activity in brain endothelial cells serve to limit lymphocyte proliferation
and prevent brain damage by metabolizing dietary tryptophan to kynurenine that has
anti-microbial and immunomodulatory functions [81,82]. In CD8+ T cells, IDO is an
immunoregulatory enzyme role and plays an immunosuppressive role that is important
in adaptive immune responses [83]. CD8+ T cells response are critical in mitigating the
effects of viral infections like HIV or Toxoplasma gondii by clearing virus-infected cells [84].
Recent evidence indicates that hyper-activation of IDO in the brain could be responsible for
decreased proliferation of CD8+ T cells, increase cytotoxicity by impairing mitochondrial
bioenergetics and negatively regulate inflammatory signaling [84]. Alterations in adaptive
immune signaling result in significant immunosuppression and risks the organism to
opportunistic infections resulting in premature death. Zang et al. recently observed an
increase in myeloid cell infiltration in the mouse brain, after treatment with kynurenine that
have CD45hiCD11b+ signature in addition to astrocyte activation [85]. Further, treatment
with kynurenine enhanced the chemotactic activation of peripheral monocytes, which
furthers the crosstalk between peripheral immune cells and glial cells in an in vitro co-
culture system via kynurenine-aryl hydrocarbon receptor (AhR) axis [85]. Cerebral ischemia
in mice increased IDO in cerebral arterioles but inhibition with 1-MT, an IDO inhibitor did
not change ischemia outcomes. Unrelated to the primary outcomes of ischemia, increased
IDO activity could play a role in inducing co-morbid anxiety and depression observed
after stroke. Indeed, clinical reports from ischemic patients show an increase K/T ratio
and decreased ratio of 3-HANA to anthranilic acid in addition to IDO activation, increased
oxidative stress and increased glial cell activation [86]. Interestingly, inhibition of KMO in
rodent models of cerebral ischemia did reduce infarct volume and improved functional
outcomes [37]. Given this observation, one would expect that IDO inhibition would also
exert beneficial therapeutic effect in stroke models. However, it may be the case that
TDO, rather than IDO, is driving the KP metabolic response, or our lab has reported that
KMO inhibition results in kynurenine accumulation and has negative regulatory activity
on microglial activation [87]. This finding introduces the possibility that not only do KP
metabolites exert direct neurochemical effector activity, but they also play a previously
unappreciated neuroimmunoregulatory role.
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5. The Gut-Microbiota-Brain Axis and KP

Trp is the precursor for the synthesis of both serotonin and kynurenine. An emerging
literature implicates dysregulation of gut microbiota and the related gastro-enteric nervous
system in the pathology of the highly co-morbid irritable bowel syndrome and neuropsy-
chiatric conditions depression, anxiety disorder and ASD [88,89]. In the gastrointestinal
system (GI), commensal bacteria of the large intestine breakdown tryptophan and pro-
duce, several indoles and indole related compounds including kynurenines, melatonin and
serotonin that are neuroactive. In the GI system, kynurenines have immunomodulatory
properties, antimicrobial properties and germ-free mice show reduced Trp metabolism
along the KP in addition to deficits in the innate immune system [90]. Germ free adult
mice show structural alterations in amygdalar and hippocampal neurons, the areas known
to be dysfunctional during stress, anxiety, depression and post-traumatic stress disorder
(PTSD) [91]. Structural alterations often lead to functional changes in neurocircuitry and
are important for learning and memory, long–term potentiation and long-term depression.
GI inflammation activates IDO, increasing the oxidative metabolism of KP and production
of KP metabolites like Kyn, KA, CA and XA that act as direct ligands to AhR [90]. Impor-
tantly, AhR signaling in the GI is critical for adaptive immunity, intestinal homeostasis
and mucosal barrier function. Accordingly, mice that lack AhR show high susceptibility to
infections highlighting AhR as an important mediator of cross talk between KP and the gut
microbiota to regulate immune response. Upregulation of IDO during GI inflammation
can alter AhR signaling by the activity of KP and dysregulate inflammatory genes like IL-6,
interleukin-22 (IL-22), growth factors, prostaglandins and cytochrome P450 1A1 (CYP1A1)
that are under the regulation of AhR [92]. In addition, IDO activation can also counter
the balance between QA and KA, which have neurotoxic and neuroprotection proper-
ties, respectively. Dysregulated balance can affect intestinal motor or sensory function
of the enteric neurons that signal via glutamate receptors with implications for the role
of KP dysfunction in psychiatric conditiMCPons [93,94]. Chronic gut inflammation in
mice causes depressogenic and anxiety like behaviors that are positively correlated with
increased levels of TNF-α, IFN-γ, increased K/T ratio and decreased hippocampal brain
derived neurotrophic factor (BDNF) mRNA [95]. Chronic stress, an important risk factor
in the etiology of psychiatric disorders also alters the gut-microbiota composition with a
concurrent increase in IL-6 and the monocyte chemotactic factor-1 (MCP-1) that regulate
the crosstalk between peripheral and CNS immune response [96].

6. Brain Regional Heterogeneity in KP Metabolism

The activation of KP is associated with depressive and anxiety like behaviors in animal
models [52]. Such neurobehavioral alterations orchestrate via distinct brain regions, and
the effect of immune activation in the brain may be due to the role of QA and KA in
modulating glutamatergic neurotransmission by acting as N-methyl-D-aspartate receptor
NMDAR agonists and antagonist, respectively. Recently, Parrott et al., observed differential
oxidative neurotoxic KP metabolism in nucleus accumbens, amygdala, dorsal and ventral
hippocampus with dorsal hippocampus especially vulnerable to the effects of systemic
LPS administration [97]. The same group also noted that an increased 3-HK/KA ratio
indicative of increased metabolism in the hippocampus (dorsal + ventral) compared to
other brain regions like amygdala and nucleus accumbens [98]. In a transient ischemia
model, Heyes and colleagues observed increased QA in brain regions like the thalamus,
cortex and hippocampus; however, the levels in hippocampus were higher when compared
to the thalamus [99]. Similarly, Soo Koo et al., recently showed elevated IDO-1 expression
after ischemic stroke in the nucleus accumbens, hippocampus and hypothalamus but
not in the striatum with concurrent increase in 3-HAAO, QA and ROS in these brain re-
gions [100]. Imaging tryptophan metabolism in brain tumor associated depression patients,
however, show abnormal tryptophan metabolism in the fronto-striatal network encom-
passing the frontal cortex, striatum and thalamus that is present in both ipsilateral and
contralateral hemispheres [101]. Understanding the functional relevance of brain region
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specific KP metabolism is still incomplete. Differences between pre-clinical and clinical
models, methodological differences and brain region heterologous expression system of
nerve and glial cells may account for significant variances in the observations related to KP
metabolism. Further research in this area is required to delineate accurate differences in KP
metabolism profiles in different brain regions. The discovery of differential KP metabolism
and its activity in heterologous brain structures will greatly enhance the understanding of
the contribution and extent of KP metabolism in within the different brain regions.

7. KP Metabolites and Molecular Mechanisms
7.1. Kynurenine

Oxidative cleavage of L-trp catalyzed by IDO1, IDO2 and TDO produces kynurenine,
the first metabolite along the KP [44]. A consistent finding replicated across pre-clinical
and clinical studies involving trp metabolism is the increase in the production of kynure-
nine in peripheral and brain cells alike during immune activation. The production of
downstream KP metabolites depends on kynurenine and therefore the activity of enzymes
IDO1, IDO2 and TDO is rate limiting in determining the potential contributions of KP
in CNS inflammatory conditions. Recent discoveries that kynurenine is an endogenous
ligand to AhR, a xenobiotic receptor and transcription factor and can act as a vasodilator in
endothelial cells has renewed interest in the physiological role of kynurenine previously
considered physiologically inert. Acting as an agonist at AhR, a transcription factor for
several genes places Kyn-AhR axis to serve immunomodulatory role (Table 1) as AhR
signaling is critical for immune tolerance, tumor evasion, cell adhesion and migration [102].
As such, Cuartero and colleagues recently found L-kynurenine to activate the AhR pathway
in the brains of a mouse model of stroke and contribute to infarct volume in a Kyn-AhR
dependent fashion [103]. In bone marrow mesenchymal stem cells, kynurenine application
disrupts autophagy and induces senescence which could be blocked by the use of AhR
antagonist indicating that the two phenomena are related [104]. Using AhR null mice,
Lara et al., found increased levels of KAT II and KA that served to be neuroprotective
in mice injected intrastriatally with the excitotoxic agent QA along with reduced lipid
peroxidation and ROS formation compared to wild type mice [105]. Moyer et al., also
found beneficial effects inhibiting IDO1 and AhR activity on diet-induced obesity that
is related to TLR2/4-TGF-β-NF-κB signaling network [106]. In a glioblastoma cell line-
U87MG, inhibition of IDO1/TDO with RY103, Kyn-AhR mediated proliferation of glioma
cells reduced that suggest Kyn-AhR involvement in pathology of glioblastomas [107]. In
dendritic cells with exposure to LPS or IFN-γ, Kyn-AhR signaling is involved in conferring
tolerogenicity in these cells [108,109]. In fact, N-acetlyserotonin was recently discovered as
a positive allosteric modulator of IDO-1 and abrogated neuroinflammation in an experi-
mental autoimmune encephalomyelitis (AE) model by engaging IDO-AhR signaling [110].
Additionally, IDO1-Kyn-AhR axis is involved in maintenance of human embryonic stem
cells in an undifferentiated state [111]. Given the important roles of AhR in immunomod-
ulation, tumor evasion and cell cycle biology, future studies focusing on inflammation
mediated Kyn-AhR signaling demand attention as a potential therapeutic target for brain
tumors and neuroinflammation. Kynurenine function with respect to oxidative stress
and ROS formation is unclear as studies have reported both pro-oxidant and antioxidant
properties [112,113]. Such differences in the actions of kynurenine on oxidative stress
maybe related to differences in in vitro and in vivo models, methods of inducing oxida-
tive stress and the relative contributions of the enzymes in different tissue systems that
produce kynurenine.
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Table 1. Summary of individual KP metabolites with known receptor targets, influence on neurotransmitter systems and
other key biological functions within the context of CNS health and disease (* debated).

Metabolite Metabolite-Receptor
Target

Neurotransmitter
Activity Biological Functions Ref

3-Hydroxyanthranilic Acid Unknown Unknown Anti-Inflammatory, Oxidative
stress regulation [114–117]

3-Hydroxykynurenine Unknown Unknown Oxidative Stress Regulation [118–120]

Cinnabarinic Acid mGLUR4, AhR Glutamate Immunomodulation [65,121,122]

Kynurenine AhR Unknown
Transcription factor,

Immunomodulation, Anti-Cancer,
Oxidative stress regulation

[103,111–113]

Kynurenic Acid α7nAChR, AhR,
NMDAR, GPR35

Glutamate, GABA and
Nicotinic

Anti-Oxidant, Immunomodulation,
Anti-convulsant [123–127]

Picolinic Acid Unknown Glutamate
Anti-convulsant, Anti-viral,

Anti-microbial,
Immunomodulation

[125,128–130]

Quinolinic Acid NMDAR Glutamate Pro-convulsant, Pro-oxidant [46,56,131]

Xanthurenic Acid mGLUR 2/3 * Glutamate Anti-convulsant, Anti-oxidant [63,132–134]

7.2. 3-Hydroxykynurenine (3-HK)

Downstream of kyn, the enzyme KMO produces 3-HK, a pivotal branching point
along the KP. Similar to kyn, 3-HK is able to cross the BBB by engaging the large neutral
amino transporter. Within the brain, cellular uptake is by sodium-dependent transporters
with the highest in cortical areas followed by subcortical areas like striatum and hippocam-
pus with the least observed in cerebellum [135,136]. In fact, 3-HK is more toxic to cells in
the cortex and striatum versus cerebellar granule cells [118]. Elevated levels of 3-HK have
been a common finding in CNS inflammatory disorders [118,137]. However, the exact con-
tributions of 3-HK in neuropathology remain poorly understood mainly due to relatively
low number of in vivo studies that directly evaluate its contribution and mechanisms of
pathology. 3-HK is known for both pro-oxidant and antioxidant properties [112]. While
oxidation of 3-HK generates superoxide anion and hydrogen peroxide that contribute to
3-HK mediated toxicity of neurons, 3-HK can also act as a free radical scavenger and can
reduce lipid peroxidation [119,120,138]. This dual role could be explained by the relative
concentrations of 3-HK in the cell as well as the redox state of the cell. Accordingly, Gonza-
lez et al., found 3-HK to have pro-oxidant like effect when used in lower concentrations
whereas a higher concentration induced anti-oxidant effect that was related to stimulation
of glutathione-s-transferase, superoxide dismutase and nuclear factor erythroid-derived
2-like 2 (Nrf2), a transcription factor important for antioxidant regulation [139]. In vivo
experiments involving 3-HK administration in the striatum of rats showed a time and
concentration dependent effect of 3-HK in increasing lipid and protein oxidation acutely
that resolves within days [139]. Perhaps, 3-HK’s dual role may be important for the physio-
logical maintenance of cellular homeostasis reviewed here in detail [118]. It is important to
highlight that the effect of 3-HK in mediating neurotoxicity seems to be independent of
QA-NMDA receptor interaction dependent toxicity [140,141]. However, sustained immune
activation related alterations in KP metabolism and reports from clinical studies that note
increased levels of 3-HK do suggest pathological roles. In mice, direct administration of
3-HK dose-dependently precipitated depressive-like behaviors and cognitive impairment.
Concurrent increases in 3-HK through microglia, alterations in redox cellular sensing
mechanisms during disease and inflammatory states and simultaneous deleterious effects
of other KP metabolites might synergize to induce cytotoxicity [98]. In particular, the
ratios of 3-HK/KA and 3-HK/QA are important biomarkers to assess neuropathological
contributions of KP metabolism.
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7.3. 3-Hydroxyanthranillic Acid (3-HANA)

The precursor to QA, 3-HANA is derived from the oxidative cleavage of 3-HK by
kynureninase or by the action of non-specific oxidases on anthranilic acid that convert it to
3-HANA. Studies evaluating the role of physiological effects of 3-HANA have found both
pro and anti-oxidant properties as well as anti-inflammatory properties. Decreased levels
of this intermediate KP metabolite are present in blood of patients that suffered a stroke,
had a chronic brain injury or coronary bypass, but levels are higher in patients suffering
from Huntington’s Disease (HD) or depression [142]. The ability of 3-HK and 3-HANA
to generate superoxide and hydrogen peroxide is copper-dependent, and both 3-HK and
3-HANA enhance copper associated toxicity [143,144]. Like 3-HK, 3-HANA’s effect in
promoting apoptosis in monocytes stimulated by IFN-γ is related to the generation of
hydrogen peroxide when 3-HANA undergoes oxidation and treatment with anti-oxidants
reduces the apoptotic effect [114]. Studies employing cultures from human fetal nervous
system documented anti-inflammatory and anti-oxidant properties of 3-HANA that are
related to inhibiting cytokine and chemokine expression and elevating the expression of
the anti-oxidant enzyme hemeoxygenase-1 [145]. Remarkably, the effects persist in both
astrocytes and microglia, the glial cells most involved in regulating the inflammatory
response in the CNS. In addition, 3-HANA is attributed with nitric oxide scavenging
properties [115]. Recently, a study found 3-HANA to disrupt mitochondria mediated
energetic metabolism not related to ROS formation under in vitro and in vivo experimental
conditions [146]. Thus, similar to 3-HK, 3-HANA’s ability to play a dual role may be
dependent on the redox state of the cell or model itself. Other studies pertaining to 3-
HANA in cardiovascular biology and lipid metabolism suggest potential involvement of 3-
HANA in cardiovascular function. Berg et al., using low density lipoprotein receptor (Ldlr)
knockout mice and 3-HAAO inhibition show that increasing 3-HANA levels decreases
inflammasome activation in macrophages and decrease hyperlipidemia in this mouse
model of obesity suggesting 3-HAAO as a novel target for combatting cardiovascular
disease, one of the biggest risk factors for stroke patients [147]. Previous research evaluating
the role of 3-HANA in its ability to decrease lipid peroxidation, inhibit LDL, decrease
plasma levels of lipid and decrease atherosclerosis giver further validity to the findings
reported by Berg and colleagues [116]. Finally, 3-HANA is involved in modulating the
proliferation of T-cells that involve AhR-NF-κB signaling in dendritic cells [117].

7.4. Quinolinic Acid (QA)

One of the major metabolites in the KP that has been the subject of intense research
interest is QA that is produced by the enzymatic breakdown of 3-HANA by 3-HAAO. Of
all KP metabolites, the evidence implicating the involvement of QA in the pathology of
neurodegenerative, neurological and neuropsychiatric problems remains strongest. Early
studies established QA as an endogenous glutamate receptor agonist acting on NMDA
receptors [148]. QA is excitotoxic as intracerebroventrically (icv) injections of QA induce
epileptic phenotype in mice and cause axon sparing lesions on neurons [56,148]. In the
brain, microglia are responsible for the production of QA and represent the major source
as astrocytes and neurons do not possess the machinery required to produce QA although
they can uptake it for production of NAD [54,149]. Elevated levels of QA are a common
finding among patients suffering from HIV infections, in neurodegenerative disease like
AD, PD and HD. Injections of QA in striatum replicate the structural and neurochemical
pathology observed in HD, an observation that made it a model to induce HD in laboratory
settings [150,151]. In conditions like stroke and traumatic brain injury, over-activation of
IDO1-mediated oxidative KP metabolism and increased QA levels contribute to secondary
damage associated in the peri-infract area and have been postulated to contribute to post-
stroke depression [100,152]. Administration of the KMO inhibitor Ro 61-8048 decreases the
infarct volume caused by experimental ischemia [153]. In psychiatric conditions including
severely depressed patients with suicidal ideation, levels of QA have positively correlated
with symptom severity [154]. QA induces tau phosphorylation in human neurons, and
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tau associated neurofibrillary tangles are considered a pathological hallmark of several
dementias and AD [155]. Moreover, the other major pathological feature, Aβ plaques
activate human macrophages and microglia which enhance the production of QA. High
immunoreactivity against QA is another feature observed in the AD brain [149].

At the neurocircuitry level, non-lethal QA injections induce learning and mem-
ory deficits that are dependent on the fronto-cortical and cortico-limbic areas of the
brain [155,156]. Importantly, deficits most commonly observed in neurodegenerative
and psychiatric disorders often arise due to malfunctioning of the neural circuits that
depend on these brain regions. QA impairs spatial learning that depends on the hippocam-
pus and chronic QA decreases functional connectivity between prefrontal cortex and the
hippocampus [156]. Recently, Parrott et al., utilizing 3-HAAO knockout mice have shown
that these animals are protected against LPS induced changes in behavior that depend
on hippocampus suggesting neuroprotective effects of abolishing QA production in the
hippocampus [97]. AD pathology usually emerges in hippocampus eventually affecting
cortical areas, and lower cortical and hippocampal volumes are observed in MDD patients,
which correlate with neurotoxic and neuroprotective branches of KP [157]. At the molecu-
lar level, QA is a relatively weak agonist at NMDAR that shows high binding preference
for NMDARs containing NR2A and NR2B subunits [158]. The forebrain areas are highly
susceptible to damage by QA as these regions have the highest amount of NMDARs with
these subunits [46]. In addition, QA perturbs actin-cytoskeleton dynamics in neurons
and astrocytes which disrupts normal protein transport required for maintaining synaptic
homeostasis [159]. Moreover, QA is known to increase oxidative stress by generating
free radicals and increase lipid peroxidation [131]. Aside from the direct effects of QA on
neurons by acting as an NMDAR agonist, QA contributes in activation of glial cells and
upregulates chemokine production namely MCP-1 and expression of the related chemokine
receptors that is similar to action of pro-inflammatory cytokines TNF-α, IL-1β and IFN-
γ [160]. Likewise, QA has other non-NMDAR mediated effects that include induction of
neuronal apoptosis, lesioning and death of oligodendrocytes, production of free radicals
that increases ROS formation and cause lipid peroxidation, impair mitochondrial respi-
ration that have been reviewed in detail previously [46]. Inflammatory stimuli activate
immune cells in the periphery and upregulate the oxidative branch of KP that increases QA
production in macrophages and microglia. CNS associated inflammatory conditions where
the BBB is leaky, infiltration of peripheral macrophages that are able to produce higher
amounts of QA compared to microglia are another source of this neurotoxic metabolite
adding the fuel to the fire.

7.5. Kynurenic Acid (KA)

One of the most important metabolites from a therapeutic standpoint is KA, produced
by the irreversible transamination of kynurenine by the enzymes KAT I-IV [60]. In the
brain, the synthesis of KA happens de novo in astrocytes by the enzyme KAT II after
kynurenine uptake by the large neutral amino acid transporter [161]. Aside from KATs, KA
may be synthesized from other sources in the body that are reviewed by Ramos-Chávez
et al. [162]. KA is a non-competitive antagonist at the NMDA receptors where it can bind
to the glycine co-agonist site of this cation channel receptor, an antagonist at the α7 nico-
tinic acetylcholine receptors (α7nAChR) and also activates the orphan G-protein coupled
receptor 35 (GPR35) [123,163]. The effects of KA in the brain are varied and can modulate
glutamatergic, acetylcholinergic, gamma aminobutyric acid (GABA) and dopaminergic
neurotransmission [164–166]. As an antagonist to excitatory glutamatergic receptors, low
amounts of KA increase α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor response, at higher concentrations, KA can act as an anti-convulsant blocking
the excitotoxic effects of glutamate, kainate and QA [124,125]. Application or local admin-
istration of KA decreases glutamate output whereas blockade of KA synthesis increases
glutamate release exhibiting bi-directional control over glutamate neurotransmission; an
effect that is likely dependent on KA inhibiting α7nAChR [167,168]. Alterations in KA
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are associated with schizophrenia physiopathology, elevated levels of KA are found in
CSF and cortical areas along with reduced KMO activity that suggests imbalance between
the two main branches of KP [169]. Glutamate neuromodulation by the action of KA
on α7nAChR is involved in the regulation of cognitive flexibility governed by medial
prefrontal cortex (mPFC). Injections of kynurenine increases KA production in the brain
and cause cognitive dysfunction in the attention set-shifting task governed by the mPFC
circuits and administration of galantamine, a positive allosteric modulator of α7nAChR
reverses the impairments [170]. Moreover, KA mediated blockade of presynaptic α7nAChR
decreases the inhibitory GABAergic component in prefrontal cortex and hippocampus,
which imbalances the excitatory-inhibitory balance of synaptic transmission and may con-
tribute to the cognitive deficits in schizophrenia [166,171]. It is noteworthy to mention
that the effects on KA on nicotinic receptors is controversial and remains an area of active
investigation; a detailed account on the evidence, support and debate on KA-nicotinic
receptor interaction can be found here [127]. Oral administration of KAT II inhibitors,
BFF816 and PF-04859989 block the production of KA that attenuates inhibition of gluta-
mate release in prefrontal cortex and improve cognitive deficits that arise due to excess
KA in the brain [172,173]. Using KAT II knockout mice, Potter et al., report these mice
to exhibit lower levels of KA in the brain and this reduction increases glutamate release
in the extracellular space, amplifies long term potentiation in the hippocampus and im-
proves cognition compared to control mice [174]. Elevations in endogenous KA disrupts
sensorimotor gating, a deficit commonly observed in schizophrenics who have higher
levels of KA that potentially contribute to this schizophrenia symptom [175,176]. Patients
suffering from bipolar disorder (BD) also have elevated levels of KA in the CSF; a subset
of such patients who have ongoing depressive symptoms have lower KA levels in the
plasma but not in the CSF suggesting pathophysiological changes are associated to brain
KA production [177,178]. Activity of KA on GPR35 located on astrocytes also decreases
calcium influx in these cells; decrease in calcium transients alters synaptic glutamate release,
decreases synaptic currents recorded from CA3-CA1 synapses in the hippocampus [179].
Thus, KA action on GPR35 could represent another mechanism for inhibition of excitatory
transmission and regulate neuronal excitability. KA negatively contributes to learning and
memory process especially those related to cortico-limbic circuits [180,181]. Activation of
KP by immune stimuli elevates cortical KA and produces deficits in working and reference
memory [182]. The literature regarding the levels of KA in neurodegenerative disease
like AD is mixed with some studies reporting differences in KA between AD patients and
controls [183,184]. Several phenomenon may be responsible for these discrepancies such as
differences in epidemiological characteristics, different analytical assays, plasma v/s CSF
and brain measurements and differences in experimental design (sample size, concomitant
drug use, inclusion and exclusion criteria, statistical tests) used to characterize and correlate
differences in the KP. However, one of the more common observation among AD studies is
the altered K/T ratio that is consistently high and remains perturbed indicating alterations
in KP are a prominent feature of neurodegenerative diseases [185,186].

At the cellular and molecular level, KA inhibits the cytoskeleton perturbations in
striatal neurons that arise due to the excitotoxin QA [187]. In addition, KA mitigates
the increase in nrf2, a key transcription factor regulating oxidative stress defense thereby
mitigating the effects of ROS, lipid peroxidation, protein damage and mitochondrial respi-
ration disruption caused by application of QA on striatal slices [187]. Besides activity on
CNS receptors, KA is also an agonist at the AhR, which as discussed earlier is important
in immunomodulation. KA is also an anti-oxidant; reduces oxidative stress due to ROS
formation, decreases protein and lipid damage.

7.6. Xanthurenic Acid (XA)

Xanthurenic acid is formed by the transamination of 3-HK by the KAT enzymes. As
XA cannot cross the BBB, the bioneosynthesis occurs in the brain. KAT II produces XA in
astrocytes and has been found in the presynaptic terminals of neurons [188]. Additionally,
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organic anion transporters are able to uptake XA, a finding reported from a study using
oocytes of Xenopus laevis expressing human and rat transporters [189]. XA can act as
an agonist at metabotropic glutamate receptors mGLUR2 and mGLUR3 [63,190]. Neal
and others have suggested vesicle glutamate uptake transporter (VGLUT) inhibition as
the mechanism instead that reduces the glutamate uptake at the presynaptic junction
which leads to decreased glutamate release during synaptic stimulation [132]. Future
studies are required in order to substantiate and validate either of the claims. In the
hippocampus, XA decreases synaptic excitability, depresses synaptic transmission, and acts
as an anti-convulsant, which could be a potential therapeutic target to resolve the symptoms
of patients suffering from schizophrenia, episodes of psychosis, or epilepsy [63,64,133].
Preclinical studies support this premise as modulators of mGLUR may be beneficial in
mitigating cellular and behavioral correlates of psychosis and schizophrenia [191,192].
Recently, Kubicova and researchers show that XA may act as an anti-oxidant [134]. Fazio
et al., have also shown XA to act as an endothelium derived relaxing factor with the ability
to induce nitric oxide synthase that could be important in the etiology of inflammation-
induced hypotension. Importantly, KMO inhibitors Ro-618048 and UPF 648 were able to
mitigate this endotoxin-mediated hypotension [193].

7.7. Cinnabarinic Acid

Oxidation of 3-HANA leads to the production of CA. This reaction creates free radical
superoxide anion and hydrogen peroxide as outlined earlier and contributes in liver injury
by inhibiting mitochondrial respiratory chain [194]. Accordingly, CA induces apoptosis of
mouse thymocytes due to ROS formation and activation of caspase that promote apoptotic
cell death. Fazio et al., reported CA to be a weak orthosteric agonist at mGLUR4 but without
activity at other subtypes belonging to this family of metabotropic receptors [122]. Phar-
macological application of CA at low micromolar concentrations can be neuroprotective
as it reduces neuronal toxicity induced by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP); however, the physiological levels found in the brain are low but elevate sig-
nificantly after immune stimulation [122]. CA can also act as a ligand to AhR, thereby
contributing to immunomodulation by promoting T-cell differentiation, and play a role in
reducing neuroinflammation [65]. In an experimental model of AE and using mGLUR4
knockout mice, CA was able to boost the immune response, increase T regulatory cells, and
reduce neuroinflammation. This could be of potential therapeutic value for the treatment
of M.S. [65]. CA-induced AhR signaling is also critical for histone H4 acetylation and may
serve to protect hepatic cells due to chemical insults [195].

7.8. Picolinic Acid (PA)

The enzyme ACMS decarboxylase (ACMSD) converts the unstable intermediate prod-
uct of breakdown of 3-HANA to PA as a side chain reaction over the non-enzymatic
conversion of 3-HANA to QA. The levels of ACMSD in the brain are low and when
ACMSD is saturated, the non-enzymatic conversion of 3-HANA to QA predominates.
Moreover, the concentration of PA is higher in the periphery due to higher ACMSD activity
in the liver and kidney, and PA has low BBB permeability due to its hydrophilicity [59].
Brain EC are able to produce PA when stimulated by cytokines [80]. The levels of PA in
the developing brain are low, peak in adulthood, and tend to go down with aging [196].
The physiological roles of PA are reviewed here [197]. Accordingly, PA has been shown
to have anti-viral and anti-microbial properties as it can induce cell cycle arrest at the G1
stage of replication in cultured cells [128,129]. Besides, PA is an efficient metal chelator of
Zn2+ and Fe2+ ions and this ability may contribute to its anti-microbial like properties [197].
PA also induces the activation of macrophages by enhancing IFN-γ dependent nitric oxide
synthase (NOS) expression that accompanies expression of macrophage inflammatory
proteins MIP1α and MIP1β [198]. PA disrupts T-cell differentiation and may play an im-
munosuppressive role by inhibiting cell cycle and metabolic activity [199]. When injected
icv but not subcutaneously, PA decreased the threshold for seizures in mice although
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the precise mechanism of this effect is unknown [125,130]. Similarly, other studies have
noted high dose injections of PA to cause toxicity in hippocampus, substantia nigra and
striatum but when co-injected with excitotoxicants like QA or kainate, PA decreases toxic-
ity [125,200]. Taken together, these findings suggest that PA could have modulatory actions
on glutamatergic neurotransmission, which depends on the concentration of PA as well
as the presence of other glutamate agonists like kainates [201]. It is attractive to speculate
that increased amounts of local PA in the brain could saturate ACMSD due to increased
substrate availability, which would shift the metabolism of 3-HANA towards production
of QA, a known epileptic agent [202]. Brundin and colleagues have found a single nu-
cleotide polymorphism in the gene ACMSD in suicide attempters that is associated with
decreased ACMSD activity and corresponding low levels of PA in circulation, in addition
to a lower PA/QA ratio [154]. Recently, a group of researchers found elevated levels of
PA after electroconvulsive treatment in severely depressed patients who had lower serum
levels of PA before therapy suggesting PA could be neuroprotective [203]. In summary,
PA may confer anti-inflammatory and neuroprotective actions that could be important for
neuroinflammatory, neurodegenerative and severe psychiatric conditions.

8. Translational and Therapeutic Considerations

Under physiological conditions, amino acid related metabolism is critical for many
functions throughout the body and influence various organ systems. The KP, likewise,
through the generation of various biologically active metabolites is important in regulation
of many essential functions including energetic metabolism, oxidative stress defense, im-
mune system regulation both innate and adaptive, tumor evasion, xenobiotic and hormonal
signaling, and synaptic neurotransmission regulation among others. Under inflammatory
conditions, a vicious loop of cellular and molecular changes cascade out of control that
become pathological reasons for disease if not kept under check. Critical evaluation and
understanding of mechanistic contributions of KP metabolites in the pathophysiology
of disease has many important translational benefits. Below, we discuss recent evidence
how dysregulated KP metabolism ‘fuels the fire’ to CNS diseases and some therapeutic
considerations along this pathway. Figure 2 compares and contrasts the contribution of KP
in CNS health and disease.
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Figure 2. KP Metabolic Balance in CNS Health and Disease. Under healthy conditions, the intact BBB limits the entry of 
metabolites, xenotic material and non-CNS cells tightly regulating brain homeostasis where KP metabolites modulate 
oxidative stress, neuroinflammation and neurotransmission. Under CNS disease conditions, neuroinflammatory stimuli, 
including systemic and local insults, disrupt physical, genetic and metabolic checkpoints. The cascade of chronic inflam-
mation ensues allowing an enhanced flux of toxic KP metabolites in the CNS system in addition to gliosis mediated release 
of cytokine, chemokines and KP metabolites that fuels the fire to this vicious loop [73,78,204–207]. 

A characteristic feature of neurodegenerative disease is the burden of inflammation 
that contributes to the pathology of CNS disease. Microglia and astrocytes are the primary 
effectors of neuroinflammation, and activation of these cells is observed in several CNS 
disease clusters [16,208]. Neuroinflammation is a primary reason for the activation of mi-
croglia and astrocytes that occurs through the induction and upregulation of immune 
genes, pro-inflammatory cytokine and chemokine production, pattern and damage asso-
ciated molecular patterns, oxidative stress, increased apoptosis and dysregulated KP me-
tabolism. Microglia, the resident immune cells of the brain of the myeloid origin perform 
several important functions including immune repair, surveillance and modulation, 
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Figure 2. KP Metabolic Balance in CNS Health and Disease. Under healthy conditions, the intact BBB limits the entry
of metabolites, xenotic material and non-CNS cells tightly regulating brain homeostasis where KP metabolites modulate
oxidative stress, neuroinflammation and neurotransmission. Under CNS disease conditions, neuroinflammatory stimuli,
including systemic and local insults, disrupt physical, genetic and metabolic checkpoints. The cascade of chronic inflamma-
tion ensues allowing an enhanced flux of toxic KP metabolites in the CNS system in addition to gliosis mediated release of
cytokine, chemokines and KP metabolites that fuels the fire to this vicious loop [73,78,204–207].

A characteristic feature of neurodegenerative disease is the burden of inflammation
that contributes to the pathology of CNS disease. Microglia and astrocytes are the primary
effectors of neuroinflammation, and activation of these cells is observed in several CNS
disease clusters [16,208]. Neuroinflammation is a primary reason for the activation of mi-
croglia and astrocytes that occurs through the induction and upregulation of immune genes,
pro-inflammatory cytokine and chemokine production, pattern and damage associated
molecular patterns, oxidative stress, increased apoptosis and dysregulated KP metabolism.
Microglia, the resident immune cells of the brain of the myeloid origin perform several
important functions including immune repair, surveillance and modulation, phagocytosis,
metabolite clearance, CNS development, synaptic pruning, regulation of synaptic trans-
mission, synaptic plasticity, trophic support, neuronal survival and death [209]. Microglia
possess the surface signatures that are important for chemokine and cytokine signaling, pat-
tern associatedTLRs, immune signaling, adhesion proteins, and calcium binding proteins.
Microglia are highly dynamic, under resting conditions they are quiescent cells with a small
non-spheroidal soma and highly ramified/branched processes that survey the neighboring
areas for cellular debris and pathogens. Microgliosis arises as microglia progressively turn
their highly ramified structures with an enlarged amoeboid soma that is primed for release
of cytokines and other inflammatory factors [210]. Recent studies using transcriptomic
analysis of microglia from diseased brains identified a distinctive phenotype known as
disease associated microglia that are thought to be protective. Microglia’s functional phe-
notype are highly dependent on local environmental cues that inform surface receptor
expression. For example, triggering receptor expressed on myeloid cells 2 (TREM2) and its
downstream signaling with DNAX-activating protein of 12kDa (DAP2) signaling regulate
microglia function, promotes cell survival and important for phagocytosis [211]. High
risk variants of TREM2 (loss of function) identified in neurodegenerative disorders and
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upregulation of TREM2 gene expression in AD and other dementias suggest a beneficial
role [212]. However, evidence from other studies also suggest that TREM2 function in
activating microglia may be age and amyloid burden dependent. Recently, researchers
confirmed a suspected hypothesis that early proliferation of microglia induces senescence
programs and determines specification to disease associated microglia and contribute to
AD pathology [213]. A nuanced understanding of the spatial-temporal origins and activity
of DAM from additional studies will be key to facilitate further discussion.

Similar to microglia, astrocytes perform several essential functions in the CNS includ-
ing trophic support to neurons, synaptogenesis, regulation of synaptic plasticity and synap-
tic homoeostasis, neurogenesis, metabolic regulation, maintenance of BBB and support
microglia in immune monitoring [214]. Astrocytes also express cytokine and chemokine
receptors and under the presence of inflammatory stimuli like cytokines, chemokines,
growth factors, reactive oxygen species, and inducible NOS, they undergo cellular and
structural changes that lead to astrocyte gliosis [215]. The activation of astrocytes may
involve NF-κB pathway and related complement signaling to induce neuronal damage.
The overexpression of glial fibrillary acid protein (GFAP) and S100 calcium binding protein
B (S100B) are important correlates to assess and confirm astrogliosis and these markers have
been observed in CNS disorders [214,216]. Injections of the neurotoxic AD-related Aβ-1-42
peptide in mice increases IDO activation along with cognitive deficits, depressive and
anxiety like behavior. In addition, Aβ 1-42 also activate microglia (via TLR2) and astrocytes
that surround them, which can further aggravate and exacerbate the neuroinflammatory
response and the associated KP metabolism [217,218]. Pretreatment with 1-MT prevented
the development of neurochemical and behavioral deficits in the hippocampus and cortex
due to Aβ-1-42 [219]. The YAC128 mouse model of HD is known for higher IDO expression
and sensitivity to NMDA mediated neurotoxicity and when IDO null mice are challenged
with the neurotoxic QA, lesions in the striatum are smaller that suggest neuroprotective
effects due to inhibiting neurotoxic metabolite production [220]. Inflammatory stimuli me-
diated IDO1 hyper-activation also reduces the survival of serotonergic neurons along with
marked microglial activation, another evidence of inflammatory mechanisms contributing
to pathology of depression and neurodegeneration [221]. This is in agreement with other
studies that demonstrate a reduction in neuroinflammation and neurodegeneration by
inhibiting KP enzymes IDO/TDO and KMO listed in Table 2. As noted earlier, QA can
disrupt the cytoskeleton dynamics in neurons, cause oxidative damage and can be fatal to
neurons. Evidence from the literature suggests that inhibiting microglia activation may
augment neuronal survival as treatment of BV-2 microglial cells with the IDO inhibitor
1-MT, the KMO inhibitor Ro-61-8048, dexamethasone, or MK-801 prevented atrophy of
cultured cortical neurons [222]. Moreover, the conditioned medium generated from QA
application on BV-2 cells causes cortical neuron nuclear fragmentation and disrupts neurite
growth that suggest microglia activation is critical in mediating the effects of neuroin-
flammation and KP metabolism [223]. As outlined earlier, QA and KA have opposing
effects on glutamate neurotransmission and imbalance in the levels of QA/KA disrupts
the physiological modulatory roles of these neuroactive metabolites. Taken together, re-
active microglia and astrocytes act as ‘seeds’ of damage which compound the effects of
neuroinflammation by initiating several catastrophic cellular and molecular phenomena
that are beyond the scope of this review.
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Table 2. List of pharmacological treatments targeting KP Metabolism and neuroinflammation and evaluating treatment outcomes in CNS disease models. A wide variety of therapeutic
compounds have been evaluated that directly target KP enzymes or other receptor systems which limit neurotoxic KP metabolite accumulation and associated improvement in cellular,
molecular, biochemical and behavioral indices are summarized in Table 2.

Drug Target Disease Model Pre/Clinical Effect Study

Gemst Anti-inflammatory
Poly-L-lysine compound Stroke Rat model of ischemia

Treatment down-regulates IDO pathway,
reduction of microglia activation and

gliosis in late phase of stroke
[224]

1-MT IDO inhibitor epilepsy-induced depression Pilocarpine induced Chronic
temporal lobe epilepsy in rats

Prevented depressive-like behavior but
did not influence spontaneous seizures [225]

1-MT IDO inhibitor Inflammation-induced
depression Mice treated with LPS (ICV) Treatment prevented depressive-like

behavior [226]

Coptisine IDO inhibitor Alzheimer’s Disease Alzheimer’s transgenic
AβPP/PS mice

Prevented neuronal cell loss and cognitive
impairment, reduced amyloid plague
development; decreased activation of

microglia and astrocytes

[227]

N-(2-N,N-dimethylaminoethyl)-
4-oxo-1H-quinoline-2-

carboxamide
hydrochloride-SZR-72

KA analogue Huntington’s Disease HD N171-82Q transgenic
mouse model

Treatment increased survival, restored
locomotor activity, increased body weight

and prevented striatum neuronal loss
[228]

2-(2-N,N-
dimethylaminoethylamine-

1carbonyl)-1H-quinolin-4-one
hydrochloride

KA analogue Stroke Rat model of global forebrain
ischemia

Treatment prevents neuronal cell loss in
CA1 region; preserves induction of LTP [229]

SZR104 KA analogue Epilepsy Pentylenetetrazole induced
epileptiform seizures in rats

Treatment decreased population spike
activity and epileptiform seizures [230]

Ro-61-8048 KMO inhibitor Parkinson’s MPTP cynomolgus monkey Chronic treatment with Ro-61-8048
reduced levodopa-induced dyskinesia’s [228]

Ro-61-8048 KMO inhibitor Paroxysmal dystonia dtsz mutant Syrian golden
hamsters

Anti-dystonic; reduced severity of
dystonic attacks [231]

Ro-61-8048 KMO inhibitor Brain injury/Neurotrauma Surgical brain injury in rats
Treatment reduced brain edema and

improved long-term neurological function
after SBI

[232]
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Table 2. Cont.

Drug Target Disease Model Pre/Clinical Effect Study

Ro 61-8048 KMO inhibitor Spared nerve injury model
Neuropathic pain and

depression like behavior in
SNI mice

Anti-depressant effect following treatment
but no effect on improving mechanical

allodynia
[233]

Ro-61-8048, mNBA KMO inhibitor Stroke Rat and gerbil models of
ischemia

Treatment prevented neuronal loss and
decreased infarct volume [234]

JM6 KMO inhibitor Alzheimer’s and
Huntington’s

AD (APPtg) and HD (R6/2)
transgenic mouse models

Prevents AD and HD behavioral deficits
and synaptic loss; increased life span of

HD mice
[235]

CHDI-340246 KMO inhibitor Huntington’s Disease Multiple HD transgenic
mouse models

Treatment ameliorates electrophysiological
alterations in striatum, no improvement in

behavioral phenotype
[236]

PNU 156561A KMO inhibitor Huntington’s Disease

Chemical model of HD in rat;
QA induced

neurodegeneration and
seizures

Anti-convulsant and neuroprotective [237]

Leucine LAT1 competitor Inflammation-induced
depression

LPS induced depressive like
behavior

Anti-depressant effect due to blockade of
kynurenine entry to the brain. [238]

Electroconvulsive therapy NA Depression Humans with MDD

Treatment improved depressive
symptoms; reduced kyn and QA levels in
plasma, significantly reduced the QA/KA

ratio

[239]

Electroconvulsive therapy NA Depression Humans with MDD

Treatment improved depressive
symptoms, increased serum KA levels,

increased the KYN/TRP, KA/KYN, and
KA/3-HK ratios

[240]

Ketamine NMDAR antagonist
Inflammation-induced
depression; Treatment
Resistant Depression

Mice treated with LPS;
humans with TRD

Reduces QA and elevates KA in mice
treated with LPS, reduced depressive

behaviors
[34]

Ketamine NMDAR antagonist Treatment Resistant
Depression Humans with TRD

Treatment reduced depressive symptoms;
elevated KYNA and KA/KYN ratio in

responders
[241]
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Table 2. Cont.

Drug Target Disease Model Pre/Clinical Effect Study

Ketamine NMDAR antagonist Treatment Resistant
Depression Humans with TRD

Treatment reduced depressive symptoms;
statistical non-significant trend of

elevating KA and KA/KYN
[242]

AV-101 (4-Chloro-kynurenine) selective GlyB-NMDA
receptor antagonist Epilepsy Kainate induced seizures and

lesion
Anti-convulsant and neuroprotective

effects, prevents seizures and lesion in rats [243]

AV-101 (4-Chloro-kynurenine) selective GlyB-NMDA
receptor antagonist Depression Healthy C57BL/6J mice Anti-depressant like effects on behavioral

paradigms used in mice [244]

AV-101 (4-Chloro-kynurenine) selective GlyB-NMDA
receptor antagonist Pain Capsaicin induced

experimental pain in humans

Treatment trends to decrease in algesic
response, feeling of wellbeing in small

cohort of patients
[245]

Escitalopram SSRI Depression Humans with MDD
Treatment improved depressive

symptoms, reduced QA and 3-HK,
increased KA/QA ratio

[246]

Escitalopram + celecoxib SSRI, COX-2 inhibitor Bipolar disorder Treatment resistant Bipolar
depression

Combination of drugs improved treatment
response, statistically non-significant trend

of reduced peripheral QA
[247]

amitriptyline, imipramine,
fluoxetine, citalopram SSRI, TCAs Depression Humans with MDD

All antidepressants increase KA level in
hippocampus and increased KAT1 and

KAT2 expression in hippocampus
[248]

D-1MT, allopurinol, Ro 61-8048 IDO inhibitor, TDO
inhibitor, KMO inhibitor Schizophrenia Ketamine-induced increased

locomotor activity in rats
All inhibitors reverse the increased

locomotor activity in response to ketamine [249]

Allopurinol TDO inhibitor Depression Rat model of chronic restraint
stress

Reduced immobility time in forced swim
test, prevented increase in kynurenine

levels induced by stress
[250]
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The two major contributors to KP metabolism within the brain are microglia and
astrocytes that carry out either the oxidative metabolic branch or the irreversible transami-
nation branch of KP, respectively [54,251]. Dysregulation of KP metabolism is associated
with the induction and upregulation of IDO1 and IDO2 mediated oxidative breakdown
of tryptophan to kynurenine. The induction and upregulation of IDO following immune
system activation occurs through IFN-G dependent and independent mechanisms (IL-1β,
IL-6, TNF-α, TGF-β) [49]. Upregulation of IDO-1 is a well-documented observation in
CNS diseases and genetic or pharmacological inhibition studies of IDO are beneficial in
modifying or reducing pathological traits associated with CNS pathology [107,252]. In
AD, IDO activation is associated with senile plaques and neurofibrillary tangles in the
hippocampus and cortical areas, which prime microglia and increase production of in-
flammatory cytokines, ROS and neurotoxic QA. During disease progression, sustained
activation of these phenomena may contribute to neuronal death due to actions of cy-
tokines, ROS, NO and QA induced glutamate excitoxicity. Animal models of AD show
increased IDO1, TDO expression, higher levels of oxidative metabolites and enzymes along
the 3-HK branch [149,253]. Inhibition of IDO/TDO decreases neurodegeneration, decrease
accumulation of toxic KP metabolites and improve behavioral performance in learning
and memory tasks often compromised in dementias [254]. IDO inhibitors are useful in im-
proving outcomes in preclinical models of neurodegenerative, neurological and psychiatric
disease. Inhibition of IDO prevents the metabolism of kynurenine down the KMO branch,
thus preventing the generation and accumulation of free radical generators that induce
neuronal loss. Moreover, IDO inhibition mitigates the behavioral dysfunction associated
with inflammation and seizures that arise due to perturbed glutamate neurotransmis-
sion [225,227]. N-acetylserotonnin, a positive allosteric modulator of the IDO enzyme may
be of value in reducing neuroinflammation associated with these disorders and recognized
for its neurotrophic and anti-depressant effects by activating the BDNF—tropomyosin
receptor kinase B (TrkB) signaling pathway critical in synaptic plasticity [110].

KA, as a non-competitive antagonist at NMDA receptor in the context of neurode-
generative and neurological conditions can counteract the excitotoxic effect of excess
glutamatergic signaling through NMDA and non-NMDA dependent mechanisms. The
class of compounds that include KMO inhibitors block oxidative metabolism towards QA
production and are effective in reducing dyskinesia, motor function impairment in Parkin-
son models and prevented ischemia mediated neuronal damage and apoptosis [228,255]. In
addition, other KMO inhibiting compounds reduce neurodegeneration, associated synapse
loss and neurobehavioral dysfunction in animal models of HD and AD [230,236]. This
suggests that reducing oxidative stress and preventing excessive glutamate signaling pre-
sumably due to increased KA/QA ameliorates underlying dysfunction in Parkinson’s
and ischemia. Future studies should critically review using KA/QA ratio for systematic
assessments of neuroprotection and vice versa for neurotoxic effects. Since KA can re-
duce glutamatergic neurotransmission via inhibiting NMDA and nicotinic acetylcholine
receptors, KA analogues could have therapeutic vitality in preventing the effects of excess
glutamate in neurological and neuropsychiatric disorders [249]. KYNA analogues listed in
Table 2 may be important tools for the development of therapeutics as they have found
utility in preclinical models of HD, ischemia and epilepsy by preventing aberrant epilepti-
form activity, prevent excessive neuronal atrophy, improve motor behavior and may aide
neuronal survival [234,256].

Cytokine-associated changes in behavior associated with dysregulation KP metabolism
were made in patients undergoing immune therapy for Hepatitis C infection and can-
cers [257]. Following immune therapy, patients reported symptoms of depressed mood,
anxiety and cognitive malfunction like symptoms that could be resolved with the anti-
depressant paroxetine [23]. It was not long after this that researchers hypothesized that
cytokine induced disruption in KP may be responsible for the alterations in psychoneu-
roendocrine affective behaviors [257]. Several of these affective behaviors are associated
with most currently known neurodegenerative disorders, neurological and psychiatric
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disorders that involve the cortico-thalamic, cortico-limbic structures and basal ganglia of
the forebrain. The afferents of the vagus nerve projects signals towards the brain stem
nuclei (nucleus tractus solitarius) which relays these signals to locus ceruleus, the rostral
ventrolateral medulla, amygdala and thalamus that regulate emotional and cognitive be-
haviors in response to these signals [258]. The vagus nerve has receptors for cytokines
and PAMPS released by a variety of cells in the gastrointestinal tract that communicate
peripheral immune signals to the brainstem and spinal cord and transmits these signals to
the hypothalamus activating the sympathetic nervous system [204]. The hypothalamus–
pituitary–adrenal (HPA) axis plays critical role in the etiology of affective behaviors as they
respond to peripheral inflammatory signals and stressor induced elevated glucocorticoids
levels. Chronic stress and chronic activation of the immune system sustains the production
of these danger signals that lead to excessive glucocorticoid signaling which should exert a
negative effect on immune signaling but soon becomes resistant [259]. Chronic activation of
HPA axis and elevated immune signaling over activates and upregulates KP increasing the
flux of metabolism of tryptophan towards production of KP metabolites. These metabolites
increase oxidative stress and ROS formation, activate immune signaling, induce protein
and lipid damage, neuronal toxicity impairing several cellular functions and could be fatal
especially during degenerative, autoimmune and aging conditions.

In the laboratory, challenging mice with immune stimuli through the periphery or
directly injected in the brain produce similar changes in the motivational/behavioral state
of animals. They exhibit anhedonia and anxiety like behavior, altered cognition, avoid
physical and social interaction, reduce food and water intake exhibiting the full array
of symptoms [204]. Pre-treatment with minocycline, a tetracycline antibiotic, pharmaco-
logical (1-MT) or genetic inhibition of IDO (IDO−/− mice) attenuates acute and chronic
inflammation-mediated changes in behavior. This reverses the increase in inflammatory me-
diators and normalizes K/T ratio to physiological levels [51,260]. Interestingly, treatment
with anti-depressants like SSRI’s/SNRI’s and ketamine improve symptoms of depression in
humans and endotoxin-mediated sickness behavior in animal models, which are positively
correlated with reduction of inflammation, normalization of KP metabolism along with
elevated levels of serotonin [261,262]. In addition, chronic stress that is a critical risk factor
in the etiology of mood disorders precipitate similar behavioral dysfunction in animal mod-
els. Treatment with either IDO inhibitors (1-MT), anti-inflammatory drugs (minocycline,
infliximab) and anti-depressants alone or in combination synergistically reverse chronic
stress induced behavioral abnormalities via anti-depressants and anti-inflammatory actions
in the brain [25,263]. Treatment with anti-depressants where it is effective in improving
symptoms correlates well with treatment outcomes and increase KAT gene expression
which increases KA production and may offer neuroprotection [248]. Animal models of
chronic stress activate peripheral innate immune response and contribute in activation
of microglia that are the primary source of neurotoxic KP metabolites like 3-HK and QA.
Chronic stress alters glutamate neurotransmission in the frontal cortex of rats positively
related to increased IDO expression and increased QA/KA ratio representing higher risk of
toxicity which is reversed by treatment with anti-depressants [264]. In humans, the stress
response has an inverted U shape relationship with the benefits to the body. Repeated
chronic stress in which homogeneous or heterogeneous forms of stimuli persist without
representing imminent danger can engage physiological systems in the body in order
to adapt and defend them. However, when the stressful stimuli are not resolved, the
acute alterations in neural circuit function turn chronic leading to alterations in mood
and motivation.

The levels of neurotoxic KP metabolites like 3-HK, QA/KA are elevated in patients
with depression and anxiety disorders. The majority of neurobehavioral symptoms in
depression and anxiety arise in cortico-limbic circuits in the brain, the imbalance in lev-
els of KP metabolites in corresponding brain regions correlate with circuit function and
disease outcome. For example, higher microglial QA immunoreactivity in subgenual and
anterior cingulate cortex critical in empathy, impulsivity, emotion and decision-making cor-
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relates with symptoms of depression suggesting QA release from microglia is an important
pathological contributor [265]. Young et al., found in humans with MDD, hippocampus
dependent autobiographical memory recall inversely correlates with KA/ 3-HK whereas re-
call of negative memories positively correlates with KA/QA [266]. Furthermore, KA/QA,
a potential neuroprotective index, is lower in MDD patients and negatively correlates
with symptoms, but a positive correlation exists with lower hippocampal and amygdala
volumes [266]. Studies employing the current pharmacological treatment options for im-
proving depression and anxiety symptoms are known to reduce the levels of 3-HK and QA
while normalizing the KA/QA ratio [246]. In patients that suffer with treatment resistant
depression for whom current therapeutic options can no longer provide benefits either due
to poor efficacy or due to adverse side effect profile, rapid acting anti-depressants with a
low abuse profile are required. In particular, treatment with NMDA receptor antagonists
like ketamine improves the outcome in treatment resistant depression that have a high
rate of remittance due to lack of treatment options [34]. In 2019, esketamine nasal spray
received approval by the FDA for treatment resistant depression and could be of value
for depressed patients with high risk of committing suicide [267]. It is becoming increas-
ingly evident that patients suffering with depression may be clustered under two major
categories, one that respond to current treatment options and have lower inflammatory
profile associated with disease while the other group is associated with exaggerated inflam-
matory profile and treatment resistant. Recently, Haroon et al., performed path analysis
and observed segregation of depression patients using correlation between treatment re-
sponse and TNF-K/T levels. Their results suggests that plasma and CSF profiling of KP
metabolites in depression can serve as proxy for accurate prognosis, evaluation of treatment
options and highlights the potential utility of therapeutically targeting KP metabolism
in depressive patients that are poor responders to existing pharmacotherapy [268]. Sup-
plementation of anti-inflammatory therapy to reduce pro-inflammatory expression with
NSAIDS, selective COX inhibitors, TNF-α antagonists, IL-6 neutralizing antibodies and
growth factors like granulocyte-macrophage colony-stimulating factor (GM-CSF) with cur-
rent anti-depressants on the market may provide synergistic benefits for treatment resistant
inflammation associated depression [73,247,269–271]. Future clinical studies employing
combination therapy of aforementioned options would further our understanding of the
treatment response and may facilitate novel combinatorial treatment options. Apart from
pharmacological interventions, other forms of therapy like electroconvulsive therapy also
tend to decrease neurotoxic QA/KA, increased KYNA/3-HK and increased KA levels;
indices which correlate with improvement in depression symptoms [240,272].

9. Single Nucleotide Polymorphisms (SNP’s) in The Kynurenine Pathway of
Tryptophan Metabolism

A growing number of clinical studies have started utilizing large-scale genomic studies
from patient samples to observe genetic differences that can explain certain pathological
traits. As rapid advancements continue in the area of genetics and commercial biotech
manufacturing, the cost of performing such massive studies is decreasing and may aid
the identification and knowledge of additional disease associated SNPs more common to
researchers and clinicians. SNPs occur when the correct DNA nucleotide get substituted
with an incorrect one and depending where within the gene these SNPs are located, the
resulting amino acid sequence may be altered. Although most SNPs do not have any effect
on function, genome wide association studies have helped in identifying functional SNPs
that may enhance certain individual’s response to drugs or elevated susceptibility to certain
environmental factors and risk for developing diseases. Disease associated SNP’s may alter
the protein coding of certain areas in the DNA that may lead to an altered protein product
which may alter the physiological role of the protein. A survey of the literature to identify
functional SNPs within the KP summary is in Table 3. Multiple clinical studies have
reported the association of two SNPs in schizophrenia patients, rs1053230 and rs2275163,
located on the KMO gene. The findings from these studies suggest that the rs2275163, C > T
allele is associated with decrease cognitive scores and deficits in visuospatial memory and
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increased risk of schizophrenia [273,274]. Whereas the rs1053230 variant of the KMO may
not influence cognitive aspects but is strongly associated with higher risk of developing
schizophrenia associated behaviors [274]. Although the exact functional relevance of this
KMO allele SNP is not clear, these studies indicate that carriers of these alleles may have
reduced KMO activity, which could drive the flux of kynurenine metabolism towards
excess KA production. Of note, one study that involved Japanese schizophrenia patients
tested associations with eight identified SNPs, but none were significant [275]. Some of
these observed differences between studies might be due to sample size, racial differences,
statistical tests used to measure group differences and differences in testing technologies.
Additionally, two studies found trends for association between the rs1053230 GG genotype
of the KMO allele in patients suffering from HIV associated depression while another study
failed to find any association [276–278]. Other studies found IDO SNPs rs2929115 and
rs2929116 that may predict the outcome of treatment response. The IDO1 SNP rs9657182
is associated with cytokine induced depression whereas KAT III rs1272958 may affect
KAT enzyme function in depression patients [278,279]. In Asian women suffering from
postpartum depression (PPD), the polymorphisms of KMO SNP rs1053230 AG genotype
had higher 3-HK/kyn ratio indicative of increased KMO activity and associated with
PPD [280]. A similar study found IDO1 rs10108662 in Asian women with increased IDO
activity and associated PPD development risk that carried this allele while another study
that evaluated eight SNPs in KAT I–III genes did not find any associated between PPD and
KAT SNPs [281,282]. Taken together, these findings make it imperative to speculate that
in case of depression, the associated SNPs may drive alter the flux towards the oxidative
IDO-KMO regulated KP metabolism. Three studies, a meta-analysis of GWAS for PD, a
single PD patient and a family with cortical myoclonic tremor and epilepsy report SNP’s
in the ACMSD gene with increased risk of motor deficits and association with higher risk
of PD [283–285]. Brundin et al., discovered minor C allele of the ACMSD SNP rs2121337
to be associated more frequently with suicide attempters with decreased levels of PA in
the CSF that is indicative of lower ACMSD enzyme activity [154]. Lower ACMSD activity
would shunt the pathway towards QA production, and since QPRT enzyme saturates
at nanomolar concentrations of its substrate, the increased QA could be neurotoxic [57].
This is important for neurodegenerative diseases and patients with severe depression and
suicidal ideation that have higher levels of QA drugs that increase ACMSD expression or
activity may be of therapeutic use.

Table 3. Single Nucleotide Polymorphisms found in the Enzymes involved in KP metabolism associated with CNS diseases.
Recent genome wide studies have discovered SNP’s on KP metabolism genes that co-relate with patient symptom severity
and treatment outcome. These critical associations will aid in understanding genetic risk, susceptibility and vulnerabilities
factors in conjunction to developing animal models, tools and novel therapeutic strategies to target KP metabolism for
CNS diseases.

Gene Allele SNP Disease Model Nature of Association with SNP Study

TDO2 rs3755910 Autism
Polymorphism in TDO2 promoter

region; CC genotype associated with
autism

[286]

KMO rs1053230 Bipolar disorder

Associated with elevated CSF KA in
bipolar patients and common in
bipolar patients with psychotic
features during manic episode

[274]

KMO rs1053230, rs2275163 Depression

No association between rs2275163 and
depression. Association trend for rs

1053230 G/G genotype and
depression

[276]
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Table 3. Cont.

Gene Allele SNP Disease Model Nature of Association with SNP Study

IDO2 rs2929115, rs2929116 Depression Nature of association unclear, SNP
may alter SSRI citalopram response [279]

KATII, KMO KATII-rs1480544,
KMO-rs1053230

Depression in HIV
patients

C-allele in KATII-rs1480544 appears to
be protective, KATII-TT-carriers at risk [277]

IDO1 rs9657182 Inflammation-induced
depression

Associated with depressive symptoms
development post immune therapy;

CC genotype more at risk that TT
genotype

[287]

KAT III, KMO KAT III-rs12729558,
KMO-rs1053230

Major Depressive
Disorder and Bipolar

Disorder

Associated with bipolar disorder and
trend for association with MDD [278]

ACMSD p.Trp26Stop codon
Familial cortical

myoclonic tremor and
epilepsy

ACMSD p.Trp26Stop mutation
associated with family history of

FCMTE
[283]

ACMSD rs775129424 Parkinson’s Disease
Risk associated mutation found in

patient with PD; affects response to
treatment

[284]

ACMSD rs6710823 Parkinson’s Disease Meta-analysis of GWAS reveals
ACMSD SNP predicts PD risk [285]

KMO rs1053230 Post-partum
depression

Associated with elevated levels of
3-HK and higher 3-HK/KYN ratio in

serum of women in post-partum
depression. Significantly associated

with post-partum depression

[280]

IDO1 rs10108662 Post-partum
depression

Associated with post-partum
depression [281]

KATI, KATII, KATIII NA Post-partum
depression

No association between eight KAT
I–III SNPs and PPD [282]

KMO rs1053230 Schizophrenia SNP associated with Increased KA in
the CSF of schizophrenia patient [288]

KMO rs1053230, rs2275163 Schizophrenia
Increased risk were the GG genotype
(rs1053230) and the T*GG diplotype

(rs2275163 and rs1053230)
[289]

KMO rs2275163 Schizophrenia

Associated with oculomotor measures
of predictive pursuit and visuospatial

working memory deficits in
schizophrenic patients

[272]

KMO rs2275163, rs1053230 Schizophrenia

rs2275163C>T allele is associated with
poor performance on battery of

cognitive tests in schizophrenia with
decrease cognitive scores associated

but rs1053230 is not

[273]

KMO rs2275163 Schizophrenia
Associated with schizophrenia in one
cohort, but effect was not replicated in

second larger cohort
[275]

ACMSD rs2121337 Suicide
SNP associated with higher QA in
suicidal patients and reduced PA

production
[154]
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10. Concluding Remarks

Therapeutic agents used in preclinical model systems often have different routes of
administration compared to pharmaceuticals approved for human use. In particular, direct
application of drugs into the ventricular areas can result in significant differences between
findings from the clinic and the laboratory. One of the major challenges in drug design for
CNS diseases is overcoming the limitations in CNS penetrance caused by the BBB. Of KP
metabolites, only Trp, Kyn and 3-HK are able to cross the BBB to act as precursors for de
novo synthesis of downstream metabolites within the brain. To curtail the neurotoxic effects
of KP metabolism, as is required in AD, HD, MS, epilepsy and depression, therapeutic
inhibition of oxidative KP enzymes may provide benefit, while development of drugs
that act at important metabolic junctions could be developed to alter metabolite ratios. In
order to inhibit these enzymes within the brain, the drug must be able to cross the BBB.
Pro-drug approaches may provide some benefit to this cause, as in the case of AV-101
4-Chlorokynurenine, a selective glycine site NMDAR antagonist converted to 7-chloro-
kynurenine that cross the BBB and can block the glycine site of NMDAR. Another recent
study by Zhang et al., documented the discovery of a novel KMO inhibitor, which is
a pro-drug and reduces neurodegeneration in a drosophila HD model [290]. Another
strategy that is currently under investigation is dietary manipulation of large neutral amino
acids, as supplementation with leucine attenuated LPS-induced depressive like behavior
in mice by competitively reducing kynurenine transport into the brain [291]. Additionally,
anti-inflammatory diet consisting of a variety of foods may normalize and restore the
balance in KP metabolism [292].

The gut microbiota are critical in regulating the innate immune response, growth and
development, metabolism and production of biologically active molecules that exert signif-
icant physiological effects throughout the body. Importantly, the brain–gut–microbiota axis
represents the complex interconnected crosstalk of the microbiome, gastrointestinal and
central nervous system. The bacteria in the gut produce and release GABA, the inhibitory
neurotransmitter that is involved in the pathophysiology of mood disorders and increase
tryptophan availability for serotonin production [88]. In a cohort of 110 patients suffering
from MDD, treatment with probiotics was associated with decreased serum K/T ratio and
improvement in depression scores [293]. Moreover, Moloney et al., recently discovered the
role of gut microbiota microrna mir-294-5p that target KP metabolism genes and regulate
it in the hippocampus; a critical area in learning and memory as well as dysregulated
in multiple CNS diseases [294]. This indicates that the gut–microbiota–brain axis is an
important therapeutic avenue that may hold promise for treatment of anxiety disorders
and depression [293]. Besides, the gut IDO-AhR signaling axis is critical in immunomodu-
lation and immunotolerance that may be a critical target in reducing the burden of chronic
inflammation [92]. Gut bacteria sequester Trp and produce indole related compounds that
are also AhR agonists [295]. Drug development strategies to sequester excess peripheral
kynurenine by gut microbiota could interrupt the flux of KP precursors towards the brain.
Strategies such as allosteric modulation of KP enzymes like IDO, KMO and 3-HAAO might
represent exciting drug development opportunities for neurodegenerative and neuroin-
flammatory diseases. In particular, the recent discovery of N-Acetylserotonin as a PAM of
IDO in dendritic cells that reinstated IDO activity to physiological levels in immune cells
from patients with relapse remitting MS will open new doors of information regarding the
therapeutic value of this compound in reducing the burden of neuroinflammation [110].
The utilization of advances in stem cell techniques and transplant in future studies to
bioengineer KP enzymes in vitro aimed at normalizing KP metabolism in CNS disease
patients might be another novel form of therapeutics. For neurological conditions like
seizures and psychiatric disorders that have acute episodes of mania, anxieties, psychosis
and suicidal ideations, development of biologicals delivered directly in the blood stream to
curtail excessive glutamate signaling in the brain may be of therapeutic value.

Pharmacological and genetic inhibition studies have contributed significantly towards
our understanding of KP metabolism dysfunction in CNS disease. It is important to take
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under consideration that several of pre-clinical studies that involve manipulation of kynure-
nine pathway using rodent models that may be translationally less relevant. Over the years,
several whole-body KP enzyme knockout mice have let to the discovery of seminal findings
that assert KP metabolism importance within the context of physiology and disease. There
is a need for studies that employ tissue or region-specific knockout mice that would make
it possible to study the effects of KP metabolites within a particular organ system and
brain regional heterogeneity in metabolism. As the KP metabolism is diverse and produces
several metabolites, compensatory increases in the genetic and protein expression of KP
enzymes and metabolites might underscore some of the laboratory findings reported from
these mice. As discussed throughout the extent of this review, several KP metabolites are
neuroactive, compensatory changes in metabolite production since birth may alter neuro-
transmission, and other physiological parameters that could confound several dependent
variables measured in scientific studies. The advent of powerful and sophisticated gene
editing technologies including the Cre-LoxP and CRISPR-Cas9, cell and tissue specific
knockdown of KP enzyme genes combined with state of the art cellular and molecular
imaging techniques will allow researchers to study brain region specific heterogeneity of
KP metabolism.

Preclinical studies that study neurobehavioral dysfunction arising due to alterations in
KP confirm that forebrain circuits are sensitive to the effects of these metabolites. However,
additional areas that provide a deeper and mechanistic understanding of cellular and
molecular actions of KP metabolites in physiology and disease that are currently under-
way may provide better insights. One important area of study in the future should be
testing the activity of KP metabolites that act as glutamate receptor agonists on synaptic
and extra-synaptic NMDA receptors. Outlining this difference is critical with respect
to CNS disease as synaptic and extra-synaptic NMDA receptors can contribute to both
neuron survival and susceptibility to cell death [296]. Another example is the role of
KP metabolites in regulation of immune response through microglia that is still develop-
ing. In particular, the role of KP metabolites in negatively regulating the inflammatory
response through microglia by dampening the production of inflammatory cytokine is
recent and remains to be characterized in detail [87]. Moreover, our understanding of
the cellular and neuromolecular interactions of KP metabolites with nerve and glial cells
remains incomplete. KP metabolite signaling studies in the areas of cancer biology and
immunology have significantly advanced the contribution of the KP in tumor pathology
and immune response.

Clinical findings measuring immune markers, functional brain imaging studies, and
human experimental studies show robust association between KP metabolism and the
pathophysiology of several brain disorders. The nature and importance of KP in main-
taining various physiological functions in the body is broad. The production of NAD, an
essential cofactor required for mitochondrial energetic respiration, makes KP metabolism
relevant to all cells in the body. Besides, several KP metabolites have neuroactive properties
and are involved in regulation and modulation of major neurotransmitter systems like
glutamatergic, GABAergic, nicotinic, serotonergic and dopaminergic. Thus, while it is
attractive to target this pathway from a translational perspective, the widespread diverse
actions of KP metabolites in basic biology makes that prospect challenging. In addition,
targeting KP will affect biology of all indole related compounds, which represents an addi-
tional drug development challenge to avoid adverse side-effect profiles of lead compounds.
Potential side-effects of targeting KP are likely to affect neurotransmitter functions, gut and
immune function and mitochondrial energy production [297]. Clinical trials involving the
use of IDO inhibitors for gliomas that failed have been well tolerated in studies completed
so far and information from currently underway are not available yet [298,299]. From a
clinical biomarker development perspective, several different indices to represent the state
of KP metabolism have been used and proposed. Of these, K/T, 3-HK/kyn, KA/QA and
QA/KA seem to be attractive clinical biomarkers in diseases like AD, HD, CNS infections,
neurovascular and neurotrauma, mood and psychiatric disorders. Changes in the levels
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of these metabolites and the associated enzymes are critical to study as small changes can
have substantial and biologically significant effects on metabolism, neurotransmission and
immunomodulation. The development of rapidly available and brain penetrant drugs
continues to remain the cornerstone need of current pharmacotherapy for CNS disease,
large scale omics studies and additional research on the basic biology of KP metabolites
will further the quest in the discovery of targets for CNS drug development.
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Abbreviations

1-MT 1-methyltryptophan
3-HAAO 3-hydoxyanthranillic acid dioxygenase
3-HK 3-Hydroxykynurenine
α7nAChR Alpha-7-nicotinic acetylcholine receptor
AβPP/PS double transgenic mice expressing a chimeric mouse/human amyloid

precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9)
ACMSD 2-Amino-3-carboxymuconic-6-semiladehyde decarboxylase
AD Alzheimer’s disease
AhR Aryl hydrocarbon receptor
BBB blood–brain barrier
CA Cinnabarinic acid
CA1 Cornu Ammonis 1
CNS Central nervous system
COX2 Cyclooxygenase 2
CSF Cerebrospinal fluid
FCMTE Familial cortical myoclonic tremor with epilepsy
GlyB Glycine B Site
GPR35 G-protein couples receptor 35
GWAS Genome Wide Association Studies
HD Huntington’s disease
HIV Human immunodeficiency virus
ICV Intracerebroventricular
IDO Indoleamine-2,3-dioxygenase
KAT Kynurenine aminotransferase
KA Kynurenic acid
KAT Kynurenine aminotransferase
Kyn Kynurenine
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KMO Kynurenine-3-monooxygenase
KP kynurenine Pathway
LAT1 Large amino acid transporter 1
LPS Lipopolysaccharide
LTP Long term potentiation
MDD Major depressive disorder
mGLUR Metabotropic glutamate receptors
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NAD Nicotinamide adenine dinucleotide
NMDAR N-methyl-D-aspartate receptor
PD Parkinson’s disease
PA Picolinic acid
PDD Postpartum depression
QA Quinolinic acid
SBI Surgical brain injury
SNI Spared nerve injury
SNP Single nucleotide polymorphism
SNRI Selective norepinephrine reuptake inhibitor
SSRI Selective serotonin reuptake inhibitor
TCA Tricyclic antidepressants
TDO Tryptophan-2,3-dioxygnease
TRD Treatment resistant depression
TRP Tryptophan
VGLUT Vesicle glutamate transporter
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