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generated in the
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pathway.
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Abstract

A large constellation of
experimental evidence suggests
that neuroinflammation
is involved in the onset of
depression and neurodegenerative
disorders. Many studies
have shown impairments in
tryptophan metabolism, the
major pathway for the synthesis
of serotonin, the mood regulating
neurotransmitter. This article
reviews the various metabolites
generated in the competing
pathways of tryptophan
metabolism including the
kynurenine pathway. Increased
synthesis of the neurotoxic
compound quinolinic acid occurs
at the expense of the synthesis of
the neuroprotective metabolite
kynurenic acid. This shift in
equilibrium plays a critical role
in the induction of oxidative
stress, neuroinflammation, and
neurotoxicity. Sufficient protein
intake with adequate amounts of
tryptophan along with dietary
antioxidants and flavonoids may
offer protection against major
depressive and neurodegenerative
disorders.

Depression

Depression, aka major
depressive disorder (MDD), is
recognized as a leading cause of
disability worldwide, with 350
million people affected as of 2019,
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an increase of 18% over the last
decade.! Approximately one in

five individuals will experience a
major depressive episode during
their lifetime. Women are affected
by depression at rates nearly

twice that of men.” The economic
burden of MDD, estimated at
$236 billion in 2010, showed a
steep 40% increase to $326 billion
in 2018.7 Depression occurs on a
spectrum and is a complex disorder
with a wide array of symptoms
and clinical features that may
require unique treatments. Clinical
presentations include depressed
mood, anhedonia, insomnia,
appetite or weight changes, anergia,
psychomotor or neurocognitive
dysfunction, and most notably,
suicidal ideation.” Over the last
decade, major advancements

have been made in elucidating

the etiology of depression. The
role of serotonin continues to be
studied, and inflammation is now
understood as a major player in
the development of depression.

It is clear that depression is a
heterogeneous disease, with distinct
biochemical features underlying
each subtype. Emerging new
evidence challenges existing
assumptions of the key players that
contribute to the development

of depression and the severity of
symptoms.



Tryptophan Metabolism

Tryptophan, an essential amino acid, is critical
in the synthesis of multiple bioactive metabolites
including serotonin, kynurenine, melatonin, and
vitamin B3.* It is important in both gastrointestinal
and central nervous system (CNS) function and can
be metabolized through multiple pathways.’ In recent
studies, the gut microbiota have shown significant
effects on tryptophan metabolism.® Modulation of
the gut-brain-axis is implicated in intestinal and
neuropsychiatric disorders such as irritable bowel
syndrome and depression.” Of the essential amino
acids, tryptophan possesses the lowest reserve,
making it vulnerable to deficiency.® Understanding
the role of tryptophan metabolism in MDD may
help uncover potential alternative therapeutic
approaches for the treatment of depression. This
review focuses primarily on the intricate components
of tryptophan metabolism in relation to the CNS
and depressive disorders, including the serotonin and
kynurenine pathways. Through an analysis of novel
evidence, the role of tryptophan metabolism in the
biochemistry of depression can be better understood.

The Serotonin Pathway

The monoamine theory has been the leading
theory of depression since the 1950s. Interestingly,
a recent systematic review of serotonin’s role in
depression concluded that there is no consistent
evidence of a direct association between depression
and the famous neurotransmitter.’ Furthermore,
no evidence supports depression stemming from
decreased activity or concentration of serotonin.
The monoamine theory has still persisted in part
due to the effectiveness of selective serotonin
reuptake inhibitors (SSRIs) and selective serotonin
and norepinephrine reuptake inhibitors (SNRIs)
in treating depression, which are effective in 70%
of MDD patients. The partial effectiveness of
anti-depressant medications in treating depression
may indicate that serotonin does play a role,
although not directly as previously believed. The
monoamine theory alone is not enough to explain
the heterogeneity of clinical symptoms in patients,
or why symptoms can vary so much, even for a given
patient.?

Serotonin (5-hydroxytryptamine, or 5-HT) is
a well-known neurotransmitter, but still relatively
poorly understood. It is a product of tryptophan
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metabolism, with 5-10% of tryptophan
contributing to serotonin production.’ The rate
limiting enzymes in this pathway are tryptophan
hydroxylase 1 (TPH1) and tryptophan hydroxylase
2 (TPH2) with the latter being found exclusively
in the CNS. TPH1 and TPH2 function to
convert tryptophan into 5-hydroxytryptophan
which undergoes an enzymatic decarboxylation
to form serotonin. Serotonin can be further
metabolized to either melatonin or be converted
to 5-hydroxyindoleacetic acid via the action of
the enzyme monoamine oxidase (MAO), a target
for monoamine oxidase inhibitors (MAQIs),
therapeutic agents used to treat depression.’
Although serotonin is involved in many
peripheral processes such as peristalsis, mucus
production, blood vessel dilation, etc., its role
in the CNS has been the focus of most studies.
In particular, its involvement in depression and
schizophrenia are the subject of intense research.
The major functions of serotonin include
involvement in movement, mood, learning and
memory, sleep and circadian rhythm, anxiety,
aggressiveness, and social status.'? The vast
diversity of effects induced by serotonin is due to
simultaneous effects on multiple neuronal targets
and the large number of receptors expressed on a
variety of cells, with differing locations, affinities,
and downstream signaling pathways. 5-HT
neurons in the CNS are localized to the raphe
nuclei in the midbrain. These are known as the B1-
B9 cell groups and provide descending serotonergic
innervation to the spinal cord and medulla.”? 5-HT
neurons terminate in several major CNS regions,
including the cortex, limbic system, midbrain,
and hindbrain."”® However, the enterochromaffin
cells of the enteric nervous system account for
approximately 90% of serotonin production.'
After serotonin is released from a neuron, it
binds to the serotonin receptors (5-HTR). There
are seven 5-HTR classes, with various subgroups,
based on their structures and functions. 5-HTR,
and 5-HTR  are of particular interest because of
their noted involvement in the pathophysiology
of MDD, bipolar disorder, schizophrenia, and
anxiety disorders."”” Once in the neuronal synapse,
serotonin is taken back up by the presynaptic
neuron to terminate signaling. The serotonin

transporter (SERT) drives the reuptake of 5-HT
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from the synaptic cleft
back into presynaptic
neurons via utilization

of sodium and chloride
gradients. The SERT is

the target of many widely
used medications including
SSRIs and SNRIs. !

which target serotonin

and norepinephrine. The
proposed mechanism

of action of SSRIs is
inhibition of SERT,
resulting in increased
extracellular serotonin
levels present in the
synapse.'” SNRIs achieve
faster antidepressant effects
by elevating concentrations
of dopamine in the
forebrain.'®* As mentioned
before, there is insufficient
evidence supporting

a direct correlation
between decreased
serotonin levels and
depression”"® suggesting
that the observed beneficial
effects of antidepressants
may include other
mechanisms.

Created with BioRender.com
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The presence of pro-inflammatory cytokines results in the activation of the kynurenine
pathway through the activation of fryptophan 2,3-dioxygenase (TDO) and
indoleamine 2,3-dioxygenase 1 and 2 (IDO 1 and 2). Kynurenine aminotransferase
(KAT) catalyzes the synthesis of kynurenic acid (KYNA) from kynurenine. Kynurenic

acid is a neuroprotective agent and is an antagonist of NMDA receptors. This

pathway is inhibited by IL-13, TNF-a and IFN-y. An alternative pathway utilizes

the enzyme kynurenine 3-monooxygenase (KMO) to synthesize the intermediate
3-hydroxykynurenine. Kynureninase (KYNU) acts on 3-hydroxykynurenine to produce
3-hydroxyanthranilic acid (3-HAA), which promotes the production of hydroxyl radicals,
directly causing oxidative sfress. Quinolinic acid (QUIN) acts as an agonist of the NMDA
receptor (NMDAR), activation of which leads to an influx of Ca? and Na*. 3-HAA

and QUIN are considered neurotoxic because they create excitotoxicity and induce
apoptosis while decreasing synaptic plasticity.?!223541.67

The Kynurenine Pathway

The predominant catabolic pathway for
tryptophan in most tissues is the kynurenine
pathway (KP), accounting for 90-95% of
tryptophan metabolism.>” Several metabolites
are formed through the KP, including kynurenic
acid (KYNA), quinolinic acid (QUIN), and
3-hydroxyanthranilic acid (3-HAA) (Figure
1). These molecules are the focus of ongoing
research in our laboratory. The prevalence of
this pathway is largely observed in the liver,
brain, and in immune cells. The activation of
KP is tightly regulated and dependent on tissue
specific enzymes. In the liver, the prominent rate
determining enzyme is tryptophan dioxygenase
(TDO). While, in the brain and immune cells, the
enzymes indoleamine 2-3-dioxygenase 1 (IDO1)
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and 2 (IDO2) are both utilized in the formation
of kynurenine, the first important product in the
metabolism of tryptophan.” Kynurenine can be
further metabolized to form 3-hydroxykynurenine,
anthranilic acid, or kynurenic acid through
interactions with the enzymes kynurenine-3-
monoxoygenase (KMO), kynureninase (KYNU),
and kynurenine aminotransferase (KAT),
respectively. Of the possible fates of kynurenine,
3-hydroxykynurenine is the favored product.
Further downstream, 3-HAA is formed from
3-hydroxykynurenine through interactions with
KYNU. This product is then catabolized into
QUIN, a known neurotoxin, and consequently
into nicotinamide adenine dinucleotide (NAD"), a
molecule important for cellular energy and redox
reactions.”**




Inflammation

Inflammation is a biological process that allows
the immune system to fight sources of infection
and repair damaged tissues.” This is true especially
in the case of chronic inflammation, where
peripheral cytokines induce an array of depressive
symptoms referred to as sickness behaviors.* The
connection between chronic stress and the
pathophysiology of many psychiatric disorders,
including MDD, have been well documented.
Clinical studies have discovered alterations in
stress hormone levels, namely glucocorticoids, in
depressed patients. Consequently, glucocorticoids
and their receptors have been investigated as
primary targets in depressive disorders.”” Individuals
diagnosed with MDD exhibit increased peripheral
inflammatory biomarkers as measured in blood
plasma or cerebrospinal fluid compared to healthy
controls. One example of this is the positive
correlation between elevated levels of a well-known
multifactorial and non-specific pro-inflammatory
marker, C-reactive protein (CRP) and suicide
attempts in depressed patients.” Elevated CRP has
also been shown to correlate with the severity of
the depressive symptoms.”>?” Additionally, there
is a correlation between CRP and known central
inflammatory biomarkers, including tumor necrosis
factor alpha (TNF-a) and interleukin (IL)-6.202
3 Pro-inflammatory cytokines including TNF-a
and IL-1p are known to induce neuronal serotonin
reuptake.’’ Glutamate neurotransmission is greatly
affected by inflammation. Glutamate secretion is
increased under stress, with high levels inducing
excitotoxicity; this can be exacerbated by synergistic
activity between glutamate and QUIN, one of the
metabolites generated in the KP'® This information
suggests that during inflammatory states,
inflammatory signaling can potentiate a depressive
episode, via depleted serotonin levels and enhanced
QUIN/glutamate induced excitotoxicity. Increased
CRP has been associated with increased glutamate
in the brain and is hypothesized to be connected
to alterations in reward processing and dopamine
neurotransmission. Inflammatory biomarkers
mentioned above have the ability to cross the
blood-brain barrier and are believed to contribute
to oxidative stress, neurotoxicity, and dysregulation
of glutamate levels within the brain.*#>%
Additionally, evidence exists that these depressive
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symptoms further promote the production of pro-
inflammatory molecules, creating a cyclic feedback
loop exacerbating symptom severity.*’

The neuro-inflammatory hypothesis of
depression emphasizes that elevated levels of
inflammatory cytokines in the CNS resulting from
stress-induced immune system changes contribute
to depressive symptoms via neurotoxic effects and
oxidative stress.’* This newly proposed hypothesis,
while still being investigated, shows promise in
the field of depression research. Tissue injuries
resulting from inflammation are often mediated by
oxidative damage of cellular components. While
reactive oxygen species (ROS) cause DNA and
protein damage, antioxidants act as ROS scavengers
and prevent this damage from occurring. One
such compound capable of ROS scavenging is
L-kynurenine. This compound not only scavenges
the highly damaging hydroxyl free radicals and
peroxynitrite, but also prevents DNA and protein
degradation induced by oxidative stress.”” This
finding identifies the antioxidant properties of
L-kynurenine as a potential target for the treatment
of MDD symptoms. Conversely, studies have shown
that other KP metabolites, such as 3-HAA, facilitate
the formation of peroxyl free radicals which
cause tissue damage. Another intermediate of this
pathway, 3-hydroxykynurenine, has been shown to
induce neuronal apoptosis in certain regions of the
brain. It is unclear if these findings are representative
of the effects of endogenous tryptophan metabolism
in the pathophysiology of MDD. Several studies
have shown that antidepressant medications
reduce overall inflammation throughout the body.
Additionally, behavioral interventions such as
psychotherapy also appear to decrease inflammatory
signaling.'® While other non-pharmacological
approaches, such as diet and exercise, have been
recommended for years to treat symptoms of
depression, the anti-inflammatory effects of such
treatments are just now being understood.*

Kynurenines and their Clinical Relevance
Under multiple pathological states, tryptophan
is catalyzed at a higher rate due to increased
activation of the KP* Multiple signaling molecules
and pro-inflammatory cytokines activate the IDO

enzymes in the brain. The major KP metabolites
(kynurenic acid (KYNA), QUIN, and 3-HAA)
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show a wide variety of effects

on neuronal cells ranging from
neuroprotective to neurotoxic.
Over the last decade thanks

to exciting advances in our
understanding of tryptophan
metabolism, numerous promising
therapeutic avenues have been
discovered for a wide array of

.
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pathologies including Parkinson’s,
Alzheimer’s, tissue damage
caused by ROS, MDD, HIV-
related cognitive decline, and =
schizophrenia.®3%%

Of the three compounds,
KYNA and QUIN are the most
widely studied and have been
shown to exhibit an interesting
dichotomy through direct and
indirect neuroprotective and
neurotoxic effects, respectively.
Here we will explore the various
mechanisms of action of KYNA,

QUIN and 3-HAA, while
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Figure 2. NMDA Receptor Activation and Inhibition by Kynurenic Acid and
Quinolinic Acid.

Activation of the presynaptic neuron causes vesicular release of glutamate.
Glutamate binds to the NMDA receptor (NMDAR) on a postsynaptic neuron.
NMDARs are an ionotropic glutamate receptor, activation of which is
responsible for an influx of Ca? and Na*. Quinolinic acid (QUIN) is an NMDAR
agonist and activates the receptor by binding directly to the glutamate
binding site. Kynurenic acid (KYNA), an NMDAR antagonist, inhibits NMDA

receptor activation by binding to the glycine-binding site. 83745476164
Created with BioRender.com.

discussing possible therapeutic
avenues.

Kynurenic Acid

Kynurenic acid (KYNA) interacts with
multiple neuronal targets: the ionotropic glutamate
receptors N-methyl-D-aspartate (NMDAR),
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPAR), kainate receptors (KAR), the a7
nicotinic acetylcholine receptor, the orphan G
protein-coupled receptor GPR35, and the lesser
known G protein-coupled receptor HCAR3.44
As carly as the 1980’s, KYNA was discovered to
act as a broad-spectrum competitive antagonist
at the glutamate and glycine co-agonist binding
sites on the NMDAR* (Figure 2). NMDARSs are a
ubiquitous ionotropic glutamate receptor present
in all tissues but are exceptionally important in
neuronal cells as they are a key player in calcium
signaling. Dysregulation of the NMDA receptors
result in excitotoxic effects on neurons, which
has been a mechanism of cell injury implicated in
many neurodegenerative diseases.®*%

KYNA also exhibits similar competitive
antagonistic effects on the AMPAR, present in
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both pre— and post— synaptic plasma membranes
and play a key role in neuronal plasticity and
pathology. KYNA exhibits a biphasic effect
on AMPA receptors in vitro: low micromolar
concentrations act as a positive modulator to
increase AMPA activity, whereas higher millimolar
concentrations exhibit antagonistic effects. Low
micromolar concentration of KYNA has been
proven to increase excitatory synaptic transmission,
thereby providing a potential therapeutic target
for learning and memory formation.”’ Less is
known about the exact function of KAR but it is
thought to play a role in pre— and post—synaptic
signaling and plasticity.** More research needs
to be conducted to elucidate the direct effects of
KYNA-mediated antagonism of KAR.

Though these interactions are substantial,
it appears the protective actions of KYNA are
multifactorial, as inhibition of NMDAR and
interaction with other bona fide KYNA receptors
alone do not explain the metabolite’s ability
to protect against complex neurodegenerative
and psychiatric diseases and ischemic injury.




Recent studies have shed light on many more
protective effects of kynurenic acid, including
a meta-analysis measuring peripheral KYNA,
L-kynurenine, and QUIN levels in patients
diagnosed with depression. The results revealed
a statistically significant decrease in both KYNA
and L-kynurenine, whereas QUIN remained
stable in patients that were on antidepressants.
It is still unknown whether this imbalance of the
ratio between KYNA and QUIN is a causative or
correlative nature of the disease. Further research
is needed to determine the exact mechanism
involved in the complex pathogenesis of
depression.®

KYNA is also a potent antioxidant in
the brain where it scavenges ROS that are
generated in neonatal hypoxia-ischemia (HI), an
unfortunate occurrence seen in approximately
two to four in 1,000 live births in the US.>® One
study highlighted the possible therapeutic routes
regarding this mechanism. The results of this
research showed that treatment of rats with KYNA
one hour post-HI significantly reduced ROS,
glutathione (GSH) level, and antioxidant enzyme
activity.”® Not only is KYNA a direct antioxidant
but it also acts indirectly via activation of GPR35,
which in turn prevents ATP loss in post-ischemic
attack via the remodeling of the mitochondrial
ATP-synthase enzyme.!

Quinolinic Acid

Quinolinic acid (QUIN) is a biologically active
intermediate of the KB, which ultimately serves
as a precursor for the initiation of the NAD cycle
and nicotinamide catabolism, producing niacin
and NAD*.**** Interestingly, when compared
with KYNA, QUIN exhibits opposite effects on
cells; these effects become apparent in states of
chronic inflammation. Most of the QUIN present
in the CNS is produced by activated resident
microglia and macrophages in response to an
inflammatory extracellular environment.*® Shifts
in tryptophan metabolism leaning towards high
QUIN:KYNA ratio has been correlated with many
neurodegenerative and psychiatric diseases found in
the US population’.

One proposed mechanism for this is the
metabolite’s known effect as an NDMAR agonist
(Figure 2), which has the potential to lead to
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increased intracellular calcium levels resulting in
downstream damage of astrocytes and neurons with
subsequent disruption of metabolism and induction
of apoptosis.”>*® Increased QUIN levels have also
been linked to increased oxidative stress leading

to lipid peroxidation. This membrane damage is
modulated by interaction of QUIN with Fe*' to
form QUIN-Fe** complexes that mediate ROS
generation.”” Overall, it is clear that increased levels
of QUIN production correlate to pathologic states.
Whether this observation is completely correlative
or if there is a causative effect is an exciting area of
future investigation.

Disruption of tryptophan metabolism with
increased activity of the KP and production of
QUIN may result in deficiencies in tryptophan
and the derived neurotransmitters. With the
activation of microglia and macrophages in
response to inflammation in the brain, QUIN
may reach neurotoxic levels, which can lead to
neuronal dysfunction, lipid peroxidation and
cytoskeletal destabilization.’®* The toxicity of
QUIN specifically affects neurons located in the
hippocampus, striatum, and neocortex, due to
the selectivity of QUIN toward NMDA receptors
residing in these locations.*

3-Hydroxyanthranilic Acid (3-HAA)

3-Hydroxyanthranilic acid (3-HAA), a transient
intermediate that contributes to the production
of QUIN, has been generally overlooked
when compared to other key players in the KD
Nevertheless, its acute cytotoxicity has been well
documented. 3-HAA spontaneously oxidizes to
form cinnabarinic acid, an unstable side product
that reacts with GSH under physiologic conditions.
Cinnabarinic acid is also a known agonist of both
metabotropic glutamate receptor and the aryl
hydrocarbon receptor.®' 3-HAA itself has been
directly implicated in apoptosis, likely due to
decreased mitochondrial membrane potential and
increased production of ROS.%

3-HAA plays a prominent role in the liver,
kidneys, and brain.?® In adolescents diagnosed
with MDD, elevated levels of 3-HAA and
striatal choline have been found in plasma, thus
correlating neurobiological differences with clinical
presentation.® Total striatal choline is a biomarker
for cell membrane turnover, indicative of cell
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death. 3-HAA has been proposed to contribute

to the development of depressive symptoms

via the overstimulation of NMDA receptors.*
Additionally, neuronal atrophy resulting from free
radical generation further promotes depressive
symptoms. Studies have also shown that under
pathological conditions, 3-HAA can induce
apoptosis in neuronal cells in specific brain
regions. This is due to 3-HAA's ability to directly
cause oxidative damage through the metabolism
of 3-HAA to cinnabarinic acid and the resultant
production of free radicals. Additionally, 3-HAA
has been shown to decrease intracellular NAD*
levels in human neurons and astrocytes.®®

Conclusion

This review has summarized key aspects of
the neuro-inflammatory hypothesis of depression
and has highlighted the myriad of roles played
by kynurenic acid (KYNA), quinolinic acid
(QUIN) and 3-hydroxyanthranilic acid (3-HAA),
metabolites generated in the kynurenine pathway
(KP). The diverse effects of these compounds
in the central nervous system, ranging from
neuroprotective to neurotoxic, is indicative of a
new direction in understanding the etiology of
depression and identification and development of
novel targets for its treatment.
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