
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Re
vi
ew

s
� P

O
ST

SC
R
EE

N

Drug Discovery Today �Volume 26, Number 6 � June 2021 REVIEWS

Inflammation control and improvement
of cognitive function in COVID-19
infections: is there a role for kynurenine
3-monooxygenase inhibition?
Mary EW Collier1, Shaowei Zhang2, Nigel S Scrutton2 and Flaviano Giorgini1

1Department of Genetics and Genome Biology, University of Leicester, Leicester LE1 7RH, UK
2Manchester Institute of Biotechnology, Department of Chemistry, School of Natural Sciences, The University of Manchester, 131 Princess Street,
Manchester M1 7DN, UK

The novel respiratory virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes

coronavirus disease 2019 (COVID-19), emerged during late 2019 and spread rapidly across the world. It is

now recognised that the nervous system can be affected in COVID-19, with several studies reporting

long-term cognitive problems in patients. The metabolic pathway of tryptophan degradation, known as

the kynurenine pathway (KP), is significantly activated in patients with COVID-19. KP metabolites have

roles in regulating both inflammatory/immune responses and neurological functions. In this review, we

speculate on the effects of KP activation in patients with COVID-19, and how modulation of this

pathway might impact inflammation and reduce neurological symptoms.
The kynurenine pathway
The KP is responsible for the degradation of �95% of the essential

amino acid tryptophan. The initial step of this metabolic pathway

involves the conversion of tryptophan to N-formyl-L-kynurenine

by the enzymes idoleamine 2,3-dioxygenase 1 and 2 (IDO1 and

IDO2) and tryptophan 2,3-dioxygenase (TDO) [1], followed by the

enzymatic conversion of N-formyl-L-kynurenine to L-kynurenine

(L-KYN). L-KYN can be further metabolised through two main

branches of the KP, either to kynurenic acid (KYNA) by kynurenine

aminotransferases (KAT), or to 3-hydroxykynurenine (3-HK) by

kynurenine 3-monooxygenase (KMO). 3-HK is then metabolised

to quinolinic acid (QUIN) and finally to the cofactor NAD+, which

has a key role in cellular metabolism [2]. It is well established that

several KP metabolites are neuroactive and likely contribute to the

pathogenesis of neurodegenerative and neuropsychiatric condi-

tions [3]. For example, KYNA is neuroprotective because of its

ability to block NMDA receptors (NMDARs) [4] and a7 nicotinic

acetylcholine receptors (a7nAChRs) [5] and prevents neuronal cell

death by inhibiting excessive glutamate signalling [6]. KYNA also

protects cells from oxidative stress by acting as a free radical

scavenger [7]. However, high concentrations of KYNA can be
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detrimental because they can cause excessive inhibition of

NMDARs, resulting in cognitive impairment [8,9]. By contrast,

QUIN is a NMDAR agonist that, at high concentrations, induces

excitotoxicity [10] and can cause oxidative cell death by promot-

ing the generation of free radicals [11]. In addition, high concen-

trations of 3-HK are neurotoxic and cause cell death through the

formation of free radicals and subsequent oxidative stress [12].

Disruption of the KP in the periphery and central
nervous system during inflammation
Activation of the KP by inflammation
Many studies have demonstrated that the KP is activated following

immune activation and has crucial roles in the inflammatory

response. Proinflammatory cytokines released by immune cells

during inflammation induce the upregulation of IDO1, resulting

in tryptophan depletion because tryptophan is converted to L-KYN

[13]. This directly inhibits T cell proliferation given that these cells

are deprived of the essential metabolite tryptophan [13], as well as

indirectly inhibiting T cell proliferation by preventing the matu-

ration of dendritic cells [14]. In addition, the KP metabolites L-

KYN, 3-HK, and QUIN inhibit T cell proliferation or induce apo-

ptosis in these cells [15–17], resulting in reduced numbers of these

immune cells. By contrast, IDO expression in monocytes increases
www.drugdiscoverytoday.com 1473
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the proliferation of immunosuppressant regulatory T helper cells

(Tregs) [18] and promotes the differentiation of naı̈ve CD4+ T cells

into Tregs through a mechanism that involves the binding of L-

KYN to aryl hydrocarbon receptors (AHR) [19]. KYNA has also been

shown to have anti-inflammatory effects. For example, it reduces

the release of proinflammatory cytokines from lipopolysaccharide

(LPS)-activated monocytes [20,21]. Administration of KYNA to

LPS-treated mice also reduced levels of the cytokine tumour ne-

crosis factor alpha (TNFa) and increased survival in a NMDAR-

independent mechanism [22]. These anti-inflammatory effects of

KYNA might be mediated through other KYNA targets in the

periphery, such as the G-protein receptor 35 (GPR35), which is

expressed in peripheral leukocytes [21], and the transcription

factor AHR [23]. A recently identified KYNA target is the hydro-

xycarboxylic acid receptor 3 (HCAR3) [24], which is expressed on

immune cells and, together with KYNA, might mediate immune

suppression [25]. Therefore, the actions of these KP metabolites on

immune cells can modulate the immune response and reduce

inflammation.

The KP can be activated in both the central nervous system

(CNS) and the periphery in response to inflammation. Although

TDO mediates basal tryptophan degradation, IDO1 is upregulated

by proinflammatory cytokines under inflammatory conditions

[26]. In the periphery, the activation of the KP occurs in mono-

cytes, which upregulate IDO1 expression and activity in response

to proinflammatory cytokines, such as interferon gamma (IFNg)
[27], resulting in increased degradation of tryptophan to L-KYN.

Peripheral L-KYN can then cross the blood–brain barrier (BBB) into

the CNS, where L-KYN is further metabolised. In cells of the CNS,

such as microglia and infiltrating macrophages, proinflammatory

cytokines induce KMO activity [28], promoting the formation of

neurotoxic QUIN by macrophages [28]. IDO1 expression is also

upregulated in response to IFNg in infiltrating macrophages and,

to a lesser extent, in microglia [29], which can further elevate levels

of L-KYN in the brain.

The role of the KP in viral infections and associated neurological
impairments
Previous studies have reported that the KP is activated in response

to viral infections, such as HIV-1 [30], hepatitis C virus (HCV) [31],

and herpes simplex virus [32]. Interestingly, some of these chronic

viral infections have been associated with neurological and cog-

nitive impairments in patients, which in some cases have been at

least partly attributed to the activation of the KP and the produc-

tion of neuroactive KP metabolites [32–36]. For example, several

studies showed the activation of the KP in patients with HIV-1,

particularly in those with HIV-1-associated dementia [34,36].

Huengsberg et al. [30] observed elevated L-KYN:tryptophan ratios

in the serum of patients with HIV-1 compared with controls. Other

studies detected increased levels of KP metabolites in the CNS of

patients with HIV-1, such as elevated levels of neurotoxic 3-HK

[35], excitotoxic QUIN [36], and KYNA [37]. Interestingly, higher

levels of 3-HK and QUIN have been detected in patients with HIV-

associated dementia compared with patients with HIV without

dementia [35,36]. This might be the result of increased IDO

activity, which has been observed in the brains of patients with

HIV-associated dementia compared with patients with HIV but

without dementia and healthy controls [34]. The potential
1474 www.drugdiscoverytoday.com
detrimental effects of KP metabolites in patients with HIV-1 is

supported by Kerr et al. [38], who showed in vitro that high levels of

QUIN paralleling those observed in the cerebrospinal fluid (CSF) of

patients with HIV-1 dementia, induced necrosis of neurons and

changes in neuron morphology similar to those found in the

brains of patients with HIV dementia.

HCV infections have also been associated with activation of the

KP [31] and cognitive impairments [39]. Patients with HCV were

shown to have increased peripheral activation of the KP compared

with healthy controls, indicated by increased levels of L-KYN in the

blood [31,40], and elevated IDO1 expression in the liver [31] and

peripheral monocytes [40]. Interestingly, correlations have been

observed between cognitive changes and increased levels of L-KYN

in the periphery of patients with HCV [33], suggesting the involve-

ment of the KP in cognitive dysfunction in these patients. Fur-

thermore, simulation of viral infection in pregnant rats using poly

I:C was shown to disrupt the KP by activating the maternal

immune system, leading to a dysfunctional KP in the periphery

of preadolescent offspring, including increased levels of QUIN and

reduced levels of L-KYN and KYNA [41]. A separate study also

showed disruptions to the KP in the CNS of the offspring of poly

I:C-treated rats in response to immune activation in the adult

offspring [42]. Interestingly, increased levels of serum L-KYN and

QUIN have been observed in patients with influenza-associated

encephalopathy compared with patients with influenza without

encephalopathy [43]. This is relevant to COVID-19 because similar

brain pathology has been observed in patients with COVID-19

[44–46], and indicates that KP activation might have a role in

cognitive symptoms associated with COVID-19. Together, these

studies indicate that activation of the KP in the periphery in

response to stimulation of the immune system by viral infections

might also affect the brain and contribute to cognitive dysfunc-

tion.

Neurological symptoms in patients with COVID-19
During the COVID-19 pandemic, it has been increasingly recog-

nised that, as well as the respiratory symptoms caused by the virus,

patients may have neurological and neuropsychiatric problems.

An early report identified neurological symptoms in patients with

COVID-19, including CNS symptoms (headaches and dizziness)

and peripheral nervous system symptoms (loss of taste and smell)

[47]. A separate study found that patients with severe COVID-19

had neurological symptoms, with 65% of patients exhibiting

confusion and 33% of patients with disruption of executive func-

tion, including disorientation and poor attention, even after being

discharged from hospital [48]. A more extensive study by Var-

atharaj et al. [44] examined 153 patients with COVID-19 admitted

to hospitals throughout the UK who also exhibited neurological

symptoms, including cerebrovascular events (stroke or intracere-

bral haemorrhage) and altered mental state (change in behaviour,

personality, consciousness, or cognitive function). This study

found that 31% of patients had an altered mental state, including

encephalopathy, dementia-like cognitive impairment, and psy-

chosis [44].

The cause of neurological symptoms in patients with COVID-19

is unknown, but might be due to the host’s inflammatory response

to the infection, direct effects of SARS-CoV-2, which causes

COVID-19, on the CNS, or effects of the virus in the periphery
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affecting the brain [45]. A recent study by Kremer et al. [49]

reported that some patients with COVID-19 and neurological

symptoms also had markers of inflammation in the CSF, such

as a high number of leukocytes, high protein levels, and increased

immunoglobulin G levels. However, most studies have failed to

detect SARS-CoV-2 mRNA in the CSF [48–50], indicating that

peripheral inflammation might be implicated in the neurological

symptoms associated with severe cases of COVID-19. Given that

activation of the KP has been observed in patients with COVID-19

[51,52] it is interesting to speculate that this might lead to changes

in levels of KP metabolites, resulting in modulation of the immune

response and promoting cognitive dysfunction.

Activation of the KP in patients with COVID-19
Given that viral infections can result in activation of the KP, it is

possible that this metabolic pathway is also activated in patients

infected with SARS-CoV-2. In fact, several recent studies indicate

that the KP is significantly activated in patients with SARS-CoV-2.

In a study by Thomas et al. [51], targeted metabolomics revealed

that patients with COVID-19 had reduced levels of tryptophan and

elevated levels of L-KYN in their serum compared with controls.

Overall, greater changes in metabolite levels were observed in

patients with high levels of the proinflammatory cytokine inter-

leukin-6 (IL-6) compared with patients with low IL-6 levels and

with controls, indicating a general dysregulation of amino acid

and fatty acid metabolic pathways in patients with COVID-19.
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Overview of the activation of the kynurenine pathway in the periphery of patient
that patients with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2
periphery. This indicates activation of the kynurenine pathway because tryptophan
(IDO1/2), and tryptophan 2,3-dioxygenase (TDO) and then further metabolised t
kynurenic acid (KYNA) are increased in the periphery of patients with COVID-19 com
aminotransferase enzymes (KAT) I, II, III or IV. In the other main branch of the ky
kynurenine 3-monooxygenase (KMO). Reduced levels of 3-HK were detected in t
downstream metabolites quinolinic acid (QUIN) and nicotinic acid.
However, in the same study, both targeted and untargeted meta-

bolomics showed that the tryptophan pathway was the pathway

most affected by SARS-CoV-2 [51]. Specifically, untargeted meta-

bolomics revealed that tryptophan, serotonin, and indole pyru-

vate were significantly decreased in the serum of patients

compared with controls (Figure 1) [51]. Serum 3-HK levels were

also reduced in patients compared with controls, whereas the KP

metabolites L-KYN, KYNA, picolinic acid, and nicotinic acid were

significantly increased in patients with COVID-19, particularly

those with high levels of IL-6 [51]. In support of these findings,

another metabolomics study by Shen et al. [52] reported that levels

of L-KYN were significantly increased in serum from patients with

severe COVID-19 compared with healthy controls. Increased levels

of KYNA and QUIN were also observed in serum from patients with

severe COVID-19 compared with healthy controls, whereas levels

of tryptophan were reduced in these patients [52] (Figure 1).

Another study by Fraser et al. [53] showed that L-KYN was the

major metabolite increased in the plasma of patients severely ill

with COVID-19 compared with patients who were COVID-19

negative or with healthy controls. Interestingly, Cai et al. [54]

observed gender-specific differences in correlations between se-

rum levels of KYNA and the immune response in patients with

COVID-19, with increased KYNA being associated with elevated

levels of several inflammatory cytokines/chemokines and reduced

T cell numbers in male patients but not in female patients. An

elevated KYNA:L-KYN ratio was also associated with increased
an Serotonin
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TABLE 1

Summary of currently available KMO inhibitors

KMO inhibitor IC50 (nM)a Structures Refs

m-NBA 900b [61]

Ro 61-8048 37b [62]

UPF-648 40 [63]

JM6 37b,c [64]

CHDI-340246 0.5 [65]

GSK180 6 [66]

Prodrug 1b 2600d [67]

a IC50 values are for inhibition of human KMO unless stated otherwise.
b IC50 with rat KMO.
c The IC50 value for JM6 relates to the IC50 of the active compound Ro 61-8048 following release from the prodrug. Subsequent analyses of JM6 led to debate over this prodrug
mechanism [68].
d The IC50 value for prodrug 1b relates to the IC50 of the active compound 1 following release from the prodrug.
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severity of the disease in male, but not female patients [54].

Kimhofer et al. [55] also observed an increased L-KYN/tryptophan

ratio in the plasma of patients with COVID-19 compared with

healthy controls, indicating activation of the KP in the periphery.

Finally, transcriptomics analysis of peripheral blood mononuclear

cells (PBMCs) isolated from patients with COVID-19 revealed

increases in the expression of genes associated with tryptophan

metabolism in patients compared with healthy controls [56].

These studies indicate that the KP is activated in the periphery of

patients with severe COVID-19, resulting in increased peripheral

levels of L-KYN and depletion of tryptophan. It is well established

that IDO1 expression is upregulated by proinflammatory cyto-

kines, such as IFNg [27], and that this drives increased synthesis of

L-KYN [26]. Although the expression of IDO1 has not been exam-

ined in patients with COVID-19, it is possible that increased L-

KYN/tryptophan ratios result from enhanced IDO1 expression or

activity, resulting in increased metabolism of tryptophan to L-

KYN. It is interesting that KYNA levels are elevated in the periphery

of patients with COVID-19. Given that KYNA cannot cross the BBB
1476 www.drugdiscoverytoday.com
[57], this is unlikely to be the result of KYNA produced in the CNS,

although disruption of the BBB has been detected in some patients

with COVID-19 [50]. However, KYNA can also be generated in the

periphery by KAT enzymes [58], as well as by the conversion of L-

KYN to KYNA in the presence of reactive oxygen species [59].

Therefore, KYNA production in the periphery might result from

the highly inflammatory state associated with SARS-CoV-2 infec-

tions. Furthermore, if KYNA is elevated in the CNS of patients with

COVID-19 because of increased transport of peripheral L-KYN

across the BBB and increased KYNA synthesis in the CNS, this

might contribute to the cognitive impairments reported in some

patients with SARS-CoV-2, because high concentrations of KYNA

can block glutamate-mediated neurotransmission [6]. In fact, Cai

et al. [54] reported that patients with COVID-19 and deteriorated

health had reduced glutamate levels and increased KYNA:L-KYN

ratios in their serum compared with stabilised patients. However,

to date, the levels of KP metabolites in the CNS of patients with

COVID-19 have not been examined. Increased levels of QUIN [52]

and nicotinic acid [51] were also detected in the periphery of
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patients with COVID-19, indicating increased flux through the

KMO branch of the KP, although 3-HK was reduced in patients

with COVID-19 compared with healthy controls [51]. QUIN can

cause oxidative stress and neuronal cell death [10,11], which could

contribute to the cognitive symptoms and encephalopathy

reported in some patients with COVID-19 [44–46].

Another important point is that levels of serotonin were shown

to be reduced in patients with COVID-19 [51,52]. This might have

an impact on other neurological symptoms in COVID-19, such as

depression. Depression has been reported in some patients with

COVID-19 [60], but it remains unclear as to whether this is a direct

or indirect effect of the virus and associated inflammatory re-

sponse on the brain, or whether it is because of the psychological

impact of having a severe illness [60]. Therefore, it remains to be

elucidated whether the activation of the KP in COVID-19 resulting

in the increased conversion of tryptophan to L-KYN and the

depletion of serotonin increases the susceptibility of patients with

COVID-19 to depression.

Targeting KMO in infections and inflammation
Inhibition of KMO has been recognised as a potential approach to

reduce the production of neurotoxic KP metabolites, as well as

moderating the inflammatory response during infection and in-

flammation. As a result of this, several KMO inhibitors have been

developed (Table 1) [61–68]. Various studies have shown that KMO

inhibition or the knockdown of KMO expression reduces levels of

neurotoxic KP metabolites and decreases inflammation in a range

of infectious and non-infectious inflammatory conditions. For

example, Swainson et al. [69] demonstrated that infection of

rhesus macaques with simian immunodeficiency virus (SIV)

resulted in increased plasma levels of QUIN, and that this could

be prevented by treatment with the KMO inhibitor CHDI-340246.

Plasma levels of cytotoxic 3-HK were also reduced following KMO

inhibition, whereas increased levels of L-KYN and neuroprotective

KYNA were observed [69]. Interestingly, KMO inhibition in SIV-

infected animals also resulted in increased numbers of naı̈ve CD4+

and CD8+ T cells compared with controls without KMO inhibition,

possibly as a result of reductions in cytotoxic KP metabolite levels

[69]. In addition to viral infections, inhibition of peripheral KMO

using Ro 61-8048 was shown to reduce neuroinflammation in

mice with late-stage trypanosome infection in the CNS [70],

and to increase survival and levels of neuroprotective KYNA in

the CNS of mice with cerebral malaria [71], possibly as a result of

shifting the KP away from the 3-HK branch of the pathway toward

the production of KYNA.

Recent studies also highlighted the use of KMO inhibitors to

treat non-infectious inflammatory conditions. Sundaram et al. [72]

showed that peripheral KMO inhibition using Ro 61-8048 in a

mouse model of multiple sclerosis increased the KYNA:QUIN ratio

in both the plasma and CNS, and reduced the severity of the

disease, demonstrating how inhibition of KMO in the periphery

can also improve symptoms in the CNS. Furthermore, knockout of

KMO expression in a mouse model of colitis successfully increased

levels of both L-KYN and KYNA in the colon and reduced levels of

cytotoxic 3-HK compared with wild-type mice [73]. KMO-knock-

out mice with colitis also had significantly reduced levels of

inflammation in the colon, increased levels of the anti-inflamma-

tory cytokines IL-10 and TGF-b, and increased recruitment of
regulatory T cells (Tregs) to the site of inflammation compared

with wild-type mice with colitis [73]. Increased numbers of Tregs

and reduced inflammation might result from the increased L-KYN

levels observed in KMO-knockout mice because L-KYN can pro-

mote the differentiation of naı̈ve CD4+ T cells into anti-inflamma-

tory Tregs [19]. These studies demonstrate how inhibition of KMO

is an important approach for modulating both inflammation and

levels of cytotoxic KP metabolites in a range of inflammatory

conditions.

In addition to the pulmonary effects of SARS-Cov-2 infections,

patients with COVID-19 have also been reported to have damage

to other organs, including the heart, kidneys, liver, gastrointesti-

nal tract, and brain [74]. This is relevant to the activation of the KP

in COVID-19 because several studies have demonstrated that KMO

inhibition/knockout in animal models has positive outcomes in

viral infections or pathological conditions that affect these organs.

For example, Mole et al. [66] demonstrated that the KMO inhibitor

GSK180 significantly reduced inflammation and damage to the

lungs, kidneys, and liver in a rat model of acute pancreatitis

compared with controls without KMO inhibition. Treatment of

these rats with GSK180 also resulted in increased levels of L-KYN

and KYNA in the plasma, whereas levels of 3-HK were reduced. The

authors speculated that the observed increases in levels of KYNA

might be protective in this rat model of acute pancreatitis by

activating anti-inflammatory pathways, whereas the reduction

in 3-HK might be responsible for reduced apoptosis seen in the

lungs and kidneys of GSK180-treated rats [66]. Kubo et al. [75]

demonstrated that KMO-knockout mice with viral myocarditis had

increased survival, reduced macrophage infiltration, and reduced

levels of chemokines compared with infected wild-type mice,

possibly as a result of increased levels of L-KYN and KYNA. Finally,

another study highlighted the importance of KMO inhibition in

protecting against kidney damage in a mouse model of acute

kidney injury [76]. Mice with knockout of KMO expression were

protected from kidney damage and had lower rates of renal tubular

cell apoptosis compared with wild-type mice with acute kidney

injury, possibly because of reduced levels of cytotoxic 3-HK [76].

These studies are particularly relevant to COVID-19 because some

patients with SARS-CoV-2 have been reported to have damage to

other organs in addition to the lungs, such as the kidneys and liver,

and highlight the potential benefits of KMO inhibition in protect-

ing multiple organs during inflammation.

Potential use of KMO inhibitors to improve cognition
in patients with COVID-19
As detailed earlier, COVID-19 not only affects the respiratory

system, but also has detrimental effects on several other vital

systems in the body, including the CNS, potentially resulting in

long-term health implications for patients. In fact, some patients

have reported long-lasting CNS effects of SARS-CoV-2 infection

even following recovery, including fatigue, loss of concentration,

memory loss, and headaches [77,78]. Therefore, interventions are

required to treat these effects of the virus and improve symptoms.

Several studies have shown the activation of the KP in the periph-

ery of patients with COVID-19 [51–54]. Although further studies

are needed to examine levels of KP metabolites in the CNS of

patients with COVID-19, and clinical studies are required to

examine the potential link between activation of the KP and
www.drugdiscoverytoday.com 1477
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FIGURE 2

Potential beneficial effects of kynurenine 3-monooxygenase (KMO) inhibition on inflammation in patients with Coronavirus 2019 (COVID-19). Administration of a
peripheral KMO inhibitor might modulate the immune response in COVID-19 by further increasing levels of L-kynurenine (L-KYN) in the periphery. Increased L-
KYN can reduce inflammation by suppressing the proliferation of CD4+ T cells and promoting the differentiation of naïve T cells into immunosuppressive
regulatory T cells. Inhibition of kynurenine 3-monooxygenase (KMO) in the periphery could lead to increased levels of L-KYN and kynurenic acid (KYNA) in the
central nervous system (CNS) because L-KYN can cross the blood–brain barrier (BBB). Brain-permeable KMO inhibitors might be useful in the treatment of COVID-
19 because KMO inhibition in the CNS results in increased levels of KYNA, which is neuroprotective and anti-inflammatory. Brain-permeable KMO inhibitors
might also inhibit peripheral KMO, resulting in increased levels of L-KYN and KYNA in the periphery. KMO inhibition in the CNS might reduce the production of
cytotoxic kynurenine pathway (KP) metabolites, such as 3-hydroxykynurenine (3-HK), preventing neuronal cell death.
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neurocognitive problems in patients with SARS-CoV-2, it is inter-

esting to speculate how modulation of the KP could be used to

reduce cognitive symptoms in patients with COVID-19.

Peripheral administration of KMO inhibitors during inflamma-

tion has been shown to elevate levels of KYNA in the CNS [71,72],

which reduces neuronal damage and improves cognition in ani-

mal models [64]. However, patients with COVID-19 already ex-

hibit increased levels of KYNA in the periphery [51,52], which

might reflect elevated KYNA in the CNS. Therefore, although KMO

inhibition might be a useful approach to modulate the immune

response, it is possible that KMO inhibition could initially have

detrimental effects on cognitive function because the KP is shifted

toward the production of more KYNA, which, at high concentra-

tions, can block neurotransmitter signalling crucial for memory

and learning. However, reduced inflammation as a result of KMO

inhibition (see later) might lead to reduced levels of proinflam-

matory cytokines, and feedback to normalise the KP. Alternatively,

KATII inhibitors, which inhibit the conversion of L-KYN to KYNA,

might be useful in reducing cognitive dysfunction in patients with

COVID-19 by directly reducing levels of KYNA [79]. By contrast,

IDO inhibitors could have detrimental effects by preventing the

production of immunosuppressive metabolites, such as L-KYN
1478 www.drugdiscoverytoday.com
[80], and preventing increases in neuroprotective KYNA. However,

infection by SARS-CoV-2 causes the increased release of proin-

flammatory cytokines, which might activate the IDO1-KYN-AHR

pathway [81,82]. During the initial stages of infection, positive

feedback within this pathway can lead to further activation of AHR

by its ligand L-KYN, resulting in a ‘cytokine storm’ [81,82], and

possibly suppression of the antiviral response [81] in some patients

with COVID-19.

The recent development of a brain-permeable KMO inhibitor

has the advantage of directly targeting the production of toxic KP

metabolites in the brain [67]. This could significantly reduce the

accumulation of neurotoxic 3-HK and QUIN and increase neuro-

protective KYNA in the CNS (Figure 2). A prodrug strategy has been

used to enhance the brain penetrance of the KMO inhibitor

‘compound 1’. Pharmacokinetic profiles of the prodrug form

demonstrated that compound 1 is released in both the blood

and brain, with a maximal brain:blood ratio of 3.22 at 15 min,

which provides KMO inhibition both in the periphery and brain

[67]. Brain-permeable KMO inhibitors might also have the ability

to improve cognitive function in patients with COVID-19 by

reducing neuronal damage. Long-term cognitive deficits have

been observed in some patients with ‘long COVID’ [77,78]. How-
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ever, it is difficult to determine from current data derived from a

small number of metabolomics studies in patients with COVID-19

[51–54] whether acute activation of the KP as a result of SARS-CoV-

2 has prolonged effects on the brain, or whether chronic activation

of the KP occurs during COVID-19. Therefore, it would be of

interest to examine KP metabolites in these patients at different

times points after the initial infection to determine whether KP

activation is acute or chronic in COVID-19.

Potential use of KMO inhibitors to modulate
inflammation in patients with COVID-19
Given that the activation of the KP has been demonstrated in

patients with severe SARS-CoV-2 [51,52], modulation of the KP by

inhibiting KMO might be a potential mechanism to reduce inflam-

mation in severely ill patients. Peripheral administration of KMO

inhibitors has previously been shown to moderate the KP in animal

models of disease, resulting in reduced inflammation in both infec-

tious and non-infectious diseases [69–72]. Given that the KP is

activated in COVID-19, it might be possible to use KMO inhibitors

to inhibit peripheral KMO and modulate the immune response by

shifting the KP away from the production of cytotoxic metabolites,

such as QUIN. For example, peripheral KMO inhibition has been

shown to increase levels of L-KYN in the periphery [69,73], which

might be beneficial in patients with COVID-19 because of the ability

of L-KYN to mediate the differentiation of naı̈ve T cells into immu-

nosuppressant Tregs [19], and might also help to suppress the

immune response (Figure 2). Peripheral KMO inhibition might also

increaselevelsofKYNAintheperiphery,whichcouldbebeneficial in

COVID-19 via the anti-inflammatory actions of this KP metabolite

[20–22,25]. Inhibition of KMO in the periphery has also been

demonstrated to reduce inflammation in the CNS [70], possibly

because of the ability of L-KYN to cross the BBB. Inhibition of

peripheral KMO also reduces levels of cytotoxic 3-HK and QUIN

in the periphery [69,73], which might be beneficial in COVID-19 by

potentially reducing damage to other organs [66].

At present, the role of KP activation in patients with COVID-19

is unknown but is possibly a physiological response to SARS-CoV-2

to modulate the immune response by depleting tryptophan, in-

creasing levels of L-KYN (thereby inhibiting CD4+ T cell prolifera-

tion), and increasing the production of neuroprotective KYNA.

However, prolonged activation of KP in COVID-19 could be detri-

mental. It is essential that a balance is maintained between high

levels of inflammation that can cause tissue damage, and suppres-

sion of the immune system, which could allow SARS-CoV-2 to
replicate uncontrollably. The glucocorticoid dexamethasone is

currently being used to reduce mortality in patients with severe

SARS-CoV-2 [83]. Therefore, inhibition of KMO might be benefi-

cial in severe cases of COVID-19 by further increasing levels of

immunosuppressant L-KYN and KYNA, and reducing production

of neurotoxic KP metabolites and, thus, inflammation.

Concluding remarks
Current studies of the activation of the KP in COVID-19 have only

measured KP metabolites in the periphery (plasma/serum) of

patients with COVID-19 but not the CNS [51–54]. However, some

KP metabolites, such as KYNA, cannot cross the BBB [57], and

plasma or serum levels of these metabolites might not correspond

to levels in the CNS. Therefore, it will be important to examine

levels of KP metabolites in the CNS of patients with COVID-19 (e.

g., via CSF or postmortem brains) to confirm whether they corre-

late with peripheral levels. It would also be interesting to measure

KP metabolite levels following administration of KMO inhibitors

in a mouse model of COVID-19 [84] to examine whether KMO

inhibition modulates levels of KP metabolites and reduces neu-

roinflammation in the CNS in vivo. Therefore, further studies are

required to fully examine the role of the KP in both the inflam-

matory response and cognitive dysfunction in patients with

COVID-19. Further clinical development of KMO inhibitors for

use in patients is also needed. Given that the KP is activated in

severe COVID-19 cases, it might be advantageous to use clinically

approved KMO inhibitors in severe cases to reduce the inflamma-

tory response, resulting in reduced inflammation and possibly

improved cognitive function in these patients.
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