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The emergence of the SARS-CoV-2 (COVID-19) virus has exacted a significant toll on
the global population in terms of fatalities, health consequences, and economics. As of
February 2023, there have been almost 800 million confirmed cases of the disorder reported
to the WHO [1], although the actual case-positive rate is estimated to be much higher. While
many cases recover, the mortality rate associated with the illness is about 1% (based on the
WHO data). Most patients experience the illness as a mild to moderate disorder and recover
without significant sequelae. However, as the COVID-19 pandemic has continued, there has
emerged a significant group of COVID-19 survivors who experience persistent symptoms
beyond the acute course of the illness. As many as one in eight patients report persistent
symptoms 90 to 150 days after the initial infection [2]. These so-called Long COVID
or post-COVID syndrome patients are mostly drawn from those who were hospitalised
for the disorder, but both non-hospitalised and vaccinated subjects may also experience
the syndrome [3]. While an agreed definition of Long COVID is yet to be settled, a
multiplicity of symptoms affecting most major organ systems has been reported in patients.
Common Long COVID symptoms include fatigue, dyspnoea, headaches, myalgia, anosmia,
dysgeusia, cognitive symptoms, and mental disorders such as depression and anxiety [4]. It
is estimated that approximately a third of patients with Long COVID exhibit either fatigue,
cognitive impairment, or both up to 12 weeks after a confirmed diagnosis of COVID-19 [5].

1. Tryptophan Metabolism and Long COVID

Although various aetiologies have been proposed for Long COVID, immune system
dysfunction is well recognised in the disease [6]. In particular, activation of proinflamma-
tory cytokines has been reported in Long COVID patients [3]. Inflammatory disorders are
associated with the tryptophan–kynurenine pathway, in which many of the metabolites
play specific immunoregulatory roles [7]. Although tryptophan is well recognised as a
precursor to the production of serotonin (and melatonin), this pathway accounts for only a
small proportion of the metabolism of this amino acid. The main route of metabolism is the
conversion of tryptophan to kynurenine and further catabolism into compounds such as
nicotinamide adenine dinucleotide (NAD+). A key inducible and rate-limiting enzyme in
the pathway is indoleamine 2, 3-dioxygenase-1 (IDO-1); however, an isoform IDO-2 is also
recognised as a contributor to metabolism, but is of subordinate importance to IDO-1 [7].
In inflammatory conditions, the tryptophan pathway is shunted to increase kynurenine
production by activation of IDO principally via the action of interferons but also by other
interferon-independent mediators [8]. Post-mortem studies have identified that IDO-2 is se-
lectively activated in the central nervous system of COVID-infected patients [9]. Increased
IDO-2 activity was associated with an increased presence of the kynurenine metabolites 3-
hydroxy-anthranilic acid (3-OH-AA) and quinolinic acid (QA). A study examining plasma
concentrations of cytokines, chemokines, and amino acids in patients positive for COVID-
19 described alterations in the tryptophan–kynurenine pathway among changes in other
analytes examined [10] Although the study was relatively small and did not specifically
identify Long COVID subjects, significantly increased concentrations of the metabolites
QA and 3-OH-AA were reported. On the other hand, serotonin concentrations were de-
creased, although not statistically significantly, while kynurenine was increased, in line
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with increased conversion from tryptophan. A meta-analysis of fourteen studies examining
the pathway in COVID patients supported the findings for the kynurenine/tryptophan
ratio [11]. A more recent study points to the elevation of QA and 3-OH-AA concentrations
in plasma and a decrease in the tryptophan/kynurenine ratio [12].

2. The Kynurenine Pathway and Neurotoxicity

Compounds along the tryptophan kynurenine pathway have been demonstrated to
have both neuroprotective and neurotoxic effects [13]. Thus, kynurenic acid acts as a N-
Methyl D-Aspartate (NMDA) antagonist and has been demonstrated to prevent neuronal
loss following excitotoxicity [14]. On the other hand, QA, 3-OH-AA, anthranilic acid, and
3-hydroxy-kynurenine are neurotoxic, the latter two compounds due to their ability to
generate free radicals and increase oxidative stress [13]. Of particular interest in the context
of Long COVID is the potential role that QA may play in generating, at least in part, the
cognitive symptoms experienced by patients. QA is an NMDA receptor agonist associated
with excitotoxicity [15]. The compound demonstrates regional differences in neurotoxicity,
with, significantly, the hippocampus, striatum, and neocortex being more sensitive to
the effects of quinolinic acid than other neuroanatomical areas see [15] for review. All
three areas are involved in memory formation, while dysfunctional memory is among the
many symptoms complained of by patients with Long COVID. For example, in a study
of 128 participants with confirmed COVID, cognitive function, blood cytokine levels, and
kynurenine metabolites were assessed 2, 4, and 12 months after the diagnosis [16]. Across
the 12-month observation period, overall cognitive performance declined significantly with
a small to medium effect size. Moreover, the increase in kynurenine and the metabolites
QA and 3-OH-AA were the only biological markers significantly associated with the
decline in cognitive performance, reinforcing the importance of the pathway in generating
cognitive changes.

Alongside its direct NMDA agonist actions, QA has a multiplicity of effects that
increase glutamate concentrations in the immediate environment of neurons by release
from the neurons, inhibiting uptake by astrocytes, and inhibition of glutamate catabolism
by inhibiting glutamine synthetase [15]. Other actions, such as the production of hydroxyl-
free radical species through a ferrous ion-dependent mechanism, may also contribute
to neurotoxicity [17]. Thus, it is posited that blocking the effects of QA (and/or other
neurotoxic metabolites of the kynurenine pathway) may offer benefits in overcoming
aspects of the ‘brain fog’/cognitive dysfunction complained of by many patients with
Long COVID.

3. Counteracting the Effects of Quinolinic Acid

Agents which might be effective in blocking the effects of quinolinic acid within the
central nervous system have been suggested from pre-clinical investigations, including cell
culture and whole animal studies. Inhibition of the synthesis of QA from its precursors
has been demonstrated to provide protection from its neurotoxic effects [18]. Furthermore,
the metabolic pathway producing QA also produces other metabolites which oppose the
neurotoxic effects of QA. Kynureinase inhibitors increase levels of endogenous kynurenic
acid, a metabolite of the pathway with demonstrable NMDA receptor antagonism. These
inhibitors are unsuitable for human use or at least have not been evaluated for use in humans.

In recombinant CHO cell lines stably expressing various heterodimeric subtypes of the
NMDA receptor, esmethadone protected cells from excessive calcium ion influx induced
by QA [19]. As is well recognised, an excessive calcium influx is associated with increased
neurotoxicity. Recent studies as an adjunct to the treatment of major depressive disorder
show that esmethadone has an acceptable safety profile, in particular with respect to
potential dependence-producing properties [20].

Similarly, the Alzheimer’s medication, memantine, was protective against the cy-
totoxic effects induced by quinolinic acid in rat embryonic hippocampal cells [21]. An
earlier study showed that pre-treatment with memantine prevented hippocampal damage
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induced by intracerebroventricular injection of quinolinic acid [22]. Memantine acts as
an uncompetitive antagonist at the NMDA receptor, which leads to the potential clinical
benefit of relatively sparing normal neurotransmission while blocking excessive calcium
channel activation. Based on this reasoning, the hypothesis proposes that repeated admin-
istration of memantine might ameliorate the cognitive symptoms of Long COVID. As the
medication is currently registered in many jurisdictions and the safety and side effect profile
well established, it represents a readily available agent to test the hypothesis of quinolinic
acid-induced activation of microglial cells leading to the phenomenon of ‘brain fog’.

While the diagnosis of Long COVID is syndromal and, as such, lacks a clear set of
agreed diagnostic criteria, treatment is likely to remain symptomatic. Each identified
case will present a unique set of symptoms most problematic for that individual. From
a neurobiological point of view, at least some of these symptoms may be explicable by
alterations in the tryptophan metabolic pathway to produce the NMDA receptor agonist QA.
‘Brain fog’, a troublesome symptom for a substantial group of Long COVID sufferers, may
arise as a direct consequence of the accumulation of QA in specific brain regions. The use of
NMDA receptor antagonists, which oppose the actions of QA, may offer symptomatic relief.
As proposed here, memantine might prove uniquely useful because of its non-competitive
antagonism at the NMDA receptor, as it dampens activity at the NMDA receptor without
completely blocking such actions. The use of double-blind placebo-controlled evaluations in
sufficiently large numbers of patients will be required to test the hypothesis presented here.

Conflicts of Interest: The author declares no conflict of interest.

References
1. WHO. Available online: https://covid19.who.int/ (accessed on 25 February 2023).
2. Ballering, A.V.; van Zon, S.K.R.; Hartman, T.C.O.; Rosmalen, J.G.M. Persistence of somatic symptoms after COVID-19 in the

Netherlands: An observational cohort study. Lancet 2022, 400, 452–461. [CrossRef]
3. Davis, H.E.; McCorkell, L.; Vogel, J.M.; Topol, E.J. Long COVID: Major findings, mechanisms and recommendations. Nat. Rev.

Microbiol. 2023, 21, 133–146. [CrossRef]
4. Yong, S.J. Long COVID or post-COVID-19 syndrome: Putative pathophysiology, risk factors, and treatments. Infect. Dis. 2021,

53, 737–754. [CrossRef]
5. Ceban, F.; Ling, S.; Lui, L.M.; Lee, Y.; Gill, H.; Teopiz, K.M.; Rodrigues, N.B.; Subramaniapillai, M.; Di Vincenzo, J.D.; Cao, B.; et al.

Fatigue and cognitive impairment in Post-COVID-19 Syndrome: A systematic review and meta-analysis. Brain Behav. Immun.
2021, 101, 93–135. [CrossRef]

6. Melenotte, C.; Silvin, A.; Goubet, A.G.; Lahmar, I.; Dubuisson, A.; Zumla, A.; Raoult, D.; Merad, M.; Gachot, B.; Hénon, C.; et al.
Immune responses during COVID-19 infection. Oncoimmunology 2020, 9, 1807836. [CrossRef]

7. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2019, 25, 131–147. [CrossRef]
8. Krupa, A.; Kowalska, I. The Kynurenine Pathway—New Linkage between Innate and Adaptive Immunity in Autoimmune

Endocrinopathies. Int. J. Mol. Sci. 2021, 22, 9879. [CrossRef]
9. Guo, L.; Schurink, B.; Roos, E.; Nossent, E.J.; Duitman, J.W.; Vlaar, A.P.; van der Valk, P.; Vaz, F.M.; Yeh, S.R.; Geeraerts, Z.; et al.

Indoleamine 2,3-dioxygenase (IDO)-1 and IDO-2 activity and severe course of COVID-19. J. Pathol. 2022, 256, 256–261. [CrossRef]
10. Lawler, N.G.; Gray, N.; Kimhofer, T.; Boughton, B.; Gay, M.; Yang, R.; Morillon, A.-C.; Chin, S.-T.; Ryan, M.; Begum, S.; et al.

Systemic Perturbations in Amine and Kynurenine Metabolism Associated with Acute SARS-CoV-2 Infection and Infammatory
Cytokine Responses. J. Proteome Res. 2021, 20, 2796–2811. [CrossRef]

11. Almulla, A.F.; Supasitthumrong, T.; Tunvirachaisakul, C.; Algon, A.A.A.; Al-Hakeim, H.K.; Maes, M. The tryptophan catabolite
or kynurenine pathway in COVID-19 and critical COVID-19: A systematic review and meta-analysis. BMC Infect. Dis. 2022,
22, 615. [CrossRef]

12. Kucukkarapinar, M.; Yay-Pence, A.; Yildiz, Y.; Buyukkoruk, M.; Yaz-Aydin, G.; Deveci-Bulut, T.S.; Gulbahar, O.; Senol, E.;
Candansayar, S. Psychological outcomes of COVID-19 survivors at sixth months after diagnose: The role of kynurenine pathway
metabolites in depression, anxiety, and stress. J. Neural Transm. 2022, 129, 1077–1089. [CrossRef] [PubMed]

13. Vamos, E.; Pardutz, A.; Klivenyi, P.; Toldi, J.; Vecsei, L. The role of kynurenines in disorders of the central nervous system:
Possibilities for neuroprotection. J. Neurol. Sci. 2009, 283, 21–27. [CrossRef] [PubMed]

14. Lovelace, M.D.; Varney, B.; Sundaram, G.; Lennon, M.J.; Lim, C.K.; Jacobs, K.; Guillemin, G.J.; Brew, B.J. Recent evidence for
an expanded role of the kynurenine pathway of tryptophan metabolism in neurological diseases. Neuropharmacology 2017, 112
Pt B, 373–388. [CrossRef]

15. Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356–1365. [CrossRef]

https://covid19.who.int/
https://doi.org/10.1016/S0140-6736(22)01214-4
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.1080/23744235.2021.1924397
https://doi.org/10.1016/j.bbi.2021.12.020
https://doi.org/10.1080/2162402X.2020.1807836
https://doi.org/10.1038/s41380-019-0414-4
https://doi.org/10.3390/ijms22189879
https://doi.org/10.1002/path.5842
https://doi.org/10.1021/acs.jproteome.1c00052
https://doi.org/10.1186/s12879-022-07582-1
https://doi.org/10.1007/s00702-022-02525-1
https://www.ncbi.nlm.nih.gov/pubmed/35796878
https://doi.org/10.1016/j.jns.2009.02.326
https://www.ncbi.nlm.nih.gov/pubmed/19268309
https://doi.org/10.1016/j.neuropharm.2016.03.024
https://doi.org/10.1111/j.1742-4658.2012.08485.x


Psychiatry Int. 2023, 4 245

16. Cysique, L.A.; Jakabek, D.; Bracken, S.G.; Allen-Davidian, Y.; Heng, B.; Chow, S.; Dehhaghi, M.; Pires, A.S.; Darley, D.R.; Byrne,
A.; et al. Post-Acute COVID-19 Cognitive Impairment and Decline Uniquely Associate with Kynurenine Pathway Activation: A
Longitudinal Observational Study. Medrxiv 2022 preprint. Available online: https://www.medrxiv.org/content/10.1101/2022.06.
07.22276020v1.full.pdf+html (accessed on 22 February 2023).

17. Santamaría, A.; Jiménez-Capdeville, M.E.; Camacho, A.; Rodríguez-Martínez, E.; Flores, A.; Galván-Arzate, S. In vivo hydroxyl
radical formation after quinolinic acid infusion into rat corpus striatum. Neuroreport 2001, 12, 2693–2696. [CrossRef] [PubMed]

18. Jhamandas, K.H.; Boegman, R.J.; Beninger, R.J.; Miranda, A.F.; Lipic, K.A. Excitotoxicity of quinolinic acid: Modulation by
endogenous antagonists. Neurotox. Res. 2000, 2, 139–155. [CrossRef] [PubMed]

19. Bettini, E.; De Martin, S.; Mattarei, A.; Pappagallo, M.; Stahl, S.M.; Bifari, F.; Inturrisi, C.E.; Folli, F.; Traversa, S.; Manfredi, P.L. The
N-Methyl-D-Aspartate Receptor Blocker REL-1017 (Esmethadone) Reduces Calcium Influx Induced by Glutamate, Quinolinic
Acid, and Gentamicin. Pharmaceuticals 2022, 15, 882. [CrossRef]

20. Fava, M.; Stahl, S.; Pani, L.; De Martin, S.; Pappagallo, M.; Guidetti, C.; Alimonti, A.; Bettini, E.; Mangano, R.M.; Wessel, T.; et al. REL-
1017 (Esmethadone) as Adjunctive Treatment in Patients With Major Depressive Disorder: A Phase 2a Randomized Double-Blind
Trial. Am. J. Psychiatry 2022, 179, 122–131. [CrossRef]

21. Rahman, A.; Al-Qenaie, S.; Rao, M.S.; Khan, K.M.; Guillemin, G.J. Memantine Is Protective against Cytotoxicity Caused by Lead
and Quinolinic Acid in Cultured Rat Embryonic Hippocampal Cells. Chem. Res. Toxicol. 2019, 32, 1134–1143. [CrossRef]

22. Keilhoff, G.; Wolf, G. Memantine prevents quinolinic acid-induced hippocampal damage. Eur. J. Pharmacol. 1992, 219, 451–454.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.medrxiv.org/content/10.1101/2022.06.07.22276020v1.full.pdf+html
https://www.medrxiv.org/content/10.1101/2022.06.07.22276020v1.full.pdf+html
https://doi.org/10.1097/00001756-200108280-00020
https://www.ncbi.nlm.nih.gov/pubmed/11522949
https://doi.org/10.1007/BF03033790
https://www.ncbi.nlm.nih.gov/pubmed/16787837
https://doi.org/10.3390/ph15070882
https://doi.org/10.1176/appi.ajp.2021.21020197
https://doi.org/10.1021/acs.chemrestox.8b00421
https://doi.org/10.1016/0014-2999(92)90487-O

	Tryptophan Metabolism and Long COVID 
	The Kynurenine Pathway and Neurotoxicity 
	Counteracting the Effects of Quinolinic Acid 
	References

