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Abstract

Chronic inflammation has been shown to contribute to the development of a wide variety of disorders by means
of a number of proposed mechanisms. Depression and cognitive impairment are two such disorders which may
share a closely linked inflammatory etiology. The ability of inflammatory mediators to alter the activity of enzymes,
from key metabolic pathways, may help explain the connection between these disorders. The chronic up-regulation
of the kynurenine pathway results in an imbalance in critical neuroactive compounds involving the reduction of
tryptophan and elevation of tryptophan metabolites. Such imbalances have established implications in both
depression and cognitive impairment. This may implicate the immune system as a potential therapeutic target in
the treatment of these disorders. The most common treatment modalities currently utilized, involve drug interventions
which act on downstream targets. Such treatments help to reestablish protein balances, but fail to treat the inflammatory
basis of the disorder. The use of anti-inflammatory interventions, such as regular exercise, may therefore, contribute to
the effectiveness of current drug interventions in the treatment of both depression and cognitive impairment.
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Background
Chronic inflammation plays an increasingly appreciated
role in the pathogenesis of a number of neurological and
behavioral disorders including depression and cognitive
impairment [1-3]. In addition, chronic inflammation con-
tributes to the pathogenesis of a number of related meta-
bolic disorders, and these disorders in turn have been
shown to contribute to the elevated inflammatory state,
creating a vicious cycle [4-8]. Consequently, as conditions
such as obesity, cardiovascular disease, and diabetes be-
come ever more prevalent, so too does the occurrence of
chronic inflammation. Communicatory pathways between
systems allow for immune dysfunction to contribute to
both neural and endocrinal impairment via a number of
inflammatory mechanisms. Proinflammatory mediators
possess the ability to directly influence the nervous system
by acting on vagal afferents [9], or by crossing the blood
brain barrier (BBB) either through leaky sites at the
circumventricular organs [10], or via specialized active
transporters [11]. Proinflammatory cytokines have also
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been shown to influence hormone secretion by acting
directly on receptors within the hypothalamic-pituitary-
adrenal (HPA) axis [12]. Alternatively, a number of cyto-
kines have been shown to indirectly influence neural and
endocrinal disorders by altering the regulation of en-
zymes. This may result in a shift in key metabolic path-
ways resulting in an imbalance in critical neuroactive
compounds.
Both depression and cognitive impairment may share

a closely linked inflammatory etiology stemming from a
cytokine-induced imbalance in the kynurenine pathway.
As this pathway provides the primary route for tryptophan
(TRP) degradation, it plays a major role not only in the
maintenance of serotonin (5-HT) synthesis, but also in the
critical balance between neurotoxic and neuroprotective
metabolites. As such, a state of chronic inflammation, as
is commonly reported in cases of depression and severe
cognitive deficits, may contribute to the pathogenesis of
each of these disorders [13-16].
Consequently, the kynurenine pathway has become a

prospective target for treatment interventions. However,
the majority of current intervention strategies for depres-
sion and cognitive impairment utilize drugs which target
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Figure 1 Simplified depiction of tryptophan breakdown in the
kynurenine pathway. Tryptophan (TRP) that is not transported
across the blood brain barrier (BBB) for the synthesis of serotonin
(5-HT) is degraded into kynurenine (KYN) by the enzymes indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO). After this
point, KYN is further degraded along one of two distinct branches;
either the kynurenine-nicotinamide adenine dinucleotide (KYN-NAD)
branch, or the kyneine-kynurenic acid (KYN-KYNA) branch. Within
the KYN-NAD branch, KYN is acted on by the enzyme kynurenine
3-monooxygenase (KMO) whereby it is converted to 3-hydroxykynure-
nine (3-HK) and later quinolinic acid (QUIN) via a spontaneous reaction
(and ultimately NAD+). Within the KYN-KYNA branch, KYN is acted on by
the enzyme kynurenine aminotransferase (KAT) whereby it is converted
to kynurenic acid (KYNA).
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downstream enzymes, transporters, and receptors. Al-
though such treatments are valuable, there may also be
merit in implementing intervention strategies which tar-
get the inflammatory basis of such disorders. Alternative
strategies with proven anti-inflammatory benefits, such
as regular exercise, may provide a simple and effective
long-term strategy in the treatment and prevention of
associated disorders by influencing enzyme function
and aiding in the reestablishment of critical protein
balances.

The kynurenine pathway
The kynurenine (KYN) pathway involves a cascade of
enzymatic steps responsible for the degradation of tryp-
tophan (TRP) into a number of metabolites, known as
kynurenines. This pathway is responsible for approxi-
mately 95% of whole body TRP metabolism, and is of
critical importance concerning the maintenance of
several key amino acids with neuromodulatory roles
[17,18]. As TRP is the precursor for 5-HT synthesis within
the brain, the maintenance of sufficient levels has im-
portant implications concerning depression. Additionally,
several TRP metabolites such quinolinic acid (QUIN) and
kynurenic acid (KYNA) have roles in symptoms of both
depression and cognitive impairment, further stressing
the importance of a strictly controlled rate of TRP
metabolism.
The degradation of TRP is controlled by two rate-

limiting enzymes, known as indoleamine 2,3-dioxygenase
(IDO), and tryptophan 2,3-dioxygenase (TDO) [19,20].
Together, under the regulation of cytokines, steroids, and
growth factors, these enzymes control the conversion of
TRP into the first metabolite of the kynurenine pathway;
kynurenine (KYN). This metabolite is then further metab-
olized along one of two distinct branches of this enzymatic
cascade including the kynurenine-kynurenic acid (KYN-
KYNA) branch and the kynurenine-nicotinamide adenine
dinucleotide (KYN-NAD) branch [19]. Within the former
branch, KYN is further converted to the metabolite
kynurenic acid (KYNA) via the enzyme kynurenine
aminotransferase (KAT). The latter branch utilizes the
enzyme kynurenine 3-monooxygenase (KMO) to convert
KYN to the metabolite 3-hydroxykynurenine (3-HK)
and further in the cascade, quinolinic acid (QUIN)
(see Figure 1).
The kynurenine pathway has both a peripheral and

central component, and as they are not completely au-
tonomous, the central component is heavily influenced
by that of the peripheral. The rate-limiting enzyme TDO
has been shown to be highly expressed within various
regions of the brain including the hippocampus and cere-
bellum [20]. Both IDO and TDO have, however, been
shown to be expressed at substantially lower levels within
the brain than in the periphery making the concentration
of kynurenines within the brain largely influenced by
those transported across the BBB from the periphery [21].
Tryptophan, as well as the peripheral kynurenines, KYN
and 3-HK are readily transported across the BBB via spe-
cialized transporters. Once in the brain, these TRP metab-
olites may become further degraded to produce the
kynurenines KYNA and QUIN, which do not easily cross
the BBB from the periphery (making within brain levels
largely dependent on the synthesis from these kynurenine
precursors) [22]. KYNA and QUIN are synthesized along
distinct pathways within the brain due to their reliance on
their respective KAT and KMO enzymes. Astrocytes pos-
sess KAT while lacking KMO thereby allowing them to
participate only in the conversion of KYN to KYNA. Al-
ternatively, microglia possess the enzyme KMO, allowing
them to convert KYN to 3-HK which is later converted to
QUIN via a spontaneous reaction further downstream
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(see Figure 2) [23]. An appropriate balance between these
two branches of the kynurenine pathway is therefore crit-
ical in the maintenance of appropriate QUIN and KYNA
levels within the brain.
Under healthy conditions, the peripheral component

of the kynurenine pathway is well regulated, resulting in
a healthy balance between peripheral concentrations
of TRP and its kynurenine metabolites. As such, ap-
propriate levels of TRP and its BBB transportable metabo-
lites, KYN and 3-HK, are available for transportation into
the brain. This allows for the synthesis of adequate
levels of the neurotransmitter 5-HT, and the neuroac-
tive kynurenines KYNA, 3-HK, and QUIN, within the
brain.

The kynurenine pathway and chronic inflammation
During a typical immune challenge, the body responds
with an acute elevation in peripheral proinflammatory
cytokines. Certain cytokines, such as IFN-γ, up-regulate
IDO activity thereby causing an elevation in TRP deg-
radation and an increased production of kynurenines
[24,25]. As various parasites, viruses, and bacteria rely
on TRP to grow and spread throughout the body, this
acute response is a crucial adaptive mechanism meant to
reduce TRP availability and thereby limit the spread of
the pathogen [24]. During a healthy immune response,
the elevation of proinflammatory cytokines is followed
Figure 2 Peripheral and central kynurenine pathway interaction. As in
(TDO) are found at only very low concentrations within the brain, concentr
dependent on those from the periphery. TRP from the periphery competes
blood brain barrier (BBB) to be used in the synthesis of serotonin (5-HT). Ky
crossing the BBB whereby they participate in the production of kynurenic a
by an elevation in anti-inflammatory cytokines, acting to
restore a balance in inflammatory mediators.
However, under a state of chronic inflammation, pro-

inflammatory cytokines are maintained at a perpetually
elevated state. This results in the chronic up-regulation
of IDO leading to a potential lasting shift in the kynure-
nine pathway. This shift may lead to dramatic reductions
in peripheral TRP availability as well as a surplus of
peripheral kynurenines [2]. Elevated concentrations of
kynurenines such as KYN, 3-HK, and QUIN have
been shown to suppress T-cell proliferation and inhibit
the production of TH1 cytokines [26,27]. Such an effect
may partly explain the impact that TRP metabolism has
on immunity under pathological conditions. A reduction
in peripheral TRP concentrations may also result in a TRP
deficit within the brain, thereby leading to reduced levels
of 5-HT synthesis. In addition, TRP metabolites within the
brain may become elevated via several mechanisms. First,
the surplus of peripheral kynurenines may result in
elevated levels of KYN and 3-HK within the brain due to
their ability to cross the BBB. Second, during an inflam-
matory response, macrophages, which house key enzymes,
have the ability to infiltrate the brain and thereby partici-
pate in the production of kynurenines. Lastly, as cytokines
are able to cross the BBB they are able to up-regulate
corresponding enzymes within astrocytes, microglia and
invading macrophages resulting in an even further up-
doleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase
ations of within-brain tryptophan (TRP) and kynurenines are largely
with other large neutral amino acids (LNAA) for passage across the
nurenine (KYN) and 3-hydroxykynurenine (3-HK) are also capable of
cid (KYNA) and quinolinic acid (QUIN) which do not easily cross it.
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regulated production of kynurenines [28]. Together, these
inflammatory-based mechanisms may result in a 5-HT
deficit and surplus of kynurenines within the brain, which
have important implications in symptoms of both depres-
sion and cognitive impairment (see Figure 3).

Depression
An elevated inflammatory status may influence depres-
sive symptoms via several potential mechanisms related
to neuroactive compounds of the kynurenine pathway.
First, proinflammatory cytokines such as IFN-γ, IFN-α,
IL-1β and TNF-α have each been shown to directly up-
regulate serotonin transporter (SERT) proteins within
the brain, leading an increased reuptake of 5-HT and a
corresponding reduction in extracellular concentrations
[29,30]. Second, proinflammatory mediators may influ-
ence depressive symptoms by means of several indirect
mechanisms associated with alterations in the activity of
enzymes of the kynurenine pathway (see Figure 4).
The up-regulation of IDO and TDO and the resulting

increased rate of TRP degradation may result in a TRP
deficit within the periphery. This may lead to an insuf-
ficient level of TRP transportation across the BBB and
ultimately contribute to a 5-HT deficit within the brain.
The importance of maintaining appropriate peripheral
levels of TRP have been evidenced by a number of stud-
ies in which reductions of 5-HT synthesis and relapses
in depressive symptoms have been demonstrated follow-
ing the transient reduction of TRP levels by means of
Figure 3 Influence of chronic inflammation on the kynurenine pathw
enzymes of the kynurenine pathway, thereby increasing the rate of tryptopha
may result in reduced concentrations of peripheral TRP and elevated periphe
result in insufficient levels within the brain and a corresponding serotonin (5-
brain, housed within astrocytes, microglia, and infiltrating macrophages, whic
further metabolites such as quinolinic acid (QUIN) and kynurenic acid (KYNA).
dietary restriction [31-35]. In order to be utilized in the
synthesis of 5-HT, peripheral tryptophan must compete
with other large neutral amino acids (LNAA) to cross
the blood brain barrier via a common transport mechan-
ism. As an over-activation of IDO and TDO induces a
selective decline in peripheral tryptophan levels, a reduc-
tion in the peripheral TRP/LNAA ratio results, thereby
reducing TRP availability for the synthesis of 5-HT
[19]. Therefore, under conditions of chronically elevated
levels of proinflammatory cytokines the resulting al-
terations in enzyme activity and peripheral tryptophan
levels may contribute to a 5-HT deficit within the brain
(see Figure 4).
The up-regulation of IDO and TDO also results in an

elevated peripheral concentration of 3-HK and QUIN.
Peripheral 3-HK is able to cross the BBB and induce
oxidative damage via the production of reactive oxygen
species (ROS) following an interaction with the enzyme
xanthine oxidase [36]. Additionally, 3-HK may be further
metabolized within microglia along the KYN-NAD branch
of the kynurenine pathway to produce QUIN within the
brain. QUIN is a potent agonist of a glutamatergic recep-
tor known as the N-methyl-D-aspartate (NMDA) recep-
tor. These receptors are heavily concentrated on the
hippocampus and play an important role in synaptic plas-
ticity. When at elevated concentrations, QUIN is capable
of inducing excitotoxicity by causing an over-activation of
NMDA receptors leading to an increased influx of calcium
ions and corresponding neuronal damage [37]. This can
ay. Certain proinflammatory cytokines possess the ability to up-regulate
n (TRP) degradation and production of kynurenines in the periphery. This
ral levels of kynurenines. The reduced levels of peripheral TRP may then
HT) deficit. Proinflammatory cytokines also up-regulate enzymes in the
h utilize the elevated kynurenine concentrations for the production of



Figure 4 Inflammatory mechanisms of depression. Proinflammatory cytokines may contribute to depressive symptoms by means of various
mechanisms. (1) Proinflammatory cytokines act on serotonin transporter (SERT) proteins within the brain causing a re-uptake of serotonin (5-HT)
and corresponding reduced extracellular concentrations. (2) Proinflammatory cytokines up-regulate enzymes such as indoleamine 2,3-dioxygenase
(IDO) and tryptophan 2,3-dioxygenase (TDO) resulting in reduced tryptophan (TRP) availability, ultimately contributing to reduced 5-HT synthesis.
(3) Both 3-hydroxykynurenine (3-HK) and quinolinic acid (QUIN) may contribute to elevated levels of reactive oxygen species (ROS) and oxidative
stress within the brain. (4) QUIN may induce N-methyl-D-aspartate (NMDA) over-activity thereby contributing to hippocampal atrophy and a loss
of glucocorticoid receptors, ultimately leading to a loss of negative feedback and hypothalamic-pituitary-adrenal (HPA) axis over-activity.
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also lead to the production of additional free radicals and
further contribute to the oxidative stress brought on
by 3-HK (see Figure 4). In this way, both 3-HK and
QUIN may contribute to neurodegeneration associated
with depression.
The ability of elevated QUIN concentrations to cause

an over-activation of NMDA receptors may also con-
tribute to the hippocampal atrophy and HPA axis over-
activity commonly reported in individuals with major
depression [38-42]. The hippocampus plays an inte-
gral role in the attenuation of the HPA axis via a
glucocorticoid-induced negative feedback loop. When
glucocorticoids, such as cortisol, are released by the
adrenal glands they act on corresponding receptors of
the hippocampus, resulting in an inhibitory cascade
within the HPA axis. Specifically, the activation of glu-
cocorticoid receptors in the hippocampus results in a
blunted release of corticotropin releasing hormone (CRH)
from the hypothalamus, which inhibits the release of ad-
renocorticotropic hormone (ACTH) from the pituitary,
ultimately reducing glucocorticoid release from the
adrenal gland. However, overstimulation of NMDA recep-
tors may result in hippocampal atrophy and a correspond-
ing loss of glucocorticoid receptors. This may result in the
loss of negative feedback and HPA axis over-activity (see
Figure 4). An elevation in QUIN levels within the brain, as
well as elevations in systemic cortisol levels, may therefore
contribute to these aspects of depression. Elevated levels
of both QUIN and cortisol have been demonstrated in
individuals with depression [43,44].
In addition to these proposed mechanisms, several
pre-clinical and clinical lines of evidence support the
relationship between proinflammatory cytokines and de-
pression. Individuals diagnosed with major depression
have been consistently reported to demonstrate elevated
levels of proinflammatory cytokines [13-15]. Evidence
that such elevations contribute to depression via an IDO-
related mechanism has also been demonstrated following
cytokine therapy, utilized during human cancer trials. The
acute administration of the pro-inflammatory cytokines,
IL-2 and IFN-α, was shown to induce an increase in IDO
activity and a corresponding reduction in both the periph-
eral TRP/LNAA ratio and absolute TRP concentrations
[45]. Such changes in enzyme regulation and protein bal-
ances have been shown to result in the development of
major depressive disorders in 15 to 40% of patients under-
going cytokine therapy with IFN-α [46]. As such, a state of
chronic inflammation associated with an elevation in in-
flammatory mediators may contribute to symptoms of
depression by means of various mechanisms associated
with imbalances in the kynurenine pathway.

Cognitive impairment
Cognitive impairment has been commonly demonstrated
in depressed individuals and the severity of deficits has
been shown to correlate with the number of depressive
episodes experienced [47]. The relationship between
depression and cognitive impairment is not fully under-
stood; however, they may share a closely linked inflam-
matory etiology. The influence of chronic inflammation
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on hippocampal volume and HPA axis dysregulation
may play an important role in the severity of each of
these disorders. Hippocampal volume loss in the form of
reduced grey matter density has been demonstrated in
depressed individuals and has been shown to correlate
with reduced scores in verbal recognition memory [48].
As previously discussed, there is evidence to support a
role for chronic inflammation in the reduction in hippo-
campal volume involving heightened levels of metabolites
and steroid hormones such QUIN and glucocorticoids.
The potential apoptosis and/or inhibition of neurogenesis
caused by over-activation of the hippocampus would be
expected to result in cognitive deficits, due to the integral
role the hippocampus plays in learning and memory. It
may also lead to a vicious cycle whereby the loss of
hippocampal-mediated inhibition of the HPA axis results
in excess glucocorticoid production, ultimately further
contributing to the extent of hippocampal atrophy (see
Figure 5).
In addition to the potential structural damage, the shift

in the kynurenine pathway brought on by chronic infla-
mmation, may also contribute to cognitive deficits via
reductions in neurotransmitter release. Elevated concen-
trations of KYN within the brain result in its metabolism
along one of the two distinct branches of the kynurenine
pathway. The KYN-NAD branch results in the produc-
tion of 3-HK and QUIN, which has implications in the
production of ROS and excitotoxicity (as previously
Figure 5 Inflammatory mechanism of cognitive impairment. Hippocam
glucocorticoids and quinolinic acid (QUIN) may contribute to cognitive imp
is preferentially metabolized along the kynurenine-kynurenic acid (KYN-KYN
acid (KYNA). As KYNA acts as an antagonist for both the alpha-7-nicotinic a
may contribute to cognitive deficits by reducing neurotransmitters such as
discussed). However, the primary enzyme of the KYN-
NAD branch, KMO, has been shown to be far less active
in the brain in comparison to the periphery and, as such,
becomes rapidly saturated by elevated levels of KYN [49].
This may result in a shift in the kynurenine pathway
towards the KYN-KYNA branch and an increased pro-
duction of KYNA by the more active KAT enzyme (see
Figure 5).
KYNA acts as an antagonist of the alpha-7-nicotinic

acetylcholine receptor (α7nAChR) and to a lesser extent,
the glycine co-agonist site of the NMDA receptor [50].
Each of these receptors can be found in the hippocam-
pus and are known to play important roles in synaptic
plasticity, associated with learning and memory [51].
The inhibition of α7nACh receptors by KYNA has been
shown to result in the reduced release of neurotransmit-
ters such as glutamate, acetylcholine, and dopamine;
each of which plays critical roles in cognitive processes
(see Figure 5) [52-54]. Additionally, the reduction of KYNA
has been demonstrated to enhance extracellular glutamate
and corresponding cognitive behavior [51].
This relationship has been demonstrated using animal

models whereby elevations of KYNA within the brain
have been shown to induce cognitive deficits in context-
ual learning and memory. Whether induced indirectly,
via intraperitoneal administration of kynurenine, or via
direct intracerebroventricular KYNA infusion, correspon-
ding elevations in KYNA levels within the brain have been
pal atrophy caused by the over-activation of respective receptors for
airment. Additionally, elevated concentrations of kynurenine (KYN) that
A) branch of the kynurenine pathway results in elevations of kynurenic
cetylcholine (α7nACh) and N-methyl-D-aspartate (NMDA) receptors it
glutamate, acetylcholine, and dopamine.
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shown to induce spatial working memory deficits and
reduced orienting behavior in mice [55,56]. Similar results
have been demonstrated in healthy humans whereby
administration of the non-competitive NMDA glutamate
receptor antagonist, ketamine, has been shown to result in
reductions in verbal declarative memory [57]. Alterna-
tively, animal models displaying low levels of KYNA have
demonstrated superior cognitive performance. This has
been shown using kynurenine aminotransferase II (KAT
II) knockout mice, which lack the major enzyme for brain
KYNA formation. These mice exhibited a 66% reduction
in extracellular KYNA accompanied by a significantly
increased performance in object exploration and recogni-
tion, passive avoidance, and spatial discrimination [51].
A shift in the kynurenine pathway, as well as corre-

sponding elevated levels of inflammatory mediators,
have also been demonstrated in humans afflicted with
conditions associated with severe cognitive deficits. Indi-
viduals with Alzheimer’s disease have been shown to ex-
hibit reduced peripheral tryptophan concentrations, along
with heightened levels of the tryptophan metabolite, QUIN
[58]. Additionally, severe elevations, of up to 25-fold, of the
proinflammatory cytokine TNF-α have been demonstrated
[59]. As TNF-α is a proinflammatory cytokine and potent
IDO activator, it may suggest an inflammatory contribution
to the molecular imbalances observed in this population.
Further to these observations, the administration of the
TNF-α antagonist, etanercept, has been shown to result in
improved cognitive scores over a six-month adminis-
tration period as well as acutely following a single dose
[59,60]. Such improvements provide further evidence of a
role for inflammatory mediators in cognitive processes via
alterations in enzyme regulation and corresponding imbal-
ances of critical neuroactive compounds.

Treatment
Current treatment strategies
The majority of current treatment strategies aimed at
improving symptoms of depression utilize drug treat-
ments which target downstream enzymes, transporters,
or receptors. Of these, selective serotonin reuptake in-
hibitors (SSRIs) have become the most commonly used
due to their ability to induce a relatively strong and im-
mediate alleviation of symptoms. Drug treatments of the
SSRI class target serotonin transporters (SERT), and
inhibit them from carrying out their role concerning
5-HT reuptake, thereby increasing extracellular levels.
Use of SSRIs is however, associated with a number of
side-effects and only provides transient relief of symp-
toms. They have also been shown to be ineffective in
approximately 30% of patients [61], in whom a particularly
elevated inflammatory state is typically reported [62,63].
Additionally, of individuals who do respond to treatment,
an estimated 20 to 80% will relapse and experience a
depressive episode within 1 to 5 years following initial
treatment [64]. It may be possible that under extreme or
reoccurring inflammatory episodes, the shift in the kynur-
enine pathway and resulting imbalance in neuroactive
kynurenines, hippocampal damage and HPA axis dysfunc-
tion, may cause alterations too severe for SSRI treatment
to remedy. This could partially explain the ineffectiveness
of drug treatments such as SSRIs in individuals with a
highly elevated inflammatory state and may suggest a need
for the addition of anti-inflammatory interventions in the
treatment of depression.
More recent attempts to treat cognitive impairment

have focused on counteracting and/or limiting the antag-
onizing effects of KYNA. Agonists of the α7nACh and
NMDA receptors such as galantamine have been utilized
in an attempt to counteract the antagonizing role of
KYNA. Such attempts have, however, produced incon-
clusive and only partially positive results [65-69]. It may
be possible that elevated concentrations of KYNA lead
to receptor saturation, thereby making it difficult to
achieve any benefit from such receptor agonists. In an
alternative approach, early studies examining the use of
selective inhibitors for the primary enzyme involved in
KYNA production, KAT II, have shown positive results
in animal models. The administration of KAT II inhibi-
tors resulted in reductions in extracellular KYNA along
with elevations in glutamate, dopamine, and acetyl-
choline [54]. Further studies are required to examine the
effectiveness of such treatments in humans as well as an
appropriate dosage. As α7nACh and NMDA receptor
activity has important implications in both depression
and cognitive impairment, maintaining the delicate bal-
ance between receptor agonists and antagonists is critic-
ally important. As such, if either receptor agonists or
KAT II inhibitors were to be used in the long-term treat-
ment of cognitive impairment, the dose would need to
be strictly controlled in order to avoid NMDA over-
activity and the possibility of hippocampal atrophy and
HPA axis dysregulation over time. A safer alternative
may be to naturally induce molecular alterations over
time via anti-inflammatory intervention strategies.
Although the value of current drug treatments should

not be discounted, alternative therapies which target the
inflammatory basis of such disorders should also be con-
sidered. Utilizing intervention strategies which target
upstream proinflammatory mediators may help to restore
proper enzyme regulation and induce corresponding be-
neficial alterations in neuroactive compounds, thereby
positively influencing a variety of disorders. Simple life-
style alterations including the adoption of a diet consisting
of foods and supplements with proven anti-inflammatory
properties and participation in regular exercise may pro-
vide a safer, sustainable, and more universally applicable
treatment option to that of traditional drug treatments.
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Although such intervention strategies do not provide the
immediate effects of drug therapies, they may contribute
to a more permanent solution while helping to reduce the
many side-effects associated with a heavy reliance on drug
interventions (Figure 6).

Exercise as an anti-inflammatory intervention
Regular moderate exercise has been consistently shown to
reduce chronic low-grade inflammation and protect
against a number of associated diseases [70,71]. Numerous
cross-sectional studies have demonstrated reductions in
inflammatory mediators within trained versus untrained
individuals [72-75]. Although the anti-inflammatory nature
of regular exercise has been well established, the mecha-
nisms by which this is accomplished are not fully under-
stood and are likely the result of numerous exercise-related
factors.
One such theory involves a unique exercise-induced

inflammatory response which differs from that of the
typical response evoked by infection. Whereas infection
results in the initial elevation in proinflammatory cyto-
kines, such as TNF-α and IL-1β, it has been suggested
that during an exercise-induced inflammatory response,
the elevation in proinflammatory cytokines is bypassed.
Instead, the initial response is a large elevation in IL-6, a
cytokine with both pro and anti-inflammatory properties.
This spike in IL-6 is followed by an elevation in anti-
inflammatory cytokines, such as IL-10 and IL-1 receptor
antagonist (IL-1RA) [70,71]. It has been suggested that
IL-6 promotes an anti-inflammatory environment during
exercise by promoting IL-10 and IL-1RA while inhibiting
TNF-α production. This IL-6-induced inhibition of TNF-
α has been demonstrated in vitro [76] as well as in vivo in
animal models [77], and in humans [78]. Exercise may also
Figure 6 Targets of treatment interventions. Common treatment strate
typically target downstream enzymes or receptors. Alternatively, intervention
which helps restore a balance in inflammatory mediators, thereby restoring p
inhibit proinflammatory mediators through IL-6-indepen-
dent pathways via exercise-induced elevations in hor-
mones such as epinephrine. This has been suggested due
to the demonstration of TNF-α inhibition during exercise
in IL-6 knockout mice [79], as well as the suppression
of TNF-α following epinephrine infusion in vivo [80].
Whether hormonally driven, or due to a unique influ-
ence from IL-6, if acute bouts of exercise promote an
anti-inflammatory environment, it may explain how ex-
ercise, when performed on a regular basis, may act to
protect against a chronic low-grade inflammatory state.
Of note, many studies have demonstrated that acute

bouts of exercise do in fact result in a proinflammatory
response characterized by leukocytosis and elevations in
proinflammatory mediators [81-83]. An acutely elevated
rate of TRP metabolism and resulting increase in serum
kynurenine concentrations have also been demonstrated
and have been suggested to relate to a cytokine-induced
up-regulation of IDO [84,85]. Further, exercise is known
to result in an acute elevation in glucocorticoids [86]
which have been suggested to induce the up-regulation
of TDO2, further contributing to the elevated rate of
TRP metabolism during exercise [87]. Despite the pro-
posed short-term proinflammatory response, long-term
metabolic and cardiovascular training adaptations are
associated with a chronic reduction in inflammatory me-
diators which likely override the acute proinflammatory
effects of exercise, resulting in a chronic shift towards an
anti-inflammatory state. For example, adipose tissue is
known to act as an endocrine organ, responsible for the
release of a variety of proinflammatory mediators termed
adipokines. As such, a reduction in adipose tissue, as
would be expected over the span of a chronic training pro-
gram, may result in a reduction in such proinflammatory
gies for disorders associated with depression and cognitive impairment
strategies such as regular exercise possess anti-inflammatory properties
roper enzyme regulation and protein balances upstream.
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mediators [88]. Corresponding improvements in vascular
health may also protect against the plaque formation seen
in atherosclerosis leading to reductions in vascular inflam-
mation [71]. In addition, a number of other exercise-
related factors including age, smoking status, hyperten-
sion, and cholesterol levels may contribute to exercise-
related inflammatory benefits as each have been shown to
be inversely correlated with C-reactive protein (CRP)
concentrations [72].
Inconsistencies in the literature regarding the inflam-

matory response to an acute bout of exercise may be
due to a lack of consistent exercise protocols. Differ-
ences in the mode, duration, and intensity of exercise
bouts may lead to inconsistent levels of exercise-induced
muscle damage, and metabolic demands resulting in
variable levels of inflammatory mediators. It will be im-
portant to determine the most ideal exercise parameters
to achieve the greatest inflammatory benefit if there are
hopes of utilizing exercise as an effective treatment for
inflammatory-based disorders. This gap in the literature
may also help explain inconsistencies regarding the de-
gree to which exercise reduces symptoms of depression
and cognitive impairment. Although there is a general
consensus that exercise positively impacts mood and
cognition, some studies show improvements equivalent
to that of traditional medications [89,90], while others
show that exercise is only mildly more effective than
control conditions [91]. Additionally, the mechanisms by
which such benefits may be accomplished are widely de-
bated, ranging from increased cerebral blood flow, to
changes in neurotransmitter release, to actual structural
changes in regions of the central nervous system (CNS),
such as the hippocampus [92]. Interestingly, each of
these proposed adaptations can be influenced by the
inflammatory response through mechanisms previously
discussed. There is a need for more methodologically ro-
bust, prospective trials with consistent exercise protocols
in order to examine the true potential of exercise as a
treatment strategy. Nevertheless, the anti-inflammatory
properties of regular exercise have been well established,
and in theory, it should help to improve or prevent
symptoms related to depression and cognitive impair-
ment by targeting upstream inflammatory processes. As
such, despite the insufficient evidence to definitively
state the degree to which exercise interventions may
impact these disorders, it would seem there is certainly
merit to implement them along with traditional drug
treatments.

Conclusion
As an inflammatory basis is becoming evident for a
growing number of disorders, therapies which target the
immune system and act to restore a balance in inflam-
matory mediators should be considered as potential
methods of treatment and prevention. Although the
effectiveness of current drug treatments should not be
undervalued, pairing them with intervention strategies
that target upstream inflammatory processes may enhance
the outcome of drug treatments for disorders impacted by
chronic inflammation. It is difficult to make definitive
conclusions regarding the degree to which exercise, as an
anti-inflammatory strategy, influences conditions such as
depression and cognitive impairment, as previous infer-
ences are largely based on observational studies with
highly variable protocols. However, the inflammatory
etiology behind such disorders and the anti-inflammatory
mechanisms of exercise have been well established and,
therefore, should in theory provide some benefit. Add-
itionally, given the minimal side-effects associated with
such lifestyle alterations, as well as the potential for a
variety of other health benefits, there is seemingly little
reason not to promote exercise as a treatment option.
Whether exercise has the potential to be effective as a
stand-alone treatment, or would need to be utilized in
conjunction with common drug treatments, is currently
unclear and will likely vary between patients depending
upon a number of factors. Further research will also be
needed to determine the most appropriate exercise
parameters in order to achieve the greatest anti-inflamma-
tory benefit. A greater emphasis on intervention strategies
which target inflammation may provide stronger and
more sustainable improvements by targeting the inflam-
matory mediators initially responsible for the alterations
in enzyme regulation which ultimately contribute to a
number of disorders. Such strategies may help to reduce
symptoms of disorders such as depression and cogni-
tive impairment while avoiding the many side-effects
associated with a heavy reliance on current drug
treatments.
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