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Abstract

Serotonin deficiency in major depressive disorder (MDD) has formed the basis of
antidepressant drug development and was originally attributed to induction of the
major tryptophan (Trp)-degrading enzyme, liver Trp 2,3-dioxygenase (TDO), by
cortisol, leading to decreased Trp availability to the brain for serotonin synthesis.
Subsequently, the serotonin deficiency was proposed to involve induction of the
extrahepatic Trp-degrading enzyme indoleamine 2,3-dioxygenase (IDO) by
proinflammatory cytokines, with inflammation being the underlying cause. Recent
evidence, however, challenges this latter concept, as not all MDD patients are immune-
activated and, when present, inflammation is mild and/or transient. A wide range of
antidepressant drugs inhibit the activity of liver TDO and bind specifically to the
enzyme, but not to IDO. IDO induction is not a major event in MDD, but, when it
occurs, its metabolic consequences may be masked and overridden by upregulation of
kynurenine monooxygenase (KMO), the gateway to production of modulators of
immune and neuronal functions. KMO appears to be activated in MDD by certain
proinflammatory cytokines and antidepressants with anti-inflammatory properties may
block this activation. We demonstrate the ability of the antidepressant ketamine to dock
(bind) to KMO. The pathophysiology of MDD may be underpinned by both the
serotonin deficiency and glutamatergic activation mediated respectively by TDO
induction and N-methyl-D-aspartate receptor activation. Inhibition of TDO and KMO

should be the focus of MDD pharmacotherapy.
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Core Tip: Antidepressant drugs inhibit the activity of liver tryptophan 2,3-dioxygenase
(TDO) activity and bind specifically to the enzyme, but not to indoleamine 2,3-
dioxygenase (IDO). IDO induction is not a major event in the pathophysiology of major
depressive disorder (MDD), but may be masked and overridden by upregulation of
kynurenine monooxygenase (KMO), the gateway to production of modulators of
immune and neuronal functions. The pathophysiology of MDD may be underpinned by
both the serotonin deficiency and glutamatergic activation mediated respectively by
TDO induction and N-methyl-D-aspartate receptor activation. Inhibition of TDO and
KMO should be the focus of MDD pharmacotherapy.

INTRODUCTION

Serotonin deficiency in major depressive disorder
Antidepressant drug development has been based on the monoamine hypothesis of
affective disorders that postulates a deficiency of one or more monoamines and the
need to develop agents that can inhibit either their breakdown (monoamine oxidase
inhibitors) or their reuptake and subsequent degradation [tricyclic antidepressants
(TCAs), serotonin-specific and serotonin-noradrenaline reuptake inhibitors]. The
serotonin deficiency was originally suggested from observations by Curzon and
Bridges!!l that patients with depression exhibit raised cortisol levels that can induce the
synthesis of liver tryptophan 2,3-dioxygenase (TDO; formerly Trp pyrrolase) resulting
in accelerated peripheral Tr&degradation and hence a decrease in its availability to the
brain for 5-HT synthesis. Brain (Trp) is the major determinant of 5-HT synthesis,
because Trp hydroxylase exists partially (€ 50%) saturated with its Trp substratel2l.

Depriving the brain of Trp by the acute Trp depletion test reverses antidepressant-

induced remission in depressed patients!®l.

Inhibition of liver TDO by antidepressant drugs
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Curzonl! suggested that TDO is a biochemical factor in depressive illness and
Samsonova and Lapin were theéirst to demonstrate TDO inhibition by some TCAsI5L.
Subsequently, a wide range of antidepressant drugs of wvarious structures and
pharmacological profiles were shown to inhibit TDO activity in rat liver in vitro and
after administrationo-13l. TDO inhibition occurs with doses as small as 0.5 mg/kg body
weight”l and involves prevention of conjugation of the inactive apoenzyme with its
heme activator and cofactor. TDO inhibition by antidepressants therefore depends on
extent of the heme saturation of the apoenzyme and also of its glucocorticoid induction
by cortisol, with some antidepressants being better inhibitors of heme-activated TDO,
whereas others are better inhibitors of cortisol-induced TDOUWI3. Ability of
antidepressants to lower raised cortisol levels is another determinant of TDO
inhibitionl*3],

Further evidencv;"-ﬁf the targeting of TDO by antidepressant drugs was provided by
our group, using molecular docking in silico: A technique for screening potential
inhibitors of target proteins(!415], but is also useful to confirm known inhibitors. We
demonstrated high docking scores (strong binding) of many antidepressants, including
amoxapine, citalopram, fluoxetine, fluvoxamine, moclobemide, paroxetine, seproxetine,
sertralinel'®l, tianeptine and venlafaxine, but not the non-antidepressant drugs
pargyline and mefenamic acid'”l to the crystal structure of TDO, but no docking to that
of the extrahepatic IDO. Thus, antidepressants target TDO and this could explain their

14

ability to restore serotonin heostasis, at least in part, by reversing the defective
serotonin synthesis. As TDO is the first and rate-limiting enzyme of the kynurenine

(Kyn) pathway (KP), a description of this pathway and its intermediates may be useful

at this point (Figure 1).

9
The KP of Trp metabolisn
The KP is the major pathway of Trp degradation, accounting for 95% of dietary Trp
metabolism, with the hepatic pathway contributing 90% and the extrahepatic pathway

the remaining 5%, though contribution of the latter pathway is significantly increased
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by immune activation of IDO by interferons and other proinflammatory cytokinesl!!8l.
The liver contains all the enzymes leading to NAD* synthesis, whereas other tissues
express fewer enzymes['8l. Production of Trp metabolites in extrahepatic tissues
including immune cells will therefore depend on the enzymes present. In the absence of
TDO or IDO, the Kyn produced in liver or IDO-containing tissues can be transported
elsewhere for further metabolism. Activity of the KP controls plasma Trp availability
for cerebral serotonin synthesis and results in production of a range of Kyn metabolites

that influence immune and neuronal functions(8l.

Control of plasma Trp availability

Control of plasma Trp avajlability to tissues including the brain is primarily the
function of liver TDO. Thus, deletion of the tdo2 gene in mice increases plasma (Trp) by
up to 12.7-fold*9201 and brain (Trp) by 10.6-foldl2!l. increase in brain (Trp) is
associated in increased 5-HT synthesisl?ll. By contrast, deletion of the IDO1 or IDO2
gene does not alter Trp availability to the brain or 5-HT synthesis/2!l. Trp availability for
cerebral 5-HT synthesis is therefore determined by hepatic TDO activity inéhe first
place, but also, secondarily, but more immediately, by 2 other determinaﬁts: Albumin
binding of plasma Trp and extent of competition for entry into the brain from a group
of large neutral or competing argino acids (CAA), mainly Val Leu, Ile, Phe and Tyr. The
best predictor of likely change in brain (Trp) and hence 5-HT synthesis is the ratio in
plasma of Trp/CAA[3]. Plasma Trp exists largely (90%-95%) bound to albumin, with
5%-10% being frﬁly available for tissue uptake. Binding is determined by levels of
albumin and of the physiological displacers of bound Trp, nonesterified fatty acids
(NEFAs). Free Trp can therefore be easily altered by dietary, hormonal and
pharmacological factors that ir&uence Trp binding[22l. Under certain conditions wherein
displacement of bound Trp is strong and sustained, the rise in free Trp will be
associated with a decrease in total Trp, due to the rapid equilibration between the free
and total fractions. Investigators should be careful in interpreting the changes in Trp

disposition under these conditions/??l and, whereas most investigators measure the ratio
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of (total Trp)/CAA, the ratio of free Trp/ CAA is a more accurate measure in situations
other than after acute Trp depletion or loading, as these are associated with parallel

changes in both free and total Trp.

Neuronal and immune properties of KP metabolites

Neuronal activity is influenced by the cytoprotective kynurenic acid (KA) and
excitotoxic quinolinic acid (QA) as antagonist and agonist respectively of the N-methyl-
D-aspartate (NMDA) receptors of the excitatory amino acid glutamatel?!, with the
balance between QA and KA determinag the level of neuronal excitability. Inmune
function is influenced by several Kyn metabolites. 3-Hydroxykynurenine (3-HK), 3-
hydroxyanthranilic acid (3-HAA) and QA are the main proinflammatory metabolites
that undermine T-cell functionl!8], whereas picolinic acid (PA) is anti-inflammatory. KA
is dually actingl2l. KMO is the gateway for production of these metabolites and the
pathway favours Kyn oxidation by KMO to 3-HK and hydrolysis of the latter to 3-HAA
by KYNU, because of the relatively high affinity of both enzymes towards their
respective substrates('8l. 3-HAA 3,4-dioxygenase is the most active of KP enzymes,
hence the rapid conversion of 3-HAA to an unstable intermediate that cyclises non-
enzymically to QAL Affinity of Kyn aminotransferase (KAT) towards its Kyn and 3-
HK substrates is much weaker, hence the relatively low production of KA and
xanthurenic acid, formation of both of which requires increased levels of the KAT
substrates[!8l. KMO gene deletion in mice decreases plasma 3-HK and QA by about 86 %
and 92% respectively and increases concentrations of Kyn, KA and AA by 15-, 133- and
4-fold respectivelyl?l. Thus, KMO inhibition diverts Kyn metabolism towards the
cytoprotective KA. By contrast, activation of KMO can enhance the conversion of Kyn
to 3-HK leading to decreased Kyn levels: An effect that will neutralise the rise in Kyn
expected with TDO and/or IDO induction. This may explain the frequent observation
that the reported increase in the Kyn/Trp ratio after mild immune activation is mostly
due to the decrease in Trp, rather than an increase in Kyn/(?l. These aspects may help

explain some of the KP changes in MDD and their modulation by antidepressants (see
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below). Investigators use the plasma Kyn/Trp ratio to express indirectly IDO activity.
While this may apply correctly in in vitro culture or cell systems, this ratio is not specific
for IDO in in vivo situations, as other factors also alter it, including TDO activity, flux of

plasma free Trp down the KP and activities of KMO and KYNUI2¢l,

Inflammation and glutamatergic activity in major depressive disorder

The involvement of inflammation in major depressive disorder (MDD) was first
proposed following the observation(?’l that hepatitis C patients treated with interferon-
alpha (IFN-a) become depressed. As this cytokine is an IDO inducer, the concept that
serotonin deficiency in MDD is underpinned by IDO induction secondarily to
inflammation was born. Extrapolating from hepatitis C to MDD was however unwise,
given that Trp metabolism is already compromised by this virus and the use of IFN-a
can only potentiate the effect of the virus on Trp metabolism, in particular IDO
induction”l. Although many studies of the immune status in MDD followed, recent
studies suggested that not all MDD patients are immune-activated and, when present,
inflammation is mild and/or transient and its reversal does not reﬂeﬁ clinical
outcomel2829], Elevation of proinflammatory cytokines in some patients is not associated
with an inflamed subgroup, but js due to a right shift of the immune marker
distribution®l. In MDD, reports of changes in the Kyn/Trp ratio used to express IDO
activity are contradictory, partly because of the non-specificity of this ratiol2el. Whereas
considerable evidence exists for liver TDO inhibition leading to elevation of plasma and
brain Trp and enhanced serotonin synthesis in rats by a broad range of antidepressant
drugsl®8], and emerging evidence for inhibition of the accelerated Trp degradation in
MDD by escitalopram causing an increase in plasma TrpPl, little is known about
potential IDO inhibition by antidepressants. The absence of docking of antidepressants
to IDOI7I suggests that this extrahepatic enzyme does not play a role in MDD
antidepressant therapy and this notion is supported by the observations that the

Kyn/Trp ratio does not link inflammation with depressive symptoms[32], and that IDO
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expression in monocytes of MDD patients is not different from that in healthy

controlsl®l, though this may reflect patient heterogeneity.

Antidepressants and KP enzymes

As stated above, antidepressant drugs inhibit and target liver TDO, but not extrahepatic
IDOMI. Even when IDO is induced in some MDD patients by proinflammatory
cytokines, it is most likely that the effect of this induction (as well as that of TDO) will
be masked, superseded or overridden by changes in subsequent KP enzymes, notably
KMO. KMO activation in MDD is gaining ground and may be another important
biochemical event in the pathophysiology of this disorder. KMO activation can result in
decreased levels of the Kyn substrate and consequently in the Kyn transamination
product KA, as has been reported in unmedicated MDD patients[3.35]. While many
antidepressants have previously been proposed to act by reducing inflammation and
hence inhibition of IDO induction, it is more likely that they act by inhibiting KMO
activation by cytokines, notably, interleukin-1p and IFN-y/¢l, as has been demonstrated
with ketaminelP], escitalopram/®! and sertralinel*”]. Additionally, whereas ketamine
does not dock to either TDO or IDO and so is unlikely to inhibit either enzymel'7], we
demonstrate here for the first time its strong docking to KMO (Figure 2), that is
comparable with that of the reference ligand Kyn itself, and suggest that KMO

inhibition is likely to be one mechanism of action of ketamine (Figure 2).

The role of anti-inflammatory drugs in MDD therapy

Current evidence suggests that anti-inflammatory strategies have not met with the
anticipated success in MDD therapy and that only MDD patients with chronic
inflammation may benefit from such therapy, while other patients with low-grade
inflammation may experience harmP8. Of 6 non-steroidal anti-inflammatory drugs
tested, only salicylic acid (the active aspirin metabolite) docks to TDOI'7] and aspirin
appears to be an effective single or adjunctive therapy of MDD if given in relatively

small doses and for short- to medium-term durations, but not for long-term use, which
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does not protect against depression and can actually induce itl18]. Mechanisms of these
opposite effects of aspirin involve modulation by salicylate of Trp metabolism and

disposition in opposite direction!8l.

Serotonin and glutamate interactions

KMO activation leads to production of the excitotoxic Kyn metabolite and NMDA
receptor agonist QA. Glutamatergic activity can therefore be enhanced in at least some
MDD patients. Mutual interactions between serotonergic and glutamatergic activities
are well established and may be important determinants of MDD pathophysiology.
Thus, serotonin modulates glutamate neurotransmission in several brain regions,
especially those involved in cognition, motor function and nociception, with raphe
neurons being immune-positive for glutamatel®l. The cognitive and emotional
disorders in MDD due to defective serotonin function can in part be due to disruption
of the serotonin control over glutamate and gamma-aminobutyric acid
neurotransmission/#0-41l, On the other hand, NMDA receptors may regulate behavior by
modulating serotow and dopamine functionl*?#], Though complex in nature, this
mutual interaction can be viewed simplistically as low serotonin losing control over
glutamate neurotransmission and inhibition of the latter facilitating serotonin function

(Figure 3).

CONCLUSION

We hypothesized that the KP is at the center of MDD pathophysiology and a target of
antidepressant therapy. Figure 3 outlines the potential role of the KP in MDD and
emphasizes the importance of TDO and KMO, the inhibition of which is likely to
become the focus of pharmacotherapy of MDD. Studies on the frequency of KMO
enhancement and its mechanism(s) in MDD are needed. Effects of antidepressants other
than ketamine and escitalopram on enzymes and metabolites of the KP should be
investigated. KMO inhibition therapy could be explored in MDD. We suggest that

lowering glutamatergic activity by KMO inhibition can restore serotonin function and
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should be recognized as a new mechanism of antidepressant action, perhaps
exemplified by ketamine. The rapid and novel mode of action of ketamine should
encourage the search for safer and longer-acting alternatives. The requirement of
normal serotonin levels in the antidepressant-like efficacy of ketamine in rodent
modelsi*#l may explain in part the transient efficacy of the drug in humans.
Furthermore, studies with the two ketamine enantiomers suggest that NMDA receptor
antagonism is not the sole mechanism of the drug’s antidepressant actionl45. KMO
inhibition and blockade of progress of the KP to QA formation is thus far a potential
mechanism of ketamine action. Addressing the above issues may provide a way

forward in the search for the ideal MDD pharmacotherapy.

Figure Legends

Figure 1 Tryptophan metabolism to serotonin and kynurenine metabolites. AA:
Anthranilic acid; ALAAD: Aromatic L-amino acid decarboxylase; ACMS: 2-amino-3-
carboxymuconic acid-6-semialdehyde; FAMID: N¢-formylkynurenine formamidase; 3-
HAA: 3-hydroxyanthranilic acid; 3HAAQ: 3-hydroxyanthranilic acid 3,4-dioxygenase;
3-HK: 3-hydroxykynurenine; 5-HT: 5-hydroxytryptamine (serotonin); 5-HTP: 5-
hydroxytryptophan; IDO: Indoleamine 2,3-dioxygenase; KA: Kynurenic acid; Kyn:
Kynurenine; KAT: Kynurenine aminotransferase; KYNU: Kynureninase; KMO:
Kynurenine monooxygenase (Kyn hydroxylase); NFK: N¢-formylkynurenine; QA:
Quinolinic acid; Trp: Tryptophan; TDO: Tryptophan 2,3-dioxygenase; TPH2:
Tryptophan hydroxylase isoform 2. Bolding of tryptophan 2,3-dioxygenase induction
and kynurenine monooxygenase indicates their importance in major depressive
disorder; XA: Xanthurenic acid.

Figure 2 Molecular docking of kynurenine and ketamine to kynurenine
monooxygenase. Docking was performed using the Molegro virtual Docker software as
described previouslyl'¢17], but with kynurenine monooxygenase. With kynurenine (top),
the best scored docking solution of 5y66 with the reference ligand, amino acids in the

active site are presented in ball and stick with element colour and ligand is presented in
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thick lines with element colour (where carbon is grey, oxygen is red, nitrogen is blue,
sulphur is yellow and hydrogen is white). Blue lines represent the hydrogen bonds in
between the ligand and the active site of 5y66. Docking parameters were as follows:
Kynurenine: Molecular weight (207.206), docking score (-95.4662), re-rank score (-
81.6652), root mean square deviation (RMSD) (2.19513), torsion (4), H-bond (-6.03152).
Amino acid residues at the kynurenine monooxygenase (KMO) active site are: Gly321,
Ile224, Phe319, Met373, His320, Ala56, Leu226, Phe319, ligand binding amino acid
residues are: Tyr404, His320, and Leu226. With ketamine (bottom), molecular weight
(237.725), docking score (-81.8059), re-rank score (-65.0284), RMSD (zero), torsion (2), H-
bond (-0.0342033). Amino acid residues at the KMO active site are: Aspl12, Arg39,
Gly16, Alal5, Glu37, Phel31, Argl1l, Argl00, ligand binding amino acid residues are:
Asn 115, Argll1l. KMO: Kynurenine monooxygenase; KYN: Kynurenine.

Figure 3 Schematic representation of the proposed role of the kynurenine pathway in
the pathophysiology of major depressive disorder. Mutual interactions between
serotonergic and glutamatergic functions are indicated by the bidirectional arrows for
increased or decreased function. Bolding of liver tryptophan 2,3-dioxygenase induction
and kynurenine monooxygenase activation indicates the importance of these two
processes. MDD: Major depressive disorder; KMO: Kynurenine monooxygenase; Trp:
Tryptophan; IDO: Indoleamine 2,3-dioxygenase; TDO: Tryptophan 2,3-dioxygenase;
IFN: Interferon; IL: Interleukin.
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