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ARTICLE INFO ABSTRACT
Keywords: The global spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to the lasting
Long COVID pandemic of coronavirus disease 2019 (COVID-19) and the post-acute phase sequelae of heterogeneous negative
Omega-3 PUFAs impacts in multiple systems known as the “long COVID.” The mechanisms of neuropsychiatric complications of
gzglr:slit; long COVID are multifactorial, including long-term tissue damages from direct CNS viral involvement, unre-
Mood solved systemic inflammation and oxidative stress, maladaptation of the renin-angiotensin-aldosterone system
Cognition and coagulation system, dysregulated immunity, the dysfunction of neurotransmitters and hypothal-
Inflammation amus-pituitaryadrenal (HPA) axis, and the psychosocial stress imposed by societal changes in response to this
Sickness pandemic. The strength of safety, well-acceptance, and accumulating scientific evidence has now afforded
nutritional medicine a place in the mainstream of neuropsychiatric intervention and prophylaxis. Long chain
omega-3 polyunsaturated fatty acids (omega-3 or n-3 PUFAs) might have favorable effects on immunity,
inflammation, oxidative stress and psychoneuroimmunity at different stages of SARS-CoV-2 infection. Omega-3
PUFAs, particularly EPA, have shown effects in treating mood and neurocognitive disorders by reducing pro-
inflammatory cytokines, altering the HPA axis, and modulating neurotransmission via lipid rafts. In addition,
omega-3 PUFAs and their metabolites, including specialized pro-resolvin mediators, accelerate the process of
cleansing chronic inflammation and restoring tissue homeostasis, and therefore offer a promising strategy for
Long COVID. In this article, we explore in a systematic review the putative molecular mechanisms by which
omega-3 PUFAs and their metabolites counteract the negative effects of long COVID on the brain, behavior, and

immunity.

1. Introduction patients recovering from the acute phase of SARS-CoV-2 infection have
persistent clinical symptoms and signs, and these long-term or delayed
A new coronavirus strain, severe acute respiratory syndrome coro- consequences has been becoming a popular medical entity known as
navirus 2 (SARS-CoV-2), is responsible for the coronavirus disease 2019 “long COVID.” (Huang et al., 2021; Nalbandian et al., 2021; Rubin,

(COVID-19) pandemic, which has led to a global medical crisis. Many 2020). Indeed, since the first appearance of the term in July 2020, it’s

Abbreviations: ACE, Angiotensin-converting enzyme; COVID-19, coronavirus disease 2019; HPA, hypothalamus-pituitary-adrenal; PUFA, polyunsaturated fatty
acids; MaR, maresin; NpD, neuroprotectin D; RvD, resolvin D; RVE, resolvin E; SPMs, specialized pro-resolving mediators.
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been shown in the PubMed for 1073 times and titled 57 articles in BMJ,
49 articles in Lancet, and 46 articles in Nature and Science (PubMed
search on Feb. 28th, 2022).

Long COVID affects not only people with severe disease, but also
those with mild symptoms and not even hospitalized (Duncan et al.,
2020). Concerns have been raised about its impact on mental health and
on patients with mental illness (Taquet et al., 2021b). A high percentage
of patients diagnosed with the COVID-19 infection are prone to expe-
rience significant psychological distress recovered from the infection
(Mazza et al., 2020). A range of neuropsychiatric symptoms of long
COVID include anxiety, depression, post traumatic stress disorder
(PTSD), dysautonomia and non-restored sleep (Greenhalgh et al., 2020;
Nath, 2020). Other post-acute neurological manifestations of COVID-19
include migraine or late-onset headache attributable to high cytokine
levels, loss of taste and smell for up to 6 months, and cognitive distur-
bance that may present as difficulty with concentration, memory loss,
decreased receptivity to language, and/or executive dysfunction, such as
brain frog and dementia (Huang et al., 2021; Lopez-Leon et al., 2021;
Nalbandian et al., 2021). The substantial neuropsychiatric and neuro-
logical symptoms of long COVID may be fluctuating and were consistent
with prior human coronavirus epidemics (Carfi et al., 2020; Huang et al.,
2021).

The mechanisms underlying the neuropsychiatric complications of
long COVID are multifactorial, including the direct viral effects on the
CNS resulting in long-term tissue damage to the brain, persistent sys-
temic inflammation, and immune dysregulation; while psychosocial
stress due to changes in health, financial status or social life, as well as
the effects of oxidative stress and maladaptation of the renin-
angiotensin-aldosterone system (RAAS) and coagulation system, may
represent interactive pathways associated with psychopathological
mechanisms (Mazza et al., 2020). The overview of putative patho-
physiology of long COVID and associated neuropsychiatric symptoms is
outlined in Fig. 1. A holistic and multidisciplinary approach, including
nutritional support, individualized and adapted physical and cardio-
pulmonary rehabilitation, psychological support and cognitive training,
is recommended and is essential to reduce the catastrophic functional
outcomes of long COVID (Greenhalgh et al., 2020).

Recent studies suggest that omega-3 PUFAs may interact at different
stages of SARS-CoV-2 infection, particularly the viral entry and repli-
cation phases where persistent viral infection may be responsible for the
sustained inflammatory state of long COVID (Carmo et al., 2020;

Unresolved
Inflammation

LongTerm
Tissue Damage

Long COVID

Psycho

SocialImpact thers
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Fig. 1. The overview of putative pathophysiology of long COVID and associ-
ated neuropsychiatric symptoms, some of which are outlined here.
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Kandetu et al., 2020; Vibholm et al., 2021; Wang et al., 2020b; Gaebler
et al., 2021; Hirotsu et al., 2021; Li et al., 2020; Park et al., 2021; Wu
et al., 2020). There is growing evidence for the beneficial effects of
omega-3 PUFAs and their metabolites, namely specialized pro-resolving
mediators (SPMs), including amelioration of uncontrolled inflammatory
responses, reduction of oxidative stress and mitigation of coagulopathy
(Calder et al., 2020). Therefore, the nutritional status of omega-3 PUFAs
is particularly important for the overall immune response, tissue
inflammation and repair, which may be beneficial for the condition of
long COVID (Calder et al., 2020; Messina et al., 2020).

The demonstrated efficacy of omega-3 PUFAs, particularly EPA, in
treating mood disorders is mainly due to their ability to reduce pro-
inflammatory cytokines, alter the hypothalamus-pituitaryadrenal
(HPA axis), and regulate neurotransmission via lipid rafts (Chang et al.,
2020). In this article, we delineate the molecular mechanisms underly-
ing the resistance of omega-3 PUFAs to long COVID from data obtained
from animal studies, human clinical trials, and epidemiological studies.
These data postulate an important role of omega-3 PUFAs as a supple-
ment to neuropsychiatric complications associated with long COVID
(Table 1).

2. Epidemiology and clinical manifestations of psychiatric
symptoms of long COVID

The presence of a range of post-acute psychiatric manifestations of
COVID-19 are highlighted in many reviews and studies and the most
frequently disclosed are depression, anxiety, insomnia, and PTSD
(Huang et al., 2021; Lopez-Leon et al., 2021; Mazza et al., 2020; Nal-
bandian et al., 2021; Taquet et al., 2021a). Fluctuating cognitive im-
pairments known as brain fog, have also been noted, which may
manifest as difficulties in concentration, memory, receptive language,
and/or executive functioning (Heneka et al., 2020; Kaseda and Levine,
2020; Ritchie et al., 2020). Notably, the range of patients influenced by
one or more neuropsychiatric symptoms of long COVID could be around
18.1%-56%, and this is comparable to prior human coronavirus epi-
demics (Carfi et al., 2020; Huang et al., 2021).

In a cohort study of 402 adults surviving COVID-19 (265 male, mean
age 58) in Italy, after 1 month of hospital treatment, approximately 56%
screened positive in at least one of the domains evaluated for psychiatric
sequelae (depression, anxiety, insomnia, PTSD and obsessi-
ve-compulsive symptoms) (Mazza et al., 2020). In a post-acute cohort
study of the consequences of COVID-19 in Chinese patients discharged
from hospital, approximately one-quarter of patients experienced anxi-
ety, depression, and sleep difficulties at 6-month follow-up (Huang
et al., 2021). An analysis of retrospective cohort studies of 62,354
COVID-19 cases from 54 healthcare organizations in the United States
showed an 18.1% incidence of first and recurrent psychiatric illness
within 14 to 90 days of diagnosis (Taquet et al., 2021b). More infor-
matively, the report also noted that the estimated overall probability of
diagnosing a new psychiatric illness within 90 days of COVID-19 diag-
nosis was 5.8% in a subset of 44,759 patients with no previously known
psychosis. In another retrospective cohort study of 236,379 COVID-19
survivors using electronic health records, 1 in 3 patients experienced
neuropsychiatric disorders within 6 months of COVID-19 diagnosis,
which was 44% more common than among influenza survivors (Taquet
et al., 2021a).

It is apparent that in the foreseeable future, the demand for health
care for people with neuropsychiatric sequelae of long COVID will
continue to increase, and further interdisciplinary integration is needed
to improve the physical and mental health of COVID-19 survivors.

3. Inflammation/ neuroinflammation in long COVID and the
role of Omega-3 PUFAs

Evidence shows that SARS-CoV-2 can be persistently detected in the
body beyond the acute infection stage (Carmo et al., 2020; Kandetu
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Table 1

The association of potential mechanism of Long COVID and OMEGA-3 PUFAs.
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Long COVID

Potential involved mechanism

Reference

Potential effect of OMEGA-3 PUFAs

Reference

Brain damage

Inflammation/
Neuroinflammation

Pschychoneuroimmunity

Dysfunction of glymphatic
system

Oxidative stress

Neurotropism and replication capacity in
neuronal cultures, brain organoids

Changes in brain parenchyma and vessels
-altering the integrity of blood-brain and
blood-cerebrospinal fluid barriers

-drove inflammation in neurons, brain
vasculature and supportive cells

Cognitive, psychiatric and dysautonomic
impairment

-hypometabolism in various brain areas
such as the right temporal lobe,
connected limbic and paralimbic regions
including the amygdala and the
hippocampus, the brainstem, the
cerebellum and the hypothalamus
Multisystem inflammatory syndrome

Interference immune cell transmigration,
blood-brain barrier permeability, and the
expression of radicals and other pro-
oxidative molecules, and disrupts the
mechanisms of neurotransmission

Neurophysiological impacts of long-term
CNS damage from

-viral involvement

-unresolved neuroinflammation
-post-infectious autoimmunity through
molecular mimicry between COVID-19
epitopes and host molecules such as
human myelin, and impairment of the
glymphatic system, endocrine system and
mitochondrial function

Damage to olfactory sensory neurons,
causing an increased resistance to CSF
outflow through the cribriform plate, and
further leading to congestion of the
glymphatic-lymphatic system with
subsequent toxic build-up within the CNS

Severe oxidative stress and the
perpetuation of cytokine storms and
blood clotting mechanisms, which will
exacerbate hypoxia and aggravate tissue
damage

ME/CFS, the symptoms of long COVID
may also be due to redox imbalance,
which in turn is associated with

(Ackermann et al., 2020;
Chu et al., 2020; Sun

et al., 2020; von
Weyhern et al., 2020;
Zhang et al., 2020a)

(Reichard et al., 2020;
Romero-Sanchez et al.,
2020)

(Guedj et al., 2021; Yan
et al., 2021)

(Amato et al., 2021;
Belot et al., 2020; Morris
et al., 2020)

(Amato et al., 2021;
Belot et al., 2020; Morris
et al., 2020)

(Llach and Vieta, 2021)

Anxiety, mood
disorders, and suicidal
thoughts (Frank et al.,
2020; Nalleballe et al.,
2020)Depression

(Yuan et al., 2020)Poor
sleep and mood
disorders

(Lee, 2020; Zhang et al.,
2020b)

(Wostyn, 2021)

(Khomich et al., 2018;
Reshi et al., 2014)

(Paul et al., 2021)
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Brain protection: Regenerative,
neuroprotective and neurotrophic effects
-suppressing NF-kB activation
-inhibiting ROS production, heme
oxygenase 1 activity

-attenuating apoptosis

Beneficial effects on neurodegenerative
diseases, cerebral ischemia, neurotrauma
and other brain disorders

SPMs have been reported to significantly
improve behavioral, neurological and
histological outcomes

-modulating inflammatory, anti-
oxidative, neurotrophic, and anti-
apoptotic

Activation of PPARy

Inhibition of leukocyte chemotaxis
Deactivation of NF-kB

Reduction of adhesion molecule
expression and leukocyte-endothelial
adhesive

Destabilizing membrane lipids rafts
EPA and DHA contribute to the synthesis
of SPMs

-inflammatory resolution process
-limiting the level and duration of critical
inflammatory phases

-supporting tissue regeneration
-restoring tissue homeostasis

Limiting the migration of neutrophils
and monocytes across the epithelial cells,
cytokines (IL-1p and TNF-a) and
chemokines production in damaged
tissues and promoting clearance or PMN,
leukocytes, apoptotic cells

Maintain and protect brain function by
interacting with phospholipid
metabolism and thereby modulating
signal transduction

Reducing pro-inflammatory cytokines,
restoring the HPA axis, altering the gut-
brain axis, modulating
neurotransmission through lipid rafts,
and possibly enhancing immunity

Prevent vascular dementia via salutary
effects on lipids, inflammation,
thrombosis and vascular function
Beneficial effects on neuronal
functioning, inflammation, oxidation
and cell death, as well as on the
development of the characteristic
pathology of Alzheimer’s disease
Decrease Ap production and aggregation
in the brain, and act on the AQP4-
mediated glymphatic pathway to
promote interstitial Af clearance
Up-regulate anti-oxidant enzymes (e.g.
SOD)Down-regulate pro-oxidant
enzymes

(e.g. NOS)

Directly scavenge free radicals

(Liu et al., 2014; Lu et al.,
2010; Luo et al., 2014; Zhang
et al., 2014)

(Chiu et al., 2008; Lin et al.,
2012; Lin et al., 2010; Luo
et al., 2014; Michael-Titus,
2009; Su et al., 2008; Su

et al., 2014; Su et al., 2018;
Zhang et al., 2011)
(Belayev et al., 2011;
Blondeau et al., 2009;
Horrocks and Farooqui,
2004; Lu et al., 2010; Rao
et al., 2007; Shi et al., 2016)

(Calder, 2012, 2013; Rogero
and Calder, 2018)

(Rius et al., 2012; Serhan
et al., 2004; Serhan et al.,
2008)

(Rius et al., 2012; Serhan
et al., 2004; Serhan et al.,
2008)

(Chang et al., 2019; Guu
et al., 2019; Su et al., 2008;
Su et al., 2018)

(Chang and Su, 2010; Wang
et al., 2021)

(Robinson et al., 2010)

(Wostyn, 2021)

(Ren et al., 2017)

(Anderson et al., 2014)

(continued on next page)
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Table 1 (continued)
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Long COVID Potential involved mechanism

Reference

Potential effect of OMEGA-3 PUFAs Reference

inflammation, a defective energy
metabolism, and a hypometabolic state
Induces a downregulation of ACE2, from
which follow the reduced ACE2 levels
that are associated with decreased
formation of Ang-(1-7) and the loss of its
vasodilatory, anti-inflammatory and
cardiovascular protective effects
Directly linked to the viral S protein/
ACE2 axis, the downregulation of ACE2,
and the damage caused by the immune
response

The consumption of coagulation factors,
as marked by thrombocytopenia
-extension of prothrombin time-
prominent elevation of D-dimer and other
fibrinogen degradation products

(FDPs)

Some of the most resistant amyloid
deposits to fibrinolysis are present in
large amounts in plasma samples from
long COVID and are not readily lysed
even by the two-step trypsin method

Imbalance of RAAS system

Disordered Coagulopathy

Virus entry and replication
for persistent viral
infection

Lipid raft modulation may be an option to
reduce ACE2-mediated virus infection
where ACE2 and TMPRSS2 are mainly
expressed

(Yan et al., 2020).

(Tang et al., 2020)

(Pretorius et al., 2021)

(Goc et al., 2021; Vivar-
Sierra et al., 2021)

Improve the formation of beneficial
prostaglandin, but also inhibit ACE
activity, reduce angiotensin II formation,
activate eNOS generation, suppress TGF-
8 expression and enhance the
parasympathetic nervous system

(Borghi and Cicero, 2006;
Darwesh et al., 2021)

(Cooper et al., 2021)

Antithrombotic effects against platelet (Lordan et al., 2020)
activating factors and other

prothrombotic pathways, including

thrombin, collagen, and adenosine

diphosphate

EPA and DHA contribute significantly to
the regulation of platelet function in
hemostasis and thrombosis due to their
ability to act on platelet membranes via
COX-1 and 12-LOX to reduce platelet
aggregation and TX release, and
metabolize fatty acids in platelets into a
beneficial group of oxylipins

EPA and DHA could bind to the S protein
of SARS-CoV-2, locking its inactive
conformation and preventing the
interaction between S protein and ACE2,
thus preventing SARS-CoV-2 infection
LA and EPA significantly interfered with
binding to the SARS-CoV-2 receptor
ACE2, which implies blocking the entry
of SARS-CoV-2

The binding of omega-3 PUFAs to cell
membranes would alter their key
properties, which in turn would affect
the amount of SARS-CoV-2 protein and
its affinity for ACE2.

(Lordan et al., 2020; Park and
Harris, 2002)

(Vivar-Sierra et al., 2021)

(Goc et al., 2021)

(Goc et al., 2021; Vivar-
Sierra et al., 2021).

Abbreviation: ACE: Angiotensin-Converting Enzyme; AQP4: Aquaporin 4; CNS: central nervous system; COS: Cyclooxygenase; CSF: cerebrospinal fluid; DHA: Do-
cosahexaenoic acid; eNOS: endothelial nitric oxide synthase; EPA: Eicosapentaenoic acid; FDP: fibrinogen degradation products; IL: interleukin; LA: linolenic acid;
LOX: lipoxygenase; ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome; NF-kB: nuclear factor-kappa B; NOs: nitric oxide synthase; PGs:; PMN: poly-
morphonuclear; PPARy: peroxisome proliferator-activated receptor Gamma; PUFA: polyunsaturated fatty acids; ROS: reactive oxygen species, SOD: superoxide dis-
mutase; SPMs: specialized pro-resolving mediators; TMPRSS2: Transmembrane protease, serine-2; TX: thromboxane; TNF: Tumor Necrosis Factor.

et al., 2020; Vibholm et al., 2021; Wang et al., 2020b); (Gaebler et al.,
2021; Hirotsu et al., 2021; Li et al., 2020; Park et al., 2021; Wu et al.,
2020). Furthermore, multisystem inflammatory syndrome (MIS)
occurring 2-6 weeks after SARS- CoV-2 infection play a role in persistent
effects of COVID-19 (Amato et al., 2021; Belot et al., 2020; Morris et al.,
2020). The neuroinflammatory status compromises the immune cell
transmigration, blood-brain barrier permeability, and the expression of
radicals and other pro-oxidative molecules, and disrupts the mecha-
nisms of neurotransmission (Amato et al., 2021; Belot et al., 2020;
Morris et al., 2020). Ultimately, the persistence of the virus which leads
to long-lasting inflammation/neuroinflammation may provide a theo-
retical basis for the psychiatric long lasting manifestations (Mazza et al.,
2020).

It is worth noting that mechanisms underlying the anti-inflammatory
actions of omega-3 PUFAs involve activation of anti-inflammatory
transcription factors, such as peroxisome proliferator-activated recep-
tor Gamma (PPARy), inhibition of leukocyte chemotaxis, deactivation of
nuclear factor kappa B (NF-xB), reduction of adhesion molecule
expression and leukocyte-endothelial adhesive interactions, and desta-
bilizing membrane lipids rafts (Calder, 2012, 2013; Rogero and Calder,
2018). Furthermore, when oxidized by enzymes, EPA and DHA
contribute to the synthesis of SPMs, which play an effective role in the
inflammatory resolution process, limiting the level and duration of
critical inflammatory phases, supporting tissue regeneration, and

22

restoring tissue homeostasis (Rius et al., 2012; Serhan et al., 2004;
Serhan et al., 2008). E-series resolvins from EPA, D-series resolvins,
maresins and protectins from DHA have significant anti-inflammatory
properties by limiting the migration of neutrophils and monocytes
across the epithelial cells, cytokines (IL-1f and TNF-a) and chemokines
production in damaged tissues and promoting clearance or poly-
morphonuclear (PMN), leukocytes, apoptotic cells and debris from the
site of inflammation (Rius et al., 2012; Serhan et al., 2004; Serhan et al.,
2008). However, further studies on omega-3 PUFAs for the treatment of
long COVID and their anti-inflammatory effects on long-lasting inflam-
mation with immunologic aberrations in patients with long COVID still
need to be supported by well-conducted and properly controlled clinical
trials.

4. The pschychoneuroimmunity models against long covid with
Omega-3

The psychoneuroimmunity model of long COVID comprises fear,
stigma, or psychological impact of several illness, and compounds the
effects of psychological stressors imposed by societal changes. In addi-
tion, the government’s city lockdown measures, not only halted general
social interactions, but also had a negative impact on mental health,
leading to decreased immunity and slower recovery. It also complicates
the neurophysiological impacts of long-term CNS damage from viral
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involvement, unresolved neuroinflammation, post-infectious autoim-
munity through molecular mimicry between COVID-19 epitopes and
host molecules such as human myelin, and impairment of the glym-
phatic system, endocrine system and mitochondrial function (Llach and
Vieta, 2021).

In addition to the overwhelming studies on the positive effects of
supplementation with omega-3 PUFAs, there have been several inverse
studies on the deficiency outcomes with omega-3 PUFAs. These studies
did find a significant inverse relationship between deficiency of omega-3
PUFAs and the manifestation of several neuropsychiatric disorders,
including major depressive disorder (MDD) (Lin et al., 2010), perinatal
depression (Freeman, 2006), attention deficit hyperactivity disorder
(ADHD) (Chang et al., 2018), and dementia (Lin et al., 2012). In
response to these neuropsychiatric manifestations of deficiency in
omega-3 PUFAs, other interventional studies of omega-3 PUFA supple-
mentation have found that they have the potential to maintain and
protect brain function by interacting with phospholipid metabolism and
thereby modulating signal transduction; and improve clinical outcomes
in MDD (Guu et al., 2019), perinatal depression (Su et al., 2008), ADHD
(Chang et al., 2019), and anxiety disorders (Su et al., 2018). As we know,
the HPA axis is also affected by COVID-19, which is usually activated by
stress and can further influence the emotional state of an individual.
Omega-3 PUFAs, particularly EPA, have been shown to treat mood
disorders by reducing pro-inflammatory cytokines, restoring the HPA
axis, altering the gut-brain axis, modulating neurotransmission through
lipid rafts, and possibly enhancing immunity to the physical and mental
effects of COVID-19 through these potential mechanisms (Chang and Su,
2010; Wang et al., 2021). It is worth mentioning that the International
Society for Nutritional Psychiatry Research (ISNPR) has also published
practice guidelines for omega-3 PUFAs in the treatment of MDD (Guu
et al., 2019). It appears that, omega-3 PUFAs could also be used as a
potential nutrient in patients with neuropsychiatric complications of
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long COVID and further studies are needed to confirm the important role
of omega-3 PUFAs as a supplement to neuropsychiatric complications
associated with long COVID. Fig. 2 outlines the potential molecular
mechanisms of omega-3 PUFAs on long COVID.

5. Restoration of the clearance function of the glymphatic
system in long COVID

Interestingly, post-COVID-19 fatigue has been compared with
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), with
many overlaps between the two (Stefano et al., 2021; Wang et al.,
2020a). The symptoms mostly comprise of a feeling of extreme fatigue,
non-restorative sleep, variable nonspecific myalgia and headache and
having a trouble in thinking/remembering often described as “brain
fog”. This syndrome may result from damage to olfactory sensory neu-
rons, causing an increased resistance to CSF outflow through the crib-
riform plate, and further leading to congestion of the glymphatic-
lymphatic system with subsequent toxic build-up within the CNS
(Wostyn, 2021). Strategies that can restore or improve the clearance
function may hold great promise in treating the symptoms of brain fog or
post-COVID-19 fatigue including insomnia and brain fog.

Omega-3 PUFAs have shown a wide variety of beneficial effects on
neuronal functioning, inflammation, oxidation and cell death, as well as
on the development of the characteristic pathology of Alzheimer’s dis-
ease (Wostyn, 2021). Notably, omega-3 PUFAs not only decrease Af
production and aggregation in the brain but also act on the AQP4-
mediated glymphatic pathway to promote interstitial Af clearance
(Ren et al., 2017). By improving glymphatic transport and decreasing
toxin aggregation, omega-3 PUFAs has therefore been suggested to deal
with neuropsychiatric complications of long COVID. Further studies are
needed to confirm the important role of omega-3 PUFAs as a modulation
of glymphatic system associated with long COVID.

Anti-virus invasion

Psvcho-social-modulation

Psychoneuroimmunity
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Coagulopathy
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Fig. 2. The summary of potential molecular mechanisms of omega-3 polyunsaturated fatty acids on long COVID. ACE: Angiotensin-converting enzyme; HPA:
hypothalamus-pituitary-adrenal; MaR: maresin; n-3 PUFAs: Long chain omega-3 polyunsaturated fatty acids; NpD: neuroprotectin D; RvD: resolvin D; RVE: resolvin E.
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6. Possession of the anti-oxidant properties for long COVID

It is known that the hypoxia caused by SARS-CoV-2 will also lead to
the generation of superoxide, H202 and other reactive oxygen species
(ROS). As in ME/CFS, the symptoms of long COVID may also be due to
redox imbalance, which in turn is associated with inflammation, a
defective energy metabolism, and a hypometabolic state (Paul et al.,
2021). Omega-3 PUFAs have been found to exhibit anti-oxidant prop-
erties due to their ability to up-regulate anti-oxidant enzymes (e.g. su-
peroxide dismutase) and down-regulate pro-oxidant enzymes (e.g. nitric
oxide synthase), and their potential to directly scavenge free radicals
(Anderson et al., 2014). Therefore, it can be hypothesized that increased
omega-3 PUFAs and their corresponding metabolites may provide
beneficial control of free radical generation, ROS production, and
oxidant stress prevention which may help the resolution of oxidative
stress in long COVID.

7. Modulation of the balance of the RAAS system for long COVID

The development of long COVID is speculated to be directly linked to
the viral S protein/ACE2 axis, the downregulation of ACE2, and the
damage caused by the immune response (Cooper et al., 2021). Inter-
estingly, intervention with omega-3 PUFAs not only improve the for-
mation of beneficial PGs, but also inhibit angiotensin-converting
enzyme activity, reduce angiotensin II formation, activate endothelial
nitric oxide synthase (eNOS) generation, suppress TGF-beta expression
and enhance the parasympathetic nervous system (Borghi and Cicero,
2006; Darwesh et al., 2021). The end result is ameliorated vasodilation
and arterial compliance in both small and large arteries, which may in
turn reduce complications. This suggests a novel role for omega-3 PUFAs
in correcting the imbalance in the RAAS system that increases Ang-(1-7)
production, decreases Ang II levels, and ultimately modulates inflam-
mation caused by SARS-CoV-2 infection, thus potentially serving as an
adjuvant therapy to limit acute and/or long-term complications due to
COVID-19 (Darwesh et al., 2021).

8. Potential coagulopathy improvement of long COVID

Clinical manifestations of coagulation dysfunction caused by SARS-
CoV-2 can be the presence of extensive microvascular or macro-
vascular thrombosis (Tang et al., 2020). Notably, some of the most
resistant amyloid deposits to fibrinolysis are present in large amounts in
plasma samples from long COVID and are not readily lysed even by the
two-step trypsin method (Pretorius et al., 2021). Omega-3 PUFAs exhibit
potent antithrombotic effects against platelet activating factors and
other prothrombotic pathways, including thrombin, collagen, and
adenosine diphosphate (Lordan et al., 2020). Within this family of
omega-3 PUFAs, the EPA and DHA contribute significantly to the
regulation of platelet function in hemostasis and thrombosis due to their
ability to act on platelet membranes via COX-1 and 12-LOX to reduce
platelet aggregation and TX release, and metabolize fatty acids in
platelets into a beneficial group of oxylipins (Lordan et al., 2020; Park
and Harris, 2002). However, our current level of knowledge only allows
us to speculate that supplementation with omega-3 PUFAs may be
effective in patients with long COVID.

9. Viral entry and replication interference in persistent viral
infections of long COVID

SARS-CoV-2 is known for their neurotropism, and neuronal and glial
dysfunctions and death can be triggered by either direct neuronal
retrograde neuro-invasive or indirect hematogenous routes (Llach and
Vieta, 2021). It is postulated that persistent viral infection or new
COVID-19 variants may be responsible for the long-term complications
of long COVID (Paul et al., 2021). Since neurons rarely regenerate, the
resulting brain dysfunction may be long-lasting, leading to neurological
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and neuropsychiatric sequelae that might underlie long COVID (Yong,
2021).

Studies have shown that the incorporation of omega-3 PUFAs in
neutrophil membrane phospholipids enhances immune function and
kills pathogens by promoting neutrophil migration, phagocytosis and
production of reactive free radicals (Gutierrez et al., 2019). The up-
regulation of immune cell activation in macrophages by omega-3
PUFAs is accomplished by the secretion of cytokines and chemokines,
which promote phagocytosis and polarize macrophages into classically
activated (M1) and alternatively activated (M2) macrophages (Eslamloo
et al., 2017; Hathaway et al., 2020). Recently, a study showed that by
high dietary intake or supplementation of omega-3 PUFAs, EPA and
DHA could bind to the S protein of SARS-CoV-2, locking its inactive
conformation and preventing the interaction between S protein and
ACE2, thus preventing SARS-CoV-2 infection (Vivar-Sierra et al., 2021).
It is postulated that lipid raft modulation may be an option to reduce
ACE2-mediated virus infection where ACE2 and TMPRSS2 are mainly
expressed (Goc et al., 2021; Vivar-Sierra et al., 2021). Intriguingly,
another study found that linolenic acid (LA) and EPA significantly
interfered with binding to the SARS- CoV-2 receptor ACE2, which im-
plies blocking the entry of SARS-CoV-2 (Goc et al., 2021). Furthermore,
EPA showed higher efficacy than LA in reducing the activity of
TMPRSS2 and cathepsin L protease, rather than the ACE2 receptor. It
appears that the binding of omega-3 PUFAs to cell membranes would
alter their key properties, which in turn would affect the amount of
SARS-CoV-2 protein and its affinity for ACE2 (Goc et al., 2021; Vivar-
Sierra et al., 2021). For those who cannot receive vaccines or for
whom vaccination is ineffective, the useful antiviral properties of
omega-3 PUFAs will be particularly important for patients with persis-
tent viral infections, and will thus improve the condition of long COVID.

10. Future perspective

Two relatively large randomized clinical trials (RCTs) are currently
underway to test the hypothesis that treatment of severe forms of
COVID-19 with omega-3 PUFAs (EPA alone or EPA with DHA) is
beneficial (EPA-COV-001, 2020; MRC-04-20-1120, 2020). However,
clinical interventional studies investigating the role of omega-3 PUFAs
in individuals with long-COVID are currently not available. Nonetheless,
due to their generally favorable profiles from various standpoints (psy-
chiatric, cardiovascular, etc.), omega-3 PUFAs can be considered a po-
tential health supplement to help maintain physical and mental health in
this unabated epidemic, both in the acute and long COVID phases.
Recently, various guidelines have been proposed by public health and
primary care physicians for the diagnosis and management of long
COVID (Crook et al., 2021; Escardio.org, 2020; Excellence, 2020; Or-
ganization, 2021; Siso-Almirall et al., 2021; USnews.com, 2021);
Nevertheless, other relevant guidelines aimed at treating specific psy-
chiatric problems may also be helpful in treating long COVID, such as
the ISNPR practice guidelines for omega-3 PUFAs in the treatment of
MDD (Guu et al., 2019).

Furthermore, there are still some questions that remain to be
addressed. What is the optimal dose and duration of treatment for
omega-3 PUFAs as a supplement to fight long COVID? Should the cli-
nicians consider the baseline omega-6: omega 3 ratios in each patient
before administration? What are the potential benefits and risks of high-
dose omega-3 PUFAs supplementation for long COVID? What are the
roles and differences of the omega-3 PUFAs family (ALA, EPA, DHA) in
preventing or dealing with long COVID? Which subpopulation of pa-
tients should be selected in cases of long COVID? Which biomarkers are
closely associated with the therapeutic response to omega-3 PUFAs for
long COVID? These issues are extremely important and need to be
addressed to provide more effective treatment options for patients with
long COVID. To answer these questions, scientists and clinicians should
join the global community’s effort and focus on high-quality, evidence-
based research in response to the long-term neuropsychiatric sequel.
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11. Conclusion

This review highlights the molecular mechanisms of omega-3 PUFAs
mediated resistance against long COVID based on available evidence. In
addition to preserving or repairing the brain structure and function by
interacting with phospholipid metabolism and the known shift in the
pattern of lipid metabolites to a more anti-inflammatory metabolite
profile, omega-3 PUFAs and/or their biologically active metabolites
have the potential to improve oxidative stress, and immune dysregula-
tion; maladaptation of the RAAS and coagulation system; and psycho-
social stress from changes in health, financial status, or social life.
Despite these promising effects of omega-3 PUFAs, additional epidemi-
ological, experimental, and RCTs are needed to test, validate, and
translate these proposed effects in the context of long COVID. The in-
formation presented in this review has not been widely deliberated in
other literature and may serve as a starting point for further exploration
of omega-3 PUFAs on long COVID.
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