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ARTICLE INFO ABSTRACT

Keywords: Major depressive disorder (MDD) is a common psychiatric disorder with multifactorial aetiology and complex path-
Major depression ophysiology. Despite availability of various pharmacological and non-pharmacological therapeutic strategies, treat-
Ne“m'i“ﬂammatio“ ment resistant depression (TRD) remains a significant challenge with specific concern for those patients with severe
;Z::E;e: depressive symptoms in particular suicidal ideations who require immediate and effective intervention. Inflammation

has been widely studied for its association with MDD and treatment response. Ketamine known as a dissociative
anaesthetic has a novel rapid-acting antidepressant effect at lower doses. Anti-inflammatory actions of ketamine appear
to play a role in mechanisms underlying its antidepressant effects. Considering the rapid antidepressant action of
ketamine, this review provides a brief overview of antidepressant properties of ketamine as well as its effects on pe-
ripheral and central inflammation to better understand the mechanisms underlying the therapeutic action of ketamine
as an anti-inflammatory antidepressant target in psychiatric emergency. Development of effective medications, which
actrapidly with dual effect on both inflammation and MDD would be of a significant clinical importance for a successful

Kynurenine pathway
Anti-suicidal effect

and personalised treatment of inflammatory-induced TRD and suicidal thoughts and behaviour.

1. Introduction

As one of the most common psychiatric and mental illnesses, major
depressive disorder (MDD) has been investigated extensively for decades,
and yet the complex multifactorial aetiology and mechanisms underlying
its pathophysiology need to be understood. Despite availability of various
pharmacological and non-pharmacological therapeutic strategies, treat-
ment resistant depression (TRD) remains a significant challenge with
specific concern for those patients who present severe depressive symp-
toms and particularly suicidal ideations and behaviours (Bergfeld et al.,
2018; Orsolini et al., 2020; Voineskos et al., 2020).

Advances in psychoneuroimmunology research led to growing reports
on the involvement of inflammation in pathophysiology of MDD. Studies
from our laboratory and others have been consistently shown that alter-
ations in the function of hypothalamic-pituitary-adrenal (HPA) axis and
ineffective glucocorticoid signalling leads to inappropriate immune and
inflammatory responses in MDD (Fig. 1). Abnormal communication be-
tween the periphery and the central nervous system (CNS) provokes
neuroinflammation, which further induces glucocorticoid resistance
within the brain. Activated inflammatory mediators induce depressive
symptoms through direct effect on the brain tissue, modulation of the
serotonergic system and initiation of neurodegenerative processes. In-
flammatory induced activation of the kynurenine pathway results in less
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availability of tryptophan for the serotonin biosynthesis, and instead a shift
towards production of kynurenine and downstream neurotoxic metabo-
lites, and ultimately neurodegeneration (Nikkheslat et al., 2015, 2018;
Sforzini et al., 2019). The association between inflammation and depres-
sion appears to be even independent of genetic, health, and psychosocial
factors (Pitharouli et al., 2021). Evidence suggests presence of activated
immune response and increased immune cells such as neutrophils and
monocytes (Lynall et al., 2020) as well as elevated levels of inflammatory
biomarkers such as cytokines and C-reactive protein (CRP) in a significant
proportion of depressed patients (Nikkheslat et al., 2018); however, the
phenomenon is found to be more prevalent in those less responsive to
antidepressant treatments (Cattaneo et al., 2020; Haroon et al., 2018;
Nikkheslat et al., 2019; Yang et al., 2019) and with suicidal thoughts and
attempts (Serafini et al., 2013). Effective antidepressant medications have
been shown to restore the neuro-endocrine-immune balance by normal-
ising the HPA axis dysregulation (Himmerich et al., 2006; Horowitz et al.,
2014; Nikkheslat et al., 2017).

Ketamine is approved as a safe and effective dissociative anaesthetic
since 1960s (Dundee et al., 1970) and at lower doses is a promising novel
treatment as a rapid-acting antidepressant (Zanos et al., 2018). The effects
on core features of depression are detectable within a few hours (Gould
et al., 2019). This potential rapid effect is quite a unique feature, in com-
parison to classical antidepressants, which take at least two weeks to exert
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their therapeutic effects that in severe cases could leave a life-threatening
situation for the patients. While the mechanisms behind the antidepres-
sant effects of ketamine are not fully understood, anti-inflammatory effects
are candidates. Anaesthetics have been studied for their immunosuppres-
sive properties in relation to clinical implications of the use of these agents
during surgical procedures. While different anaesthetics affect the immune
system differentially, they seem to either act on the HPA axis and affect its
immunomodulatory activity or directly modulate the function of immune
cells and depress inflammatory responses (Cruz et al., 2017). The
anti-inflammatory effect of ketamine has been investigated in clinical and
preclinical studies and will be discussed in the present review.

There are increasing numbers of clinical trials conducted by our
clinical research team and others, on improving the treatment response
in MDD, which have been trying to address the inflammation through the
potential therapeutic benefit of using a combination of anti-inflammatory
and antidepressant medications (Fourrier et al., 2018; Miller and Par-
iante, 2020; Nettis et al., 2021). While there is no question about trans-
lational and clinical significance of these studies in treatment of MDD and
TRD when there is a link to inflammation, the approach still requires the
time frame needed for the drug's effects, thus the urgent need for
development of alternative treatment strategies for those patients with
severe depressive symptoms in particular suicidal ideations who require
effective but immediate intervention (Gladwell, 2021). Therefore,
considering the rapid antidepressant action of ketamine, this review
provides a brief overview of antidepressant properties of ketamine as
well as its effects on peripheral and central inflammation to better un-
derstand the mechanisms behind the therapeutic action of ketamine as an
anti-inflammatory antidepressant target. Development of effective med-
ications, which act rapidly with dual effect on both inflammation and
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Fig. 1. Dysregulation of HPA axis activity
in depression and the putative targets of
ketamine anti-inflammatory actions -
Hyperactivation of the hypothalamic-
pituitary-adrenal (HPA) axis, glucocorticoid
resistance, immune cells alteration, excessive
release of inflammatory biomarkers, and
activated kynurenine pathway are implicated
in pathophysiology of depression. Dysregu-
lation of the HPA axis seems to reflect an
alteration in glucocorticoid receptors func-
tional properties and an impaired ability of
cortisol to exert its physiological effects
(glucocorticoid resistance) including the
negative feedback on the HPA axis itself as
well as the anti-inflammatory effects on the
immune cells and release of inflammatory
biomarkers. Inflammatory mediated activa-
tion of the kynurenine pathway results in less
availability of tryptophan and reduced sero-
tonin biosynthesis. Inflammatory induced
IDO activation leads to an increase in the
production of kynurenine and quinolinic acid
(neurotoxic metabolite) and a decrease in
kynurenine acid (neuroprotective metabo-
lite). Ketamine exerts its anti-inflammatory
actions by directly affecting immune cells
and inhibiting the production and release of
inflammatory biomarkers including pro-
inflammatory cytokines as well as modu-
lating cytokine-induced activation of kynur-
enine pathway and decreasing neurotoxic
quinolinic acid thus attenuating neuro-
inflammation and neurodegeneration.

AVP=

arginine vasopressin; ACTH=
adrenocorticotrophic hormone; CRH=
corticotropic releasing hormone; IDO=
indoleamine-2,3-dioxygenase.

Kynurenic Acid
(Neuroprotective)

Tryptophan
Serotonin

depression would be of a significant clinical importance, especially for
those depressed individuals who are at an imminent risk of suicide and
treatment resistant due to the presence of inflammation.

2. Antidepressant property of ketamine

Traditionally used as an anaesthetic, ketamine was first claimed to
have an antidepressant effect in 2000 as reported by a placebo-controlled
trial showing that depressed patients evidenced significant alleviation in
depressive symptoms within 72 h following a single low-dose ketamine
infusion (Berman et al., 2000). Another randomized controlled trial
investigated the efficacy of ketamine in TRD and found a robust and rapid
antidepressant response, which manifested within 2 h, peaked at around
24 h and remained relatively sustained in 35% of patients for 1 week
(Zarate et al., 2006). The findings on effectiveness of a single-dose
intravenous ketamine in rapidly improving depressive symptoms in
TRD were further replicated by several clinical trials and confirmed by
meta-analysis (Kishimoto et al., 2016). Repeated ketamine infusions
were also studied in patients with TRD revealing cumulative and sus-
tained antidepressant effects in responders with no reported serious side
effects (Phillips et al., 2019). Ketamine as a rapid-acting antidepressant is
an attractive candidate for psychiatric emergency, and its effectiveness
has been studied in TRD patients with suicidal ideation. Initial studies
showed a single-intravenous infusion of ketamine reduced suicidal
thoughts within 40 min and the effect remained for up to 4 h
post-infusion (DiazGranados et al., 2010; Thakurta et al., 2012) and
sustained for 12 days by repeated-dose ketamine administration (Price
et al., 2009). A report from a meta-analysis examining the effects of a
single-dose ketamine on suicidal ideation in MDD confirmed rapid
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reduction in suicidal thoughts in patients within one day and for up to
one week in response to ketamine's effects, which were found to be
partially independent of the antidepressant effects, suggesting involve-
ment of specific mode of actions (Wilkinson et al., 2018). A recent ran-
domized controlled trial assessing the effect of single and repeated
ketamine infusions on suicidal ideation in TRD patients showed rapid
and cumulative reduction in suicidal thoughts with thrice-weekly
repeated infusions that was prolonged with once-weekly maintenance
treatment in responders (Phillips et al., 2020).

3. Mechanisms of action

Ketamine is a non-competitive inhibitor of glutamate N-methyl-d-
aspartate (NMDA) receptor, and this antagonism property is likely to play a
central role to its mechanism of action as an antidepressant. Dysfunction of
glutamatergic system including abnormalities in glutamate and the NMDA
receptor, is involved in pathophysiology of MDD and TRD and psychopa-
thology underlying suicide (Deutschenbaur et al., 2016; Sanacora et al.,
2012). Ketamine exerts antidepressant effects by blocking NMDA receptors
located on inhibitory Y-aminobutyric acid (GABA) interneurons, thus pre-
venting activation of GABA neurons which results in disinhibition of
glutamate transmission. Excessive extracellular glutamate activates syn-
aptic a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptors which in turn increases brain-derived neurotrophic factor (BDNF)
release promoting synthesis of synaptic proteins, formation of dendritic
spines and synapses strength. Indeed, synaptogenesis is potentiated by
mechanisms involving the BDNF-mediated stimulation of the tropomyosin
receptor kinase B (TrkB) receptor and subsequent activation of mechanistic
target of rapamycin (mTOR) signalling pathway (Matveychuk et al., 2020).
Pre-clinical studies have shown that the effects of ketamine on synapse
formation and antidepressant-like behaviour are mTOR dependent (Yang
et al.,, 2013; Zhou et al.,, 2014) and that these effects are reversed by
pre-treatment with the selective mTOR inhibitor rapamycin infusion and
blocking the mTOR signalling (Li et al., 2010). Interestingly, rapamycin
pre-treatment in MDD patients did not reduce the rapid antidepressant ef-
fects of ketamine but increased the response and remission rates at 2 weeks
that may highlight the need for further investigation on the role of systemic
versus local blockade of mTOR pathway in association with ketamine's
antidepressant actions (Abdallah et al., 2020). Ketamine-mediated antag-
onism of NMDA receptors also directly acts on BDNF pathway resulting in
de-suppression of BDNF translation via deactivation of eukaryotic elonga-
tion factor 2 kinase, thus reversing deficits in stress-induced synaptic plas-
ticity (Deutschenbaur et al., 2016). The mechanisms of ketamine action are
not limited to its high affinity to NMDA receptors and the effects on AMPA
and GABA receptors, but also its interaction with other major neurotrans-
mitter systems, such as dopaminergic, serotoninergic, adrenergic, and
cholinergic pathways (Zanos et al., 2018) that are implicated in mood
disorders.

Used as an anti-nociceptive agent for neuropathic chronic pain
(Niesters et al., 2014), ketamine activates opioid system, the mechanism
which is suggested to be necessary for ketamine's rapid antidepressant
effects requiring both NMDA and opioid receptor signalling and in-
teractions between these two neurotransmitter systems (Klein et al.,
2020). Indeed, pre-treatment with opioid-receptor antagonists has been
shown to attenuate some antidepressant effects of ketamine (Williams
et al., 2018). The anti-suicidal effects of ketamine have been also linked
to the ketamine-induced activation of opioid receptor (Williams et al.,
2019). However, ketamine's anti-suicidal response appears not to be
completely driven by its antidepressant's effects (Ballard et al., 2014) as
evidenced by studies finding an association of reduced suicidal ideation
with increased regional cerebral glucose metabolism (Ballard et al.,
2015) and decreased night-time wakefulness following ketamine infu-
sion (Vande Voort et al., 2017), which were not associated with
improved depressive symptoms. Ketamine-induced plasticity in relation
to modulation of BDNF pathway and improvement in sleep pattern may
explain neurobiological mechanism underlying the anti-suicidal effects
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(Duncan et al., 2013).

Ketamine metabolizes rapidly within minutes and is distributed
quickly in highly perfused tissues. The rapid transfer of ketamine across
the blood-brain-barrier into the brain is facilitated by its liposolubility and
low plasma protein binding properties (Haas and Harper, 1992). Struc-
turally, ketamine is a racemic mixture of R- and S-ketamine and the effect
of ketamine is suggested to be through the function of its active metabo-
lites most notably hydroxynorketamines. The versatile mode of action of
ketamine targeting various systems in a distinct but complementary
manner as well as its structure and metabolites are believed to underlie its
unique therapeutic effect (Sial et al., 2020). S-ketamine known as Esket-
amine is more potent NMDA receptor antagonist than R-ketamine and has
been approved by the Food and Drug Administration (FDA) in 2018 for
treatment of TRD (Kim et al., 2019) and in 2020 for treatment of MDD with
acute suicidal ideation or behaviour (Mischel and Balon, 2021). Rando-
mised controlled trials reported rapid onset of antidepressant effects in
patients with MDD within 2 h of intravenous esketamine infusion (Singh
etal., 2016), and 24 h after intranasal esketamine given in addition to oral
antidepressant therapy (Daly et al., 2018) with a significant effect in
delaying relapses when used long-term for up to 16 weeks (Daly et al.,
2019) and a sustained effect and manageable safety profile when used for
up to 48 weeks in responders (Wajs et al., 2020). The effectiveness of
esketamine nasal spray is also observed in severe cases of MDD with active
suicidal ideation with intent (Canuso et al., 2018; Ionescu et al., 2021).

4. Adverse effects

Beside the unique therapeutic potential, ketamine elicits acute but
transient adverse effects including dissociative symptoms, blood pressure
elevation, tachycardia, urologic toxicity, and perceptual disturbances.
Even though many clinical studies confirmed the efficacy and safety of
ketamine, its regular use as an antidepressant is restricted due to the
psychotomimetic effects, drug abuse potential and dissociative properties
(Matveychuk et al., 2020). A recent meta-analysis of placebo-controlled
crossover ketamine trials comprehensively assessed both dissociative
and non-dissociative side effects associated with a single intravenous
subanaesthetic dose of ketamine in TRD and reports that most symptoms
peaked within 1 h, resolved by 2 h, and none lasted for more than 4 h.
The most common identified side effects were feeling strange, weird, and
loopy. No serious long-lasting adverse effects such as cystitis, anaphy-
laxis, emergence delirium, cognitive or memory deficits, increased ten-
dency for ketamine use or abuse were observed after 3 months follow-up
assessments (Acevedo-Diaz et al., 2020). However, the evaluation of
long-term and routine application of ketamine in treatment of MDD in
large-scale clinical trials merits further investigations (Short et al., 2018).

While ketamine has a rapid-acting property, its short effect duration and
the requirements for repeated administrations and maintenance regimen
are not desirable specially when applied via intravenous injections which
requires hospital or clinic setting (Pribish et al., 2020). Although commonly
employed via intravenous infusion for obtaining the highest drug
bioavailability, other more practical routes of administrations including
oral, sublingual, and intranasal can be considered at least after initial dosing
(Andrade, 2017). however, the overall side effect profile limits the usage of
ketamine outside clinical environment and requires a risk assessment for
each patient (Schoevers et al., 2016). Adhering to good clinical manage-
ment remains essential for achieving an adequate therapeutic response and
sustaining long term effects. According to recommended guidelines, an
effective treatment strategy would consider continued treatment with
conventional antidepressants and adjunctive psychotherapeutic in-
terventions (Kennedy et al., 2016; Talbot et al., 2019; Wilkinson et al.,
2017).

Evidence from animal studies encourages clinical investigation into
comparing the antidepressant effects and adverse effects of the ketamine
stereoisomers. R-ketamine was found to produce rapid and long-lasting
effects on depression-like behaviour in juvenile mice after neonatal dexa-
methasone exposure, relative to S-ketamine (Zhang et al., 2014). In
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addition, in animal models, R-ketamine appeared to exhibit a better side
effect profile than S-ketamine and was shown to be a more efficacious and
safer antidepressant, free of psychotomimetic side effects and abuse liability
(Yang et al., 2015a). The more sustained antidepressant effect of R-keta-
mine was also confirmed in a treatment refractory model that was found to
be mediated through AMPA receptor stimulation (Fukumoto et al., 2017).
While the approval and practise of esketamine in MDD is still an active and
ongoing topic in scientific discussions (Mischel and Balon, 2021), the in-
vestigations into superior potency of R-ketamine's effects over S-ketamine
has not yet been reported in clinical settings. Better understanding of the
wide range of mechanisms through which ketamine exerts its ultra-rapid
distinctive therapeutic actions remains essential for development of effec-
tive, safe, and personalised treatment strategies.

5. Anti-inflammatory property of ketamine

The effect of ketamine on inflammation has been of particular interest
since the drug has been used as an anaesthetic in patients undergoing
surgery and has been found to be acting as a unique homeostatic regulator
of the stress-induced immune disturbances and the acute inflammatory
reactions (De Kock et al., 2013). Regulation of inflammatory responses is
considered as a vital contributing factor in surgery outcome and recovery.
Evidence from clinical studies show intraoperative ketamine administra-
tion attenuates inflammatory reactivity following major surgeries
including cardiac and abdominal operations as observed by significant
inhibition of the early postoperative interleukin (IL)-6 inflammatory
response (Dale et al., 2012). In obese patients, ketamine attenuated pro-
duction of IL-6 and preserved immune responses as measured by
lymphocyte proliferation and natural killer cell cytotoxicity after a
short-duration surgery (Roussabrov et al., 2008). Even subanaesthetic dose
of ketamine prior to induction of general anaesthesia was shown to result
in modulation of immune cells in the early postoperative period as
observed by ex vivo attenuation of IL-6 and tumour necrosis factor (TNF)-a
production and preservation of IL-2 secretion (Beilin et al., 2007). The
anti-inflammatory property of ketamine is considered significant due to its
effect on limiting and even preventing exaggerated systemic inflammation
without interfering with local essential healing processes. Ketamine ap-
pears to exert anti-inflammatory activity in the context of an increased
immune activation, acting as an anti-pro-inflammatory agent rather than
an immunosuppressant (Loix et al., 2011). This immunomodulatory
function in combination with antidepressant property make ketamine a
highly desirable candidate for treatment of subgroups of MDD patients
who present elevated inflammation.

The past decade has seen an emergence of research on the immuno-
modulatory property of ketamine in MDD and the regulation of inflam-
mation as a mechanism underlying its rapid antidepressant effects.
Ketamine has been shown to have a direct effect on peripheral leucocytes
and suppresses the proinflammatory cytokine production (Kawasaki et al.,
1999). The authors demonstrated significant inhibition of lipopolysac-
charide (LPS)-induced TNF-q, IL-6, and IL-8 production in human whole
blood. The anti-inflammatory actions, which contributes to ketamine's
antidepressant effects is also evidenced by other in vitro studies reporting
that ketamine inhibits the production and release of pro-inflammatory
cytokines, IL-1p, IL-6 and TNF-a in macrophages (Chang et al., 2010),
microglial cells (Chang et al., 2009), and astrocytes (Yuhas et al., 2015).
The association between ketamine rapid antidepressant property and its
anti-inflammatory effect is further supported by animal studies. Ketamine
has been shown to alleviate stress-induced depressive-like behaviours as
studied in a chronic unpredictable mild stress model of depression with
up-regulated levels of IL-1p, IL-6, and TNF-a cytokines; and that the effects
on the measures of anhedonia, behavioural despair, and neurovegetative
changes were associated with down-regulation of the hippocampal in-
flammatory response (Wang et al., 2015). The mechanism through which
ketamine exerts its anti-inflammatory antidepressant effect in mice was
that ketamine decreased the number of activated microglia cells in the
hippocampus, reduced the levels of IL-1f, IL-6, and TNF-q,
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down-regulated cytokine synthesis through the TLR4/p38 signalling
pathway, and inhibited cytokine release from microglia by
down-regulating P2X7 receptor in hippocampus (Tan et al., 2017).

Even though there are still limited data available from clinical studies
and some even reported contradictory findings (Park et al., 2017), ketamine
has been found to exert antidepressant effects mediated by its anti-
inflammatory actions. Adipokines which are compounds involved in
regulation of inflammation and neuroplasticity pathways (Machado-Vieira
etal., 2017), and serum inflammatory marker IL-6 (Yang et al., 2015b) have
been shown to predict ketamine's antidepressant response in TRD. In a
recent randomised controlled trial, the rapid improvement in depressive
symptoms in patients with TRD is shown to be related to the rapid sup-
pression of TNF-o. In addition, it appears that ketamine exerts its
anti-inflammatory effects at higher dose of 0.5 mg/kg compared to dose of
0.2 mg/kg by which the antidepressant effects are present suggesting
involvement of other mechanisms at lower doses (Chen et al., 2018). In
accordance with pre-clinical studies, which provide strong support for
ketamine-induced decreases in pro-inflammatory cytokines, overall clinical
evidence also demonstrates reduction of peripheral inflammatory markers
including IL-1, IL-6, and TNF-q, as reported by our recent systematic re-
view (Kopra et al., 2021).

The central immunomodulatory effect of Ketamine is evident by its
direct effect on glial cells (Zhang et al., 2021). The association of microglial
activation and release of cytokine TNF-o and nitric oxide, which are key
mediators of acute and chronic inflammatory and neurodegenerative pro-
cesses, have been found in depressed patients with suicide ideation (Steiner
et al., 2008). Microglial cells can also affect regulation of BDNF synthesis
and reduce BDNF expression and its high-affinity receptor TrkB (Jin et al.,
2019). A post-mortem study reported elevation of primed phenotype of
microglial and accumulation of cerebral macrophages in the brain of
depressed suicides (Torres-Platas et al., 2014). Ketamine has been found to
inhibit LPS-stimulated production of inflammatory response TNF-a in both
astrocytes and microglia (Shibakawa et al., 2005). Ketamine effect on
microglial inactivation appears to be mediated by inhibition of extracellular
signal-regulated kinase phosphorylation as studied in primary cultures from
rats in vitro (Chang et al., 2009). Using HMC3 human microglial cell line, it
has been shown that ketamine and its active metabolites are involved in
regulation of the type I interferon pathway mediated through signal
transducer and activation of transcription 3, which plays a crucial role in the
immune response, as well as augmentation of BDNF expression (Ho et al.,
2019). In cultured human astroglial cells, ketamine supressed gene
expression and production of IL-6 and TNF-a within 24 h, that further
supports the link between the ketamine immunomodulatory activity and its
rapid antidepressant effect (Yuhas et al., 2015).

Ketamine action through an involvement of kynurenine pathway ex-
plains another anti-inflammatory mechanism through which ketamine may
exert its antidepressant effect (Zunszain et al., 2013). Cytokine-induced
activation of kynurenine pathway of tryptophan metabolism and an
imbalance between neurotoxic and neuroprotective metabolites is impli-
cated in MDD through the effects on glutamatergic neurotransmission
(Savitz, 2017; Ogyu et al., 2018). Glutamatergic system has been widely
linked, through neurotoxicity, with both neuroinflammation and depres-
sion (Cui et al., 2019). Studies on MDD patients with suicidal ideation has
shown rapid elevation of NMDA receptor antagonist kynurenic acid
(kynurenine neuroprotective metabolite) and higher kynurenic acid/-
kynurenine ratio, which were associated with reduction of depressive
symptoms in ketamine responders (Zhou et al., 2018). Compared to healthy
controls, suicide attempters show decreased cerebrospinal fluid (CSF)
kynurenic acid and increased NMDA receptor agonist quinolinic acid
(kynurenine neurotoxic metabolite), which is produced by
inflammatory-induced activation of indoleamine 2,3-dioxygenase enzyme,
which diverts tryptophan degradation into kynurenine and downstream
neurotoxic pathway (Bay-Richter et al., 2015). Ketamine has been also
found to have a direct effect on quinolinic acid by blocking its impact on the
NMDA receptor as evidenced by pre-clinical studies (Walker et al., 2013)
and has been suggested to benefit depressed patients with elevated
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inflammation before other anti-inflammatory treatment are used as main-
tenance strategies (Miller 2013). The direct effect of ketamine on quinolinic
acid is important due to neuroactivity of this metabolite involving over-
stimulation of NMDA receptors, oxidative stress, neuroinflammation, and
apoptosis which ultimately leads to neurodegeneration (Lugo-Huitron
et al., 2013). Considering the presence of low-grade inflammation and
increased levels of quinolinic acid in the CSF of suicide attempters (Erhardt
etal., 2013), the elegant anti-inflammatory property of ketamine appears to
be directly relevant to its anti-suicidal effect.

6. Conclusion ad future directions

Beside holding a novel mechanism of action that is distinct from con-
ventional antidepressant drugs, having also anti-inflammatory property
makes ketamine particularly unique for targeting inflammatory-induced
complications in depression. Diverse and multifunctional properties of ke-
tamine including the effects on CNS receptors and pathways, neurotrans-
mitter systems, synaptogenesis, modulation of central and peripheral
inflammatory responses, which are all mechanisms underlying its antide-
pressant and anti-inflammatory actions, implicate ketamine in manage-
ment of inflammation in MDD (Fig. 1). However, greater clinical studies in
required to validate the stronger and more consistent evidence from pre-
clinical models on the association between anti-inflammatory and antide-
pressant effects of ketamine as well as to compare the effect of different
ketamine stereoisomers. Future studies are warranted to investigate R-ke-
tamine in treatment of TRD and suicidal ideation and in relation to
inflammation. In addition, comprehensive assessment of inflammatory
profile by including broad range of peripheral inflammatory and HPA axis
biomarkers as well as complete evaluation of kynurenine pathway metab-
olites would provide wider picture for addressing the dual effect of keta-
mine in both inflammation and depression. Ketamine remains a promising
target for treatment of TRD and suicidal thoughts, and rapid changes in
inflammatory markers should be studied as potential mediators of these
therapeutic effects, especially in subset of patients with higher levels of
inflammation. Further investigations of the pathways underlying the effects
of ketamine on inflammation in depression is crucial for enhancing our
understanding of the therapeutic efficacy of this medication as an anti-
inflammatory antidepressant and provides mechanistic insight for devel-
oping next generation of rapid-acting antidepressant agents in order to
achieve successful clinical treatment of inflammatory-induced TRD and
suicidal ideation and behaviour.

Declaration of conflicting interest
The author confirms no potential conflicts of interest for this review.
Funding Acknowledgement

This review is prepared as part of a clinical study to investigate the
anti-inflammatory effect of ketamine funded by the UK NIHR Biomedical
Research Centre at South London and Maudsley NHS Foundation Trust
and King's College London to Dr Naghmeh Nikkheslat. The views
expressed are those of the author and not necessarily those of the NHS,
the NIHR or the Department of Health. The author is also supported by
projects funded by the Wellcome Trust for research on depression and
inflammation as part of the Neuroimmunology of Mood Disorders and
Alzheimer's Disease (NIMA) Consortium, which is also funded by Jans-
sen, GlaxoSmithKline, Lundbeck and Pfizer.

References

Abdallah, C.G., Averill, L.A., Gueorguieva, R., Goktas, S., Purohit, P., Ranganathan, M.,
et al., 2020. Modulation of the antidepressant effects of ketamine by the mTORC1
inhibitor rapamycin. Neuropsychopharmacology 45 (6), 990-997. https://doi.org/
10.1038/541386-020-0644-9.

Acevedo-Diaz, E.E., Cavanaugh, G.W., Greenstein, D., Kraus, C., Kadriu, B., Zarate, C.A.,
Park, L.T., 2020. Comprehensive assessment of side effects associated with a single

Brain, Behavior, & Immunity - Health 18 (2021) 100383

dose of ketamine in treatment-resistant depression. J. Affect. Disord. 263, 568-575.
https://doi.org/10.1016/j.jad.2019.11.028.

Andrade, C., 2017. Ketamine for depression, 4: in what dose, at what rate, by what route,
for how long, and at what frequency? J. Clin. Psychiatr. 78 (7), e852-e857. https://
doi.org/10.4088/JCP.17f11738.

Ballard, E.D., Ionescu, D.F., Vande Voort, J.L., Niciu, M.J., Richards, E.M.,
Luckenbaugh, D.A., Brutsché, N.E., Ameli, R., Furey, M.L., Zarate Jr., C.A., 2014.
Improvement in suicidal ideation after ketamine infusion: relationship to reductions
in depression and anxiety. J. Psychiatr. Res. 58, 161-166. https://doi.org/10.1016/
j.jpsychires.2014.07.027.

Ballard, E.D., Lally, N., Nugent, A.C., Furey, M.L., Luckenbaugh, D.A., Zarate, C.A., 2015.
Neural correlates of suicidal ideation and its reduction in depression. Int. J.
Neuropsychopharmacol. 18 (1). https://doi.org/10.1093/ijnp/pyu069.

Bay-Richter, C., Linderholm, K.R., Lim, C.K., Samuelsson, M., Traskman-Bendz, L.,
Guillemin, G.J., Erhardt, S., Brundin, L., 2015. A role for inflammatory metabolites as
modulators of the glutamate N-methyl-D-aspartate receptor in depression and suicidality.
Brain Behav. Immun. 43, 110-117. https://doi.org/10.1016/j.bbi.2014.07.012.

Bergfeld, 1.0., Mantione, M., Figee, M., Schuurman, P.R., Lok, A., Denys, D., 2018.
Treatment-resistant depression and suicidality. J. Affect. Disord. 235, 362-367.
https://doi.org/10.1016/j.jad.2018.04.016.

Beilin, B., Rusabrov, Y., Shapira, Y., Roytblat, L., Greemberg, L., Yardeni, I.Z., Bessler, H.,
2007. Low-dose ketamine affects immune responses in humans during the early
postoperative period. British journal of anaesthesia 99 (4), 522-527. https://doi.org/
10.1093/bja/aem218.

Berman, R.M., Cappiello, A., Anand, A., Oren, D.A., Heninger, G.R., Charney, D.S.,
Krystal, J.H., 2000. Antidepressant effects of ketamine in depressed patients. Biol.
Psychiatr. 47 (4), 351-354. https://doi.org/10.1016/50006-3223(99)00230-9.

Canuso, C.M., Singh, J.B., Fedgchin, M., Alphs, L., Lane, R., Lim, P., Pinter, C., Hough, D.,
Sanacora, G., Manji, H., Drevets, W.C., 2018. Efficacy and safety of intranasal esketamine
for the rapid reduction of symptoms of depression and suicidality in patients at imminent
risk for suicide: results of a double-blind, randomized, placebo-controlled study. Am. J.
Psychiatr. 175 (7), 620-630. https://doi.org/10.1176/appi.ajp.2018.17060720.

Cattaneo, A., Ferrari, C., Turner, L., Mariani, N., Enache, D., Hastings, C., Kose, M.,
Lombardo, G., McLaughlin, A.P., Nettis, M.A., Nikkheslat, N., Sforzini, L., Worrell, C.,
Zajkowska, Z., Cattane, N., Lopizzo, N., Mazzelli, M., Pointon, L., Cowen, P.J.,
Cavanagh, J., Pariante, C.M., 2020. Whole-blood expression of inflammasome- and
glucocorticoid-related mRNAs correctly separates treatment-resistant depressed
patients from drug-free and responsive patients in the BIODEP study. Transl.
Psychiatry 10 (1), 232. https://doi.org/10.1038/541398-020-00874-7.

Chang,H.C., Lin,K.H., Tai, Y.T., Chen, J.T., Chen, R.M., 2010. Lipoteichoic acid-induced TNF-
o and IL-6 gene expressions and oxidative stress production in macrophages are
suppressed by ketamine through downregulating Toll-like receptor 2-mediated
activation oF ERK1/2 and NF«B. Shock 33 (5), 485-492. https://doi.org/10.1097/
SHK.0b013e3181c3cea5.

Chang, Y., Lee, J.J., Hsieh, C.Y., Hsiao, G., Chou, D.S., Sheu, J.R., 2009. Inhibitory effects
of ketamine on lipopolysaccharide-induced microglial activation. Mediat. Inflamm.
705379. https://doi.org/10.1155/2009/705379, 2009.

Chen, M.H., Li, C.T., Lin, W.C., Hong, C.J., Tu, P.C., Bai, Y.M., Cheng, C.M., Su, T.P., 2018.
Rapid inflammation modulation and antidepressant efficacy of a low-dose ketamine
infusion in treatment-resistant depression: a randomized, double-blind control study.
Psychiatr. Res. 269, 207-211. https://doi.org/10.1016/j.psychres.2018.08.078.

Cruz, F.F., Rocco, P.R., Pelosi, P., 2017. Anti-inflammatory properties of anesthetic
agents. Crit. Care 21 (1), 67. https://doi.org/10.1186/513054-017-1645-x.

Cui, W., Ning, Y., Hong, W., Wang, J., Liu, Z., Li, M.D., 2019. Crosstalk between
inflammation and glutamate system in depression: signaling pathway and molecular
biomarkers for ketamine's antidepressant effect. Mol. Neurobiol. 56 (5), 3484-3500.
https://doi.org/10.1007/s12035-018-1306-3.

Dale, O., Somogyi, A.A., Li, Y., Sullivan, T., Shavit, Y., 2012. Does intraoperative
ketamine attenuate inflammatory reactivity following surgery? A systematic review
and meta-analysis. Anesth. Analg. 115 (4), 934-943. https://doi.org/10.1213/
ANE.0b013e3182662e30.

Daly, E.J., Singh, J.B., Fedgchin, M., Cooper, K., Lim, P., Shelton, R.C., Thase, M.E.,
Winokur, A., Van Nueten, L., Manji, H., Drevets, W.C., 2018. Efficacy and safety of
intranasal esketamine adjunctive to oral antidepressant therapy in treatment-
resistant depression: a randomized clinical trial. JAMA psychiatry 75 (2), 139-148.
https://doi.org/10.1001/jamapsychiatry.2017.3739.

Daly, E.J., Trivedi, M.H., Janik, A., Li, H., Zhang, Y., Li, X, Lane, R., Lim, P., Duca, A.R.,
Hough, D., Thase, M.E., Zajecka, J., Winokur, A., Divacka, 1., Fagiolini, A.,

Cubala, W.J., Bitter, 1., Blier, P., Shelton, R.C., Molero, P., Singh, J.B., 2019. Efficacy
of esketamine nasal spray plus oral antidepressant treatment for relapse prevention in
patients with treatment-resistant depression: a randomized clinical trial. JAMA
psychiatry 76 (9), 893-903. https://doi.org/10.1001/jamapsychiatry.2019.1189.

De Kock, M., Loix, S., Lavand'’homme, P., 2013. Ketamine and peripheral inflammation.
CNS Neurosci. Ther. 19 (6), 403-410. https://doi.org/10.1111/cns.12104.

Deutschenbaur, L., Beck, J., Kiyhankhadiv, A., Miihlhauser, M., Borgwardt, S., Walter, M.,
Hasler, G., Sollberger, D., Lang, U.E., 2016. Role of calcium, glutamate and NMDA in
major depression and therapeutic application. Progress in neuro-psychopharmacology
& biological psychiatry 64, 325-333. https://doi.org/10.1016/j.pnpbp.2015.02.015.

DiazGranados, N., Ibrahim, L.A., Brutsche, N.E., Ameli, R., Henter, L.D.,

Luckenbaugh, D.A., Machado-Vieira, R., Zarate Jr., C.A., 2010. Rapid resolution of
suicidal ideation after a single infusion of an N-methyl-D-aspartate antagonist in
patients with treatment-resistant major depressive disorder. J. Clin. Psychiatr. 71
(12), 1605-1611. https://doi.org/10.4088/JCP.09m05327blu.

Duncan, W.C., Sarasso, S., Ferrarelli, F., Selter, J., Riedner, B.A., Hejazi, N.S., Yuan, P.,
Brutsche, N., Manji, H.K., Tononi, G., Zarate, C.A., 2013. Concomitant BDNF and
sleep slow wave changes indicate ketamine-induced plasticity in major depressive


https://doi.org/10.1038/s41386-020-0644-9
https://doi.org/10.1038/s41386-020-0644-9
https://doi.org/10.1016/j.jad.2019.11.028
https://doi.org/10.4088/JCP.17f11738
https://doi.org/10.4088/JCP.17f11738
https://doi.org/10.1016/j.jpsychires.2014.07.027
https://doi.org/10.1016/j.jpsychires.2014.07.027
https://doi.org/10.1093/ijnp/pyu069
https://doi.org/10.1016/j.bbi.2014.07.012
https://doi.org/10.1016/j.jad.2018.04.016
https://doi.org/10.1093/bja/aem218
https://doi.org/10.1093/bja/aem218
https://doi.org/10.1016/s0006-3223(99)00230-9
https://doi.org/10.1176/appi.ajp.2018.17060720
https://doi.org/10.1038/s41398-020-00874-7
https://doi.org/10.1097/SHK.0b013e3181c3cea5
https://doi.org/10.1097/SHK.0b013e3181c3cea5
https://doi.org/10.1155/2009/705379
https://doi.org/10.1016/j.psychres.2018.08.078
https://doi.org/10.1186/s13054-017-1645-x
https://doi.org/10.1007/s12035-018-1306-3
https://doi.org/10.1213/ANE.0b013e3182662e30
https://doi.org/10.1213/ANE.0b013e3182662e30
https://doi.org/10.1001/jamapsychiatry.2017.3739
https://doi.org/10.1001/jamapsychiatry.2019.1189
https://doi.org/10.1111/cns.12104
https://doi.org/10.1016/j.pnpbp.2015.02.015
https://doi.org/10.4088/JCP.09m05327blu

N. Nikkheslat

disorder. The international journal of neuropsychopharmacology 16 (2), 301-311.
https://doi.org/10.1017/51461145712000545.

Dundee, J.W., Bovill, J., Knox, J.W.D., Clarke, R.S.J., Black, G.W., Love, S.H.S.,

Coppel, D.L., 1970. Ketamine as an induction agent in anaesthetics. Lancet 1 (7661),
1370-1371. https://doi.org/10.1016/50140-6736(70)91273-0.

Erhardt, S., Lim, C.K., Linderholm, K.R., Janelidze, S., Lindqvist, D., Samuelsson, M.,
Lundberg, K., Postolache, T.T., Traskman-Bendz, L., Guillemin, G.J., Brundin, L., 2013.
Connecting inflammation with glutamate agonism in suicidality.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology 38 (5), 743-752. https://doi.org/10.1038/npp.2012.248.

Fourrier, C., Sampson, E., Mills, N.T., Baune, B.T., 2018. Anti-inflammatory treatment of
depression: study protocol for a randomised controlled trial of vortioxetine augmented
with celecoxib or placebo. Trials 19 (1), 447. https://doi.org/10.1186/513063-018-
2829-7.

Fukumoto, K., Toki, H., lijima, M., Hashihayata, T., Yamaguchi, J.I., Hashimoto, K.,
Chaki, S., 2017. Antidepressant potential of (R)-Ketamine in rodent models:
comparison with (S)-Ketamine. J. Pharmacol. Exp. Therapeut. 361 (1), 9-16. https://
doi.org/10.1124/jpet.116.239228.

Gladwell, H., 2021. March 22) Why Suicidal Ideation Needs to Be Taken Seriously. https://
www.inspirethemind.org/blog/why-suicidal-ideation-needs-to-be-taken-seriously.

Gould, T.D., Zarate Jr., C.A., Thompson, S.M., 2019. Molecular pharmacology and
neurobiology of rapid-acting antidepressants. Annu. Rev. Pharmacol. Toxicol. 59,
213-236. https://doi.org/10.1146/annurev-pharmtox-010617-052811.

Haas, D.A., Harper, D.G., 1992. Ketamine: a review of its pharmacologic properties and
use in ambulatory anesthesia. Anesth. Prog. 39 (3), 61-68.

Haroon, E., Daguanno, A.W., Woolwine, B.J., Goldsmith, D.R., Baer, W.M.,

Wommack, E.C., Felger, J.C., Miller, A.H., 2018. Antidepressant treatment resistance
is associated with increased inflammatory markers in patients with major depressive
disorder. Psychoneuroendocrinology 95, 43-49. https://doi.org/10.1016/
j-psyneuen.2018.05.026.

Himmerich, H., Binder, E.B., Kiinzel, H.E., Schuld, A., Lucae, S., Uhr, M., Pollméacher, T.,
Holsboer, F., Ising, M., 2006. Successful antidepressant therapy restores the disturbed
interplay between TNF-alpha system and HPA axis. Biol. Psychiatr. 60 (8), 882-888.
https://doi.org/10.1016/j.biopsych.2006.03.075.

Ho, M.F., Zhang, C., Zhang, L., Li, H., Weinshilboum, R.M., 2019. Ketamine and active
ketamine metabolites regulate STAT3 and the type I interferon pathway in human
microglia: molecular mechanisms linked to the antidepressant effects of ketamine.
Front. Pharmacol. 10, 1302. https://doi.org/10.3389/fphar.2019.01302.

Horowitz, M.A., Wertz, J., Zhu, D., Cattaneo, A., Musaelyan, K., Nikkheslat, N.,
Pariante, C.M., Zunszain, P.A., 2014. Antidepressant compounds can be both pro- and
anti-inflammatory in human hippocampal cells. Int. J. Neuropsychopharmacol. 18
(3). https://doi.org/10.1093/ijnp/pyu076.

Ionescu, D.F., Fu, D.J., Qiu, X., Lane, R., Lim, P., Kasper, S., Hough, D., Drevets, W.C.,
Manji, H., Canuso, C.M., 2021. Esketamine nasal spray for rapid reduction of
depressive symptoms in patients with major depressive disorder who have active
suicide ideation with intent: results of a phase 3, double-blind, randomized study
(ASPIRE 1II). The international journal of neuropsychopharmacology 24 (1), 22-31.
https://doi.org/10.1093/ijnp/pyaa068.

Jin, Y., Sun, L.H., Yang, W., Cui, R.J., Xu, S.B., 2019. The role of BDNF in the
neuroimmune Axis regulation of mood disorders. Front. Neurol. 10, 515. https://
doi.org/10.3389/fneur.2019.00515.

Kawasaki, T., Ogata, M., Kawasaki, C., Ogata, J., Inoue, Y., Shigematsu, A., 1999.
Ketamine suppresses proinflammatory cytokine production in human whole blood in
vitro. Anesth. Analg. 89 (3), 665-669. https://doi.org/10.1097,/00000539-
199909000-00024.

Kennedy, S.H., Lam, R.W., McIntyre, R.S., Tourjman, S.V., Bhat, V., Blier, P., Hasnain, M.,
Jollant, F., Levitt, A.J., MacQueen, G.M., McInerney, S.J., McIntosh, D., Milev, R.V.,
Miiller, D.J., Parikh, S.V., Pearson, N.L., Ravindran, A.V., Uher, R., CANMAT Depression
Work Group, 2016. Canadian network for mood and anxiety treatments (CANMAT) 2016
clinical guidelines for the management of adults with major depressive disorder: section
3. Pharmacological treatments. Canadian journal of psychiatry. Revue canadienne de
psychiatrie 61 (9), 540-560. https://doi.org/10.1177/0706743716659417.

Kim, J., Farchione, T., Potter, A., Chen, Q., Temple, R., 2019. Esketamine for treatment-
resistant depression-first FDA-approved antidepressant in a new class. N. Engl. J.
Med. 381 (1), 1-4. https://doi.org/10.1056/NEJMp1903305.

Kishimoto, T., Chawla, J.M., Hagi, K., Zarate, C.A., Kane, J.M., Bauer, M., Correll, C.U.,
2016. Single-dose infusion ketamine and non-ketamine N-methyl-d-aspartate
receptor antagonists for unipolar and bipolar depression: a meta-analysis of efficacy,
safety and time trajectories. Psychol. Med. 46 (7), 1459-1472. https://doi.org/
10.1017/50033291716000064.

Klein, M.E., Chandra, J., Sheriff, S., Malinow, R., 2020. Opioid system is necessary but not
sufficient for antidepressive actions of ketamine in rodents. Proc. Natl. Acad. Sci.
Unit. States Am. 117 (5), 2656-2662. https://doi.org/10.1073/pnas.1916570117.

Kopra, E., Mondelli, V., Pariante, C., Nikkheslat, N., 2021. Ketamine's Effect on
Inflammation and Kynurenine Pathway in Depression: A Systematic Review. Journal
of Psychopharmacology. Advance online publication, Oxford, England. https://
doi.org/10.1177/02698811211026426, 2698811211026426.

Li, N., Lee, B., Liu, R.J., Banasr, M., Dwyer, J.M., Iwata, M., Li, X.Y., Aghajanian, G.,
Duman, R.S., 2010. mTOR-dependent synapse formation underlies the rapid
antidepressant effects of NMDA antagonists. Science 329 (5994), 959-964. https://
doi.org/10.1126/science.1190287.

Loix, S., De Kock, M., Henin, P., 2011. The anti-inflammatory effects of ketamine: state of
the art. Acta Anaesthesiol. Belg. 62, 47-58. https://doi.org/10.1016/
j.jbiomech.2007.02.011.

Lugo-Huitrén, R., Ugalde Muniz, P., Pineda, B., Pedraza-Chaverri, J., Rios, C., Pérez-de la
Cruz, V., 2013. Quinolinic acid: an endogenous neurotoxin with multiple targets.

Brain, Behavior, & Immunity - Health 18 (2021) 100383

Oxidative Medicine and Cellular Longevity, p. 104024. https://doi.org/10.1155/
2013/104024, 2013.

Lynall, M.E., Turner, L., Bhatti, J., Cavanagh, J., de Boer, P., Mondelli, V., Jones, D.,
Drevets, W.C., Cowen, P., Harrison, N.A., Pariante, C.M., Pointon, L.,

Clatworthy, M.R., Bullmore, E., 2020. Neuroimmunology of mood disorders and
Alzheimer's disease (NIMA) Consortium. Peripheral Blood Cell-Stratified Subgroups
of Inflamed Depression. Biological psychiatry 88 (2), 185-196. https://doi.org/
10.1016/j.biopsych.2019.11.017.

Machado-Vieira, R., Gold, P.W., Luckenbaugh, D.A., Ballard, E.D., Richards, E.M.,
Henter, 1.D., De Sousa, R.T., Niciu, M.J., Yuan, P., Zarate Jr., C.A., 2017. The role of
adipokines in the rapid antidepressant effects of ketamine. Mol. Psychiatr. 22 (1),
127-133. https://doi.org/10.1038/mp.2016.36.

Matveychuk, D., Thomas, R.K., Swainson, J., Khullar, A., MacKay, M.A., Baker, G.B.,
Dursun, S.M., 2020. Ketamine as an antidepressant: overview of its mechanisms of
action and potential predictive biomarkers, 2045125320916657 Therapeutic
advances in psychopharmacology 10. https://doi.org/10.1177/2045125320916657.

Miller, A.H., 2013. Conceptual confluence: the kynurenine pathway as a common target
for ketamine and the convergence of the inflammation and glutamate hypotheses of
depression. Neuropsychopharmacology : official publication of the American College
of Neuropsychopharmacology 38 (9), 1607-1608. https://doi.org/10.1038/
npp.2013.140.

Miller, A.H., Pariante, C.M., 2020. Trial failures of anti-inflammatory drugs in depression.
The lancet. Psychiatry 7 (10), 837. https://doi.org/10.1016/52215-0366(20)30357-6.

Mischel, N.A., Balon, R., 2021. Esketamine: a drug to treat resistant depression that brings
more questions than answers. J. Clin. Psychopharmacol. 41 (3), 233-235. https://
doi.org/10.1097/JCP.0000000000001395.

Nettis, M.A., Lombardo, G., Hastings, C., Zajkowska, Z., Mariani, N., Nikkheslat, N.,
Worrell, C., Enache, D., McLaughlin, A., Kose, M., Sforzini, L., Bogdanova, A., Cleare, A.,
Young, A.H., Pariante, C.M., Mondelli, V., 2021. Augmentation therapy with minocycline
in treatment-resistant depression patients with low-grade peripheral inflammation:
results from a double-blind randomised clinical trial. Neuropsychopharmacology :
official publication of the American College of Neuropsychopharmacology 46 (5),
939-948. https://doi.org/10.1038/541386-020-00948-6.

Niesters, M., Martini, C., Dahan, A., 2014. Ketamine for chronic pain: risks and benefits.
Br. J. Clin. Pharmacol. 77 (2), 357-367.

Nikkheslat, N., Pariante, C.M., Zunszain, P.A., 2018. Neuroendocrine abnormalities in
major depression: an insight into glucocorticoids, cytokines and kynurenine pathway
imbalances, chapter 3. In: Baune, B.T. (Ed.), Inflammation and Immunity in
Depression: Basic Science and Clinical Applications. Academic Press, pp. 45-60.
https://doi.org/10.1016,/B978-0-12-811073-7.00003-9.

Nikkheslat, N., MacLaughlin, A.P., Hastings, C., Nettis, M.A., Zajkowska, Z., Mariani, N., ,
BIODEP Wellcome Trust Neuroinflammation Consortium, Cowen, P., Cavanagh, J.,
Harrison, N., Bullmore, E., Pariante, C.M., Mondelli, V., 2019. Childhood trauma,
HPA axis activity and antidepressant response in patients with depression. Brain,
Behavior, and Immunity. https://doi.org/10.1016/j.bbi.2019.11.024.

Nikkheslat, N., Zunszain, P.A., Carvalho, L.A., Anacker, C., Pariante, C.M., 2017.
Antidepressant actions on glucocorticoid receptors, chapter 27. In: Fink, G. (Ed.),
Stress: Neuroendocrinology and Neurobiology: Handbook of Stress Series, 2.
Academic Press, San Diego, pp. 279-286. https://doi.org/10.1016/B978-0-12-
802175-0.00027-9.

Nikkheslat, N., Zunszain, P.A., Horowitz, M.A., Barbosa, I.G., Parker, J.A., Myint, A.M.,
Schwarz, M.J., Tylee, A.T., Carvalho, L.A., Pariante, C.M., 2015. Insufficient
glucocorticoid signaling and elevated inflammation in coronary heart disease
patients with comorbid depression. Brain Behav. Immun. 48, 8-18. https://doi.org/
10.1016/j.bbi.2015.02.002.

Ogyu, K., Kubo, K., Noda, Y., Iwata, Y., Tsugawa, S., Omura, Y., Wada, M., Tarumi, R.,
Plitman, E., Moriguchi, S., Miyazaki, T., Uchida, H., Graff-Guerrero, A., Mimura, M.,
Nakajima, S., 2018. Kynurenine pathway in depression: a systematic review and
meta-analysis. Neurosci. Biobehav. Rev. https://doi.org/10.1016/
j.neubiorev.2018.03.023.

Orsolini, L., Latini, R., Pompili, M., Serafini, G., Volpe, U., Vellante, F., Fornaro, M.,
Valchera, A., Tomasetti, C., Fraticelli, S., Alessandrini, M., La Rovere, R., Trotta, S.,
Martinotti, G., Di Giannantonio, M., De Berardis, D., 2020. Understanding the
complex of suicide in depression: from research to clinics. Psychiatry investigation 17
(3), 207-221. https://doi.org/10.30773/pi.2019.0171.

Phillips, J.L., Norris, S., Talbot, J., Birmingham, M., Hatchard, T., Ortiz, A., Owoeye, O.,
Batten, L.A., Blier, P., 2019. Single, repeated, and maintenance ketamine infusions for
treatment-resistant depression: a randomized controlled trial. Am. J. Psychiatr. 176
(5), 401-409. https://doi.org/10.1176/appi.ajp.2018.18070834.

Phillips, J.L., Norris, S., Talbot, J., Hatchard, T., Ortiz, A., Birmingham, M., Owoeye, O.,
Batten, L.A., Blier, P., 2020. Single and repeated ketamine infusions for reduction of
suicidal ideation in treatment-resistant depression. Neuropsychopharmacology:
official publication of the American College of Neuropsychopharmacology 45 (4),
606-612. https://doi.org/10.1038/541386-019-0570-x.

Pitharouli, M.C., Hagenaars, S.P., Glanville, K.P., Coleman, J., Hotopf, M., Lewis, C.M.,
Pariante, C.M., 2021. Elevated C-Reactive Protein in Patients with Depression,
Independent of Genetic, Health, and Psychosocial Factors: Results from the UK
Biobank. The American journal of psychiatry. https://doi.org/10.1176/
appi.ajp.2020.20060947 appiajp202020060947. Advance online publication.

Pribish, A., Wood, N., Kalava, A., 2020. A review of nonanesthetic uses of ketamine.
Anesthesiology research and practice 5798285. https://doi.org/10.1155/2020/
5798285, 2020.

Price, R.B., Nock, M.K., Charney, D.S., Mathew, S.J., 2009. Effects of intravenous
ketamine on explicit and implicit measures of suicidality in treatment-resistant
depression. Biol. Psychiatr. 66 (5), 522-526. https://doi.org/10.1016/
j.biopsych.2009.04.029.


https://doi.org/10.1017/S1461145712000545
https://doi.org/10.1016/S0140-6736(70)91273-0
https://doi.org/10.1038/npp.2012.248
https://doi.org/10.1186/s13063-018-2829-7
https://doi.org/10.1186/s13063-018-2829-7
https://doi.org/10.1124/jpet.116.239228
https://doi.org/10.1124/jpet.116.239228
https://www.inspirethemind.org/blog/why-suicidal-ideation-needs-to-be-taken-seriously
https://www.inspirethemind.org/blog/why-suicidal-ideation-needs-to-be-taken-seriously
https://doi.org/10.1146/annurev-pharmtox-010617-052811
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref32
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref32
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref32
https://doi.org/10.1016/j.psyneuen.2018.05.026
https://doi.org/10.1016/j.psyneuen.2018.05.026
https://doi.org/10.1016/j.biopsych.2006.03.075
https://doi.org/10.3389/fphar.2019.01302
https://doi.org/10.1093/ijnp/pyu076
https://doi.org/10.1093/ijnp/pyaa068
https://doi.org/10.3389/fneur.2019.00515
https://doi.org/10.3389/fneur.2019.00515
https://doi.org/10.1097/00000539-199909000-00024
https://doi.org/10.1097/00000539-199909000-00024
https://doi.org/10.1177/0706743716659417
https://doi.org/10.1056/NEJMp1903305
https://doi.org/10.1017/S0033291716000064
https://doi.org/10.1017/S0033291716000064
https://doi.org/10.1073/pnas.1916570117
https://doi.org/10.1177/02698811211026426
https://doi.org/10.1177/02698811211026426
https://doi.org/10.1126/science.1190287
https://doi.org/10.1126/science.1190287
https://doi.org/10.1016/j.jbiomech.2007.02.011
https://doi.org/10.1016/j.jbiomech.2007.02.011
https://doi.org/10.1155/2013/104024
https://doi.org/10.1155/2013/104024
https://doi.org/10.1016/j.biopsych.2019.11.017
https://doi.org/10.1016/j.biopsych.2019.11.017
https://doi.org/10.1038/mp.2016.36
https://doi.org/10.1177/2045125320916657
https://doi.org/10.1038/npp.2013.140
https://doi.org/10.1038/npp.2013.140
https://doi.org/10.1016/S2215-0366(20)30357-6
https://doi.org/10.1097/JCP.0000000000001395
https://doi.org/10.1097/JCP.0000000000001395
https://doi.org/10.1038/s41386-020-00948-6
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref55
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref55
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref55
https://doi.org/10.1016/B978-0-12-811073-7.00003-9
https://doi.org/10.1016/j.bbi.2019.11.024
https://doi.org/10.1016/B978-0-12-802175-0.00027-9
https://doi.org/10.1016/B978-0-12-802175-0.00027-9
https://doi.org/10.1016/j.bbi.2015.02.002
https://doi.org/10.1016/j.bbi.2015.02.002
https://doi.org/10.1016/j.neubiorev.2018.03.023
https://doi.org/10.1016/j.neubiorev.2018.03.023
https://doi.org/10.30773/pi.2019.0171
https://doi.org/10.1176/appi.ajp.2018.18070834
https://doi.org/10.1038/s41386-019-0570-x
https://doi.org/10.1176/appi.ajp.2020.20060947
https://doi.org/10.1176/appi.ajp.2020.20060947
https://doi.org/10.1155/2020/5798285
https://doi.org/10.1155/2020/5798285
https://doi.org/10.1016/j.biopsych.2009.04.029
https://doi.org/10.1016/j.biopsych.2009.04.029

N. Nikkheslat

Roussabrov, E., Davies, J.M., Bessler, H., Greemberg, L., Roytblat, L., Yardeni, L.Z.,
Artru, A.A., Shapira, Y., 2008. Effect of ketamine on inflammatory and immune
responses after short-duration surgery in obese patients. Open Anesthesiol. J. 2 (1).

Sanacora, G., Treccani, G., Popoli, M., 2012. Towards a glutamate hypothesis of
depression: an emerging frontier of neuropsychopharmacology for mood disorders.
Neuropharmacology 62 (1), 63-77. https://doi.org/10.1016/
j.neuropharm.2011.07.036.

Savitz, J., 2017. Role of kynurenine metabolism pathway activation in major depressive
disorders. Current topics in behavioral neurosciences 31, 249-267. https://doi.org/
10.1007/7854_2016_12.

Schoevers, R.A., Chaves, T.V., Balukova, S.M., aan het Rot, M., Kortekaas, R., 2016. Oral
ketamine for the treatment of pain and treatment-resistant depression. Br. J.
Psychiatry : J. Ment. Sci. 208 (2), 108-113. https://doi.org/10.1192/
bjp.bp.115.165498.

Serafini, G., Pompili, M., Elena Seretti, M., Stefani, H., Palermo, M., Coryell, W.,
Girardi, P., 2013. The role of inflammatory cytokines in suicidal behavior: a
systematic review. Eur. Neuropsychopharmacol : the journal of the European College
of Neuropsychopharmacology 23 (12), 1672-1686. https://doi.org/10.1016/
j-euroneuro.2013.06.002.

Sforzini, L., Vigano, C.A., Carvalho, L.A., Palacios, J.E., Tylee, A.T., Pariante, C.M.,
Nikkheslat, N., 2019. Inflammation associated with coronary heart disease predicts
onset of depression in a three-year prospective follow-up: a preliminary study. Brain
Behav. Immun. 81, 659-664. https://doi.org/10.1016/j.bbi.2019.07.023.

Shibakawa, Y.S., Sasaki, Y., Goshima, Y., Echigo, N., Kamiya, Y., Kurahashi, K.,
Yamada, Y., Andoh, T., 2005. Effects of ketamine and propofol on inflammatory
responses of primary glial cell cultures stimulated with lipopolysaccharide. British
journal of anaesthesia 95 (6), 803-810. https://doi.org/10.1093/bja/aei256.

Short, B., Fong, J., Galvez, V., Shelker, W., Loo, C.K., 2018. Side-effects associated with
ketamine use in depression: a systematic review. The lancet. Psychiatry 5 (1), 65-78.
https://doi.org/10.1016,/52215-0366(17)30272-9.

Sial, O.K., Parise, E.M., Parise, L.F., Gnecco, T., Bolanos-Guzman, C.A., 2020. Ketamine:
the final frontier or another depressing end? Behav. Brain Res. 383, 112508. https://
doi.org/10.1016/j.bbr.2020.112508.

Singh, J.B., Fedgchin, M., Daly, E., Xi, L., Melman, C., De Bruecker, G., Tadic, A.,
Sienaert, P., Wiegand, F., Manji, H., Drevets, W.C., Van Nueten, L., 2016. Intravenous
esketamine in adult treatment-resistant depression: a double-blind, double-
randomization, placebo-controlled study. Biol. Psychiatr. 80 (6), 424-431. https://
doi.org/10.1016/j.biopsych.2015.10.018.

Steiner, J., Bielau, H., Brisch, R., Danos, P., Ullrich, O., Mawrin, C., Bernstein, H.G.,
Bogerts, B., 2008. Immunological aspects in the neurobiology of suicide: elevated
microglial density in schizophrenia and depression is associated with suicide.

J. Psychiatr. Res. 42 (2), 151-157. https://doi.org/10.1016/
j.jpsychires.2006.10.013.

Talbot, J., Phillips, J.L., Blier, P., 2019. Ketamine for chronic depression: two cautionary
tales. J. Psychiatry Neurosci.: J. Psychiatr. Neurosci. 44 (6), 384-385. https://
doi.org/10.1503/jpn.190073.

Tan, S., Wang, Y., Chen, K., Long, Z., Zou, J., 2017. Ketamine alleviates depressive-like
behaviors via down-regulating inflammatory cytokines induced by chronic restraint
stress in mice. Biol. Pharm. Bull. 40 (8), 1260-1267. https://doi.org/10.1248/
bpb.b17-00131.

Thakurta, R.G., Das, R., Bhattacharya, A.K., Saha, D., Sen, S., Singh, O.P., Bisui, B., 2012.
Rapid response with ketamine on suicidal cognition in resistant depression. Indian J.
Psychol. Med. 34 (2), 170-175. https://doi.org/10.4103/0253-7176.101793.

Torres-Platas, S.G., Cruceanu, C., Chen, G.G., Turecki, G., Mechawar, N., 2014. Evidence
for increased microglial priming and macrophage recruitment in the dorsal anterior
cingulate white matter of depressed suicides. Brain Behav. Immun. 42, 50-59.
https://doi.org/10.1016/j.bbi.2014.05.007.

Vande Voort, J.L., Ballard, E.D., Luckenbaugh, D.A., Bernert, R.A., Richards, E.M.,
Niciu, M.J., Park, L.T., Machado-Vieira, R., Duncan Jr., W.C., Zarate Jr., C.A., 2017.
Antisuicidal response following ketamine infusion is associated with decreased
nighttime wakefulness in major depressive disorder and bipolar disorder. J. Clin.
Psychiatr. 78 (8), 1068-1074. https://doi.org/10.4088/JCP.15m10440.

Voineskos, D., Daskalakis, Z.J., Blumberger, D.M., 2020. Management of treatment-
resistant depression: challenges and strategies. Neuropsychiatric Dis. Treat. 16,
221-234. https://doi.org/10.2147/NDT.S198774.

Wajs, E., Aluisio, L., Holder, R., Daly, E.J., Lane, R., Lim, P., George, J.E., Morrison, R.L.,
Sanacora, G., Young, A.H., Kasper, S., Sulaiman, A.H., Li, C.T., Paik, J.W., Manji, H.,
Hough, D., Grunfeld, J., Jeon, H.J., Wilkinson, S.T., Drevets, W.C., Singh, J.B., 2020.
Esketamine nasal spray plus oral antidepressant in patients with treatment-resistant
depression: assessment of long-term safety in a phase 3, open-label study (SUSTAIN-
2). J. Clin. Psychiatr. 81 (3), 19m12891. https://doi.org/10.4088/JCP.19m12891.

Walker, A.K., Budac, D.P., Bisulco, S., Lee, AW., Smith, R.A., Beenders, B., Kelley, K.W.,
Dantzer, R., 2013. NMDA receptor blockade by ketamine abrogates
lipopolysaccharide-induced depressive-like behavior in C57BL/6J mice.
Neuropsychopharmacology : official publication of the American College of
Neuropsychopharmacology 38 (9), 1609-1616. https://doi.org/10.1038/
npp.2013.71.

Wang, N., Yu, H.Y., Shen, X.F,, Gao, Z.Q., Yang, C., Yang, J.J., Zhang, G.F., 2015. The
rapid antidepressant effect of ketamine in rats is associated with down-regulation of
pro-inflammatory cytokines in the hippocampus. Ups. J. Med. Sci. 120 (4), 241-248.
https://doi.org/10.3109/03009734.2015.1060281.

Wilkinson, S.T., Ballard, E.D., Bloch, M.H., Mathew, S.J., Murrough, J.W., Feder, A.,
Sos, P., Wang, G., Zarate Jr., C.A., Sanacora, G., 2018. The effect of a single dose of
intravenous ketamine on suicidal ideation: a systematic review and individual
participant data meta-analysis. Am. J. Psychiatr. 175 (2), 150-158. https://doi.org/
10.1176/appi.ajp.2017.17040472.

Brain, Behavior, & Immunity - Health 18 (2021) 100383

Wilkinson, S.T., Wright, D., Fasula, M.K., Fenton, L., Griepp, M., Ostroff, R.B.,
Sanacora, G., 2017. Cognitive behavior therapy may sustain antidepressant effects of
intravenous ketamine in treatment-resistant depression. Psychother. Psychosom. 86
(3), 162-167. https://doi.org/10.1159/000457960.

Williams, N.R., Heifets, B.D., Bentzley, B.S., Blasey, C., Sudheimer, K.D., Hawkins, J.,
Lyons, D.M., Schatzberg, A.F., 2019. Attenuation of antidepressant and antisuicidal
effects of ketamine by opioid receptor antagonism. Mol. Psychiatr. 24 (12),
1779-1786. https://doi.org/10.1038/s41380-019-0503-4.

Williams, N.R., Heifets, B.D., Blasey, C., Sudheimer, K., Pannu, J., Pankow, H.,
Hawkins, J., Birnbaum, J., Lyons, D.M., Rodriguez, C.I., Schatzberg, A.F., 2018.
Attenuation of antidepressant effects of ketamine by opioid receptor antagonism. Am.
J. Psychiatr. 175 (12), 1205-1215. https://doi.org/10.1176/
appi.ajp.2018.18020138.

Yang, C., Hu, Y.M., Zhou, Z.Q., Zhang, G.F., Yang, J.J., 2013. Acute administration of
ketamine in rats increases hippocampal BDNF and mTOR levels during forced
swimming test. Ups. J. Med. Sci. 118 (1), 3-8. https://doi.org/10.3109/
03009734.2012.724118.

Yang, C., Shirayama, Y., Zhang, J.C., Ren, Q., Yao, W., Ma, M., Dong, C., Hashimoto, K.,
2015a. R-ketamine: a rapid-onset and sustained antidepressant without
psychotomimetic side effects. Transl. Psychiatry 5 (9), e632. https://doi.org/
10.1038/tp.2015.136.

Yang, C., Wardenaar, K.J., Bosker, F.J., Li, J., Schoevers, R.A., 2019. Inflammatory
markers and treatment outcome in treatment resistant depression: a systematic
review. J. Affect. Disord. 257, 640-649. https://doi.org/10.1016/j.jad.2019.07.045.

Yang, J.J., Wang, N., Yang, C., Shi, J.Y., Yu, H.Y., Hashimoto, K., 2015b. Serum
interleukin-6 is a predictive biomarker for ketamine's antidepressant effect in
treatment-resistant patients with major depression. e19-e20 Biol. Psychiatr. 77 (3).
https://doi.org/10.1016/j.biopsych.2014.06.021.

Yuhas, Y., Ashkenazi, S., Berent, E., Weizman, A., 2015. Inmunomodulatory activity of
ketamine in human astroglial A172 cells: possible relevance to its rapid
antidepressant activity. J. Neuroimmunol. 282, 33-38. https://doi.org/10.1016/
j.jneuroim.2015.03.012.

Zanos, P., Moaddel, R., Morris, P.J., Riggs, L.M., Highland, J.N., Georgiou, P., Gould, T.D.,
2018. Ketamine and ketamine metabolite pharmacology: insights into therapeutic
mechanisms. Pharmacol. Rev. https://doi.org/10.1124/pr.117.015198.

Zarate Jr., C.A., Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., Luckenbaugh, D.A.,
Charney, D.S., Manji, H.K., 2006. A randomized trial of an N-methyl-D-aspartate
antagonist in treatment-resistant major depression. Arch. Gen. Psychiatr. 63 (8),
856-864. https://doi.org/10.1001/archpsyc.63.8.856.

Zhang, J.C,, Li, S.X., Hashimoto, K., 2014. R (-)-ketamine shows greater potency and
longer lasting antidepressant effects than S (+)-ketamine. Pharmacol., Biochem.
Behav. 116, 137-141. https://doi.org/10.1016/j.pbb.2013.11.033.

Zhang, N., Yao, L., Wang, P., Liu, Z., 2021. Immunoregulation and antidepressant effect of
ketamine. Transl. Neurosci. 12 (1), 218-236. https://doi.org/10.1515/tnsci-2020-
0167.

Zhou, W., Wang, N., Yang, C., Li, X.M., Zhou, Z.Q., Yang, J.J., 2014. Ketamine-induced
antidepressant effects are associated with AMPA receptors-mediated upregulation of
mTOR and BDNF in rat hippocampus and prefrontal cortex. Eur. Psychiatr.: the
journal of the Association of European Psychiatrists 29 (7), 419-423. https://doi.org/
10.1016/j.eurpsy.2013.10.005.

Zhou, Y., Zheng, W., Liu, W., Wang, C., Zhan, Y., Li, H., Chen, L., Li, M., Ning, Y., 2018.
Antidepressant effect of repeated ketamine administration on kynurenine pathway
metabolites in patients with unipolar and bipolar depression. Brain Behav. Immun.
74, 205-212. https://doi.org/10.1016/.bbi.2018.09.007.

Zunszain, P.A., Horowitz, M.A., Cattaneo, A., Lupi, M.M., Pariante, C.M., 2013. Ketamine:
synaptogenesis, immunomodulation and glycogen synthase kinase-3 as underlying
mechanisms of its antidepressant properties. Mol. Psychiatr. 18 (12), 1236-1241.
https://doi.org/10.1038/mp.2013.87.

Naghmeh Nikkheslat, PhD. Naghmeh is a senior postdoctoral
research scientist at the Institute of Psychiatry, Psychology and
Neuroscience, King's College London. She received her PhD in
2014 looking at the role of inflammation in heart disease pa-
tients with depression. She works at Stress, Psychiatry and
Immunology Laboratory led by Prof Carmine Pariante and
Psychoimmunometabolix and Interaction with Environment
| Laboratory led by Dr Valeria Mondelli, and is involved in
various projects and clinical trials investigating the role of
stress, neuroendocrine dysregulation, immune activation and
inflammation in pathophysiology of mental and psychiatric
disorders that are funded by the Medical Research Council (UK),
the Wellcome Trust, MQ: Transforming Mental Health, and the
Medical Research Foundation. She is member of British Asso-
ciation for Psychopharmacology and International Society of
Psychoneuroendocrinology. She has been awarded numerous
grants and awards (including Mike Irwin Diversity and Equity
Travel Award, British Association for Psychopharmacology
Post-doc Bursary awards, Guarantors of Brain Travel Awards,
Wellcome Trust Travel Award, Psychoneuroimmunology
Research Society Trainee Scholar Awards, etc) to present her
research in national and international conferences. Recently,
Naghmeh has been awarded NIHR Maudsley BRC Project Grants
to investigate ketamine as an anti-inflammatory antidepressant.


http://refhub.elsevier.com/S2666-3546(21)00186-1/sref67
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref67
http://refhub.elsevier.com/S2666-3546(21)00186-1/sref67
https://doi.org/10.1016/j.neuropharm.2011.07.036
https://doi.org/10.1016/j.neuropharm.2011.07.036
https://doi.org/10.1007/7854_2016_12
https://doi.org/10.1007/7854_2016_12
https://doi.org/10.1192/bjp.bp.115.165498
https://doi.org/10.1192/bjp.bp.115.165498
https://doi.org/10.1016/j.euroneuro.2013.06.002
https://doi.org/10.1016/j.euroneuro.2013.06.002
https://doi.org/10.1016/j.bbi.2019.07.023
https://doi.org/10.1093/bja/aei256
https://doi.org/10.1016/S2215-0366(17)30272-9
https://doi.org/10.1016/j.bbr.2020.112508
https://doi.org/10.1016/j.bbr.2020.112508
https://doi.org/10.1016/j.biopsych.2015.10.018
https://doi.org/10.1016/j.biopsych.2015.10.018
https://doi.org/10.1016/j.jpsychires.2006.10.013
https://doi.org/10.1016/j.jpsychires.2006.10.013
https://doi.org/10.1503/jpn.190073
https://doi.org/10.1503/jpn.190073
https://doi.org/10.1248/bpb.b17-00131
https://doi.org/10.1248/bpb.b17-00131
https://doi.org/10.4103/0253-7176.101793
https://doi.org/10.1016/j.bbi.2014.05.007
https://doi.org/10.4088/JCP.15m10440
https://doi.org/10.2147/NDT.S198774
https://doi.org/10.4088/JCP.19m12891
https://doi.org/10.1038/npp.2013.71
https://doi.org/10.1038/npp.2013.71
https://doi.org/10.3109/03009734.2015.1060281
https://doi.org/10.1176/appi.ajp.2017.17040472
https://doi.org/10.1176/appi.ajp.2017.17040472
https://doi.org/10.1159/000457960
https://doi.org/10.1038/s41380-019-0503-4
https://doi.org/10.1176/appi.ajp.2018.18020138
https://doi.org/10.1176/appi.ajp.2018.18020138
https://doi.org/10.3109/03009734.2012.724118
https://doi.org/10.3109/03009734.2012.724118
https://doi.org/10.1038/tp.2015.136
https://doi.org/10.1038/tp.2015.136
https://doi.org/10.1016/j.jad.2019.07.045
https://doi.org/10.1016/j.biopsych.2014.06.021
https://doi.org/10.1016/j.jneuroim.2015.03.012
https://doi.org/10.1016/j.jneuroim.2015.03.012
https://doi.org/10.1124/pr.117.015198
https://doi.org/10.1001/archpsyc.63.8.856
https://doi.org/10.1016/j.pbb.2013.11.033
https://doi.org/10.1515/tnsci-2020-0167
https://doi.org/10.1515/tnsci-2020-0167
https://doi.org/10.1016/j.eurpsy.2013.10.005
https://doi.org/10.1016/j.eurpsy.2013.10.005
https://doi.org/10.1016/j.bbi.2018.09.007
https://doi.org/10.1038/mp.2013.87

	Targeting inflammation in depression: Ketamine as an anti-inflammatory antidepressant in psychiatric emergency
	1. Introduction
	2. Antidepressant property of ketamine
	3. Mechanisms of action
	4. Adverse effects
	5. Anti-inflammatory property of ketamine
	6. Conclusion ad future directions
	Declaration of conflicting interest
	Funding Acknowledgement
	References


