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In around 10% of SARS-CoV-2 infected patients, coronavirus disease-2019 (Covid-19) symptoms are
complicated with a severe lung damage called Acute Respiratory Distress Syndrome (ARDS), which is
often lethal. ARDS is mainly associated with an uncontrolled overproduction of immune cells and cy-
tokines, called “cytokine storm syndrome”; it appears 7e15 days following the onset of symptoms,
leading to systemic inflammation and multiple organ failure. Because they are well-known metabolic
precursors of specialized pro-resolving lipid mediators (SPMs), omega-3 long-chain polyunsaturated
fatty acids (omega-3 LC-PUFAs) could help improve the resolution of the inflammatory balance, limiting
therefore the level and duration of the critical inflammatory period. Omega-3 LC-PUFAs may also interact
at different stages of the viral infection, notably on the virus entry and replication. In the absence of
demonstrated treatment and while waiting for vaccine possibility, the use of omega-3 LC-PUFAs deserve
therefore to be considered, based on previous clinical studies suggesting that omega-3 supplementation
could improve clinical outcomes of critically ill patients at the acute phase of ARDS. In this context, it is
crucial to remind that the omega-3 PUFA dietary intake levels in Western countries remains largely
below the current recommendations, considering both the omega-3 precursor a-linolenic acid (ALA) and
long chain derivatives such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). An opti-
mized omega-3 PUFAs status could be helpful to prevent infectious diseases, including Covid-19.

© 2020 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction
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19). Upon binding via its Spike (S) protein, SARS-CoV-2 uses the
angiotensin-converting enzyme 2 (ACE2) as an entry receptor in
several cell types, including lung alveolar epithelial cells (type 1
and type 2 pneumocytes). This receptor-mediated endocytosis is
followed by the activation of the S protein in the viral envelope
by the transmembrane serine protease 2 (TMPRSS2), a
membrane-bound enzyme localized near the ACE2 receptor [1].
Alternatively, direct proteolytic cleavage of the viral S protein by
TMPRSS2 on the surface of host cells has been described to
induce the fusion of the viral and plasma membranes, leading
to the release of the viral single stranded-RNA into the cyto-
plasm [2]. Once in endosomes or cytoplasm, the viral RNA
aire (SFBBM). All rights reserved.

ry supplementation help reduce severe complications in Covid-19

mailto:ronan.thibault@chu-rennes.fr
www.sciencedirect.com/science/journal/03009084
http://www.elsevier.com/locate/biochi
https://doi.org/10.1016/j.biochi.2020.09.003
https://doi.org/10.1016/j.biochi.2020.09.003


P. Weill et al. / Biochimie xxx (xxxx) xxx2
activate nucleic acid sensing systems like Toll-like receptors
(TLR7 and 9) which initiate the anti-viral response of the innate
immune system by triggering first the expression of type 1 in-
terferons, followed by activation of NF-kB and proinflammatory
cytokines.

In 10e15% of all cases, Covid-19 is complicated by severe
pneumonia requiring hospitalization, with a high risk of
developing an Acute Respiratory Distress Syndrome (ARDS),
which can lead the patient to the intensive care unit (ICU) and
is often lethal. ARDS is mainly associated with an uncontrolled
overproduction of immune cells and cytokines, called “cytokine
storm syndrome”, which appears 7e15 days following the onset
of symptoms, leading to systemic inflammation and multiple
organ failure. Covid-19 general mortality rate is about 2% and
hospital mortality rate is about 10% [3]. To date, there is no
vaccine and only the antiviral prodrug Remdesivir has been
approved as an effective drug therapy to treat the disease [4,5].
Additionally, little is known to prevent its progression to a
serious condition. The global burden of infection being high and
worldwide, all kind of treatments, including dietary supple-
mentation and pharmaco nutrition trials, deserve to be tested
[6]. Background from other coronaviruses, like SARS-CoV-1 and
MERS-CoV are also important to remind.

In this context, it is well admitted that adequate supply and
balance of nutrients are required for proper functioning of both the
innate and adaptive immune system. Essential PUFAs coming from
the diet have a very special role in this process, because they
participate to control chronic and acute inflammations. Because
they are well-known metabolic precursors of specialized pro-
resolving lipid mediators (SPMs), omega-3 long-chain poly-
unsaturated fatty acids (omega-3 LC-PUFAs) could notably help
improve the resolution of the inflammatory balance, limiting
therefore the level and duration of the critical inflammatory period
[7]. Omega-3 LC-PUFAs may also interact at different stages of the
viral infection, notably on the virus entry and replication. Therefore,
the nutritional status for PUFAs is particularly important in tissue
inflammatory status and overall immune response [7,8]. In this
context, it is crucial to remind that the omega-3 PUFA dietary intake
levels in Western countries remain largely below the current rec-
ommendations, considering both the omega-3 precursor a-lino-
lenic acid (ALA) and long chain derivatives such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
[9,10].

In this Hypothesis article, we suggest that omega-3 PUFA
dietary supplementation may be beneficial to reduce the risk of
coronavirus complications, progressing to serious outcomes like
ARDS, with the need for artificial ventilation in ICU. The rational
for such Hypothesis is based on the following data. An increased
intake level (long-term supplementation for prevention against
infection or short-term supplementation in acute inflammation
phase) of omega-3 PUFAs, including both a-linolenic acid (ALA)
as precursor and long-chain derivatives (EPA, DPA docosa-
pentaenoic acid and DHA) may increase their overall tissue
storage. This higher cell and tissue omega-3 status could lead to
a better conversion to SPMs, leading in turn to a more rapid
resolution of inflammation, improving the severity of the
cytokine storm, and improving finally the outcome of Covid-19
infected patients.

To support these hypotheses, we first present the demonstrated
and putative molecular mechanisms involving omega-3 PUFAs in
the prevention from viral infection and in the inflammation reso-
lution. Then, we review the data obtained in animal experiments,
human clinical trials and epidemiological studies supporting an
interesting role of omega-3 PUFA supplementation against viral
infection-associated inflammation.
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2. Omega-3 PUFAs may interfere with virus entry and
replication

2.1. Omega-3 PUFAs may modulate membrane rafts where ACE2
and TMPRSS2 are mainly expressed

ACE2 and TMPRSS2 are described to be mainly present in lipids
rafts [1], which are cholesterol and sphingolipid-enriched mem-
brane microdomains within the lipid bilayer. It was previously
shown that lipid rafts were involved in SARS-CoV entry into Vero E6
cells [11]. In addition, Glende et al. [12] suggested that lipid raft
modulation may be an option to reduce ACE2-mediated virus
infection.

As constitutive part of the membrane phospholipids, omega-3
PUFAs can regulate membrane properties, such as membrane
fluidity and protein complex assembly in lipid rafts. The number
and size of raft and non-raft domains may also modulate the
expression, stability and enzymatic activities of ACE2 and TMPRSS2.
Among omega-3 LC-PUFAs, DHA is described to directly regulate
the formation of lipid rafts [13].

2.2. Omega-3 PUFAs may counteract the viral activation of SREBP1/
2

Viruses are known to manipulate cell metabolism to facilitate
their replication cycle. A described virus strategy is to reprogram
host lipid metabolism, in order to provide enough lipid molecules
required for the synthesis of the virion replication membranes. The
isomers of the transcription factor SREBP (Sterol Regulatory
Element Binding Protein) are involved in this metabolic reprog-
ramming. For instance, MERS-CoV has been shown to manipulate
host cellular lipid metabolism and reprogram the de novo SREBP-
dependent lipogenesis pathway, to ensure its replication [14].
SREBPs has also been shown to be activated during flavivirus
infection [15]. Therefore, SREBP1/2 was defined as a potential
broad-spectrum antiviral target for therapeutic intervention.

In this context, one can speculate that, since omega-3 LC-PUFAs
are well-known intracellular inhibitors of SREBP transcription and
maturation, a higher cellular impregnation level may counteract
the activating effect of the virus and lower its replication duration.
Indeed, EPA and DHA inhibit SREBP1 conversion from its inactive
form to its active mature form and increase the degradation of
SREBP-1c mRNA. This inhibition results in overall decrease in
cellular concentration of the mature form of SREBP and less tran-
scription of lipogenic genes coding notably for Acetyl-CoA
Carboxylase, Fatty Acid Synthase and Stearoyl-CoA Desaturase
[16]. It was suggested that the cholesterol and fatty acid biosyn-
thesis pathways play a role in Hepatitis C Virus (HCV) RNA repli-
cation and infection [17]. In connection with the previous
hypothesis on lipid rafts, omega-3 LC-PUFAs may also inhibit
SREBP2-induced cholesterol synthesis, mainly via the transcription
level of HMG-CoA reductase.

3. Omega-3 PUFAs may help improve the resolution phase of
inflammation

LC-PUFAs play a critical role in inflammatory processes and
innate immune response, thereby affecting human health and
diseases. As a first step of the immune response, inflammation is a
biological defense against physical, biological or infectious injury to
body cells. It involves a series of processes, like leucocyte recruit-
ment, whose first purpose is to eliminate the causes and aggressors.
This first phase is called the “promotion” phase. Then, the second
phase tries to restore the affected cell and tissue homeostasis and is
called the “resolution” phase.
ry supplementation help reduce severe complications in Covid-19



Fig. 1. e Expected mechanisms of the anti-inflammatory effect of omega-3 long
chain polyunsaturated fatty acids (omega-3 LC-PUFAs) and cytokine storm pre-
vention during the Coronavirus disease-2019. General population has deficiency in
Omega-3 LC-PUFAs that increases proportion of arachidonic acid (ARA) from Omega-6
PUFA family in phospholipid membranes of the cells. ARA is liberated from its sn-2
position by the phospholipase A2 (PLA2) and become a substrate for cyclooxygenase
enzymes (COX1 and COX2). Prostaglandins E2 (PGE2) is synthesized from ARA and is
pro-inflammatory by activating NF-kB and lead to systemic chronic low-grade
inflammation and a higher response to severe acute inflammation. A nutritional
supplementation in omega-3 fatty acids may decrease or even remove the deficiency
in population. This supplementation will increase eicosapentaenoic acid (EPA), omega-
3 DPA and docosahexaenoic acid (DHA) proportion in phospholipid membranes of the
cells. EPA, DPA and DHA are, like ARA, liberated by PLA2. It is a limiting step for the
synthesis of lipid mediators from PUFAs. EPA is a substrate for COX enzymes and also
lipoxygenases (LOX). PGE3 and E-series resolvins are produced from EPA and have
anti-inflammatory properties. DHA is a substrate for LOX and produces D-series
resolvins, protectins and maresins that have anti-inflammatory properties. These
specialized pro-resolving mediators from EPA and DHA, in a case of acute inflamma-
tion by activation of NF-kB, will activate peroxisome proliferator-activated receptor
(PPAR)-g. PPAR-g inhibits NF-kB. Consequently, the production of pro-inflammatory
cytokines is reduced and may prevent cytokine storm.
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Inflammation begins in particular with the release of PUFAs in
phospholipid sn-2 position from the cell membranes, under the
action of the enzyme phospholipase A2 (PLA2) [18]. Arachidonic
acid (ARA) is the main precursor for this synthesis, leading to the
production of cellular mediators promoting inflammation, like
leukotrienes (LTB4 and LTC4) and prostaglandins (PGE2 and PGD2),
through the action of cyclooxygenases (COX1 and 2), lipoxygenases
(LOX) and cytochrome P450 [19,20]. Therefore, PUFAs of the
omega-6 series are described to activate the promotion phase of
inflammation.

Omega-3 PUFAs are now described to activate the resolving
phase, directly in the site of inflammation [21e23]. EPA and DHA
are the main precursors for those resolving inflammation [21].
Indeed, the specialized pro-resolvingmediators (SPMs) issued from
EPA and DHA, known as resolvins, maresins and protectins inhibit
the synthesis of pro-inflammatory cytokines through the down-
regulation of the NF-kB pathway [24]. So, they play an efficient
role for inflammation resolution processes. E-series resolvins from
EPA, D-series resolvins and protectins from DHA have a significant
anti-inflammatory effect by limiting leucocytes infiltrations in
damaged tissues [23,25]. Maresins derived from DHA can also
induce macrophages phagocytosis of neutrophils to resolve
inflammation [26]. Recently, another minor omega-3 LC-PUFA, the
docosapentaenoic acid (C22:5 n- 3, omega-3-DPA) has also been
suggested to be important in inflammatory resolution in the lung
[27].

An optimal resolution of acute inflammation, as well as the
control of chronic low-grade inflammation [28], is therefore based
on the cellular availability of these omega-3 fatty acids exclusively
provided by the diet and in particular on the dietary intake level of
ALA, EPA and DHA.

4. Omega-3 PUFA dietary intake levels are largely below the
recommendations

In this context, it is crucial to remind that the omega-3 PUFA
dietary intake levels in Western countries remains largely below
the current recommendations, considering both the omega-3 pre-
cursor a-linolenic acid (ALA) and long chain derivatives such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [29].
Linked to great changes in agricultural production and consump-
tion habits these last 50 years, today’s consumption of omega-6
PUFAs is at least equal to the current recommendation and often
excessive (depending on the countries) while the omega-3 PUFA’s
intake is almost always in deficit in western countries [30,31]. This
leads to a high (10 and more) omega-6/omega-3 ratio since the 80s
[30].

In France for instance, the advised dietary intake recommends
2.2 g of ALA daily intake (1% of energy intake per day) and 500 mg
for EPA þ DHA (in which 250 mg of DHA minimum) [10]. However,
the French INCA 3 consumption study reported in 2017 the mean
omega-3 consumption as follows: 1 g/day of ALA instead of the 2.2
recommended, and 286 mg/day of EPA þ DHA instead of 500 rec-
ommended. Therefore, only 15% of the French population meet
DHA intake recommendation, only 8% for EPA and only 1.6% for ALA
[9,32]. Breast milk composition is also a good biomarker for PUFAs
intake levels. As expected, it exhibits a lack of omega-3 in most of
the western countries [33].

In a large range of other countries (38 countries) [34], the
omega-3 LC-PUFA intake varied from 0.02% of total energy in
Bulgaria (corresponding to about 40 mg/day) to 0.44% of total en-
ergy in Iceland (corresponding to 900 mg/day). For the authors of
this study, only a few number of countries have an optimal intake of
omega-3 LC-PUFAs over 0.2% of total energy (corresponding to
about 410 mg/day): Portugal (0.203%, i.e. 420 mg/day), South Korea
Please cite this article as: P. Weill et al., May omega-3 fatty acid dieta
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(0.218%, i.e. 450 mg/day), Finland (0.228%, i.e. 470mg/day), Norway
(0.244%, i.e. 500 mg/day), Malaysia (0.341%, i.e. 700 mg/day), Japan
(0.374%, i.e. 760 mg/day) and Iceland (0.435%, i.e. 900 mg/day).

These abundant and consensual deficit data deserve our atten-
tion in the context of this pandemic and its inflammatory compli-
cations. Indeed, countries with a high omega-3 LC-PUFA intake
(0,2% of total energy intake) have a very low number of victims
related to the population: more than 4 times lower than the
average of the 31 other countries (36 versus 175 deaths per million
in June 2020) [35].

Taking into consideration (i) the role of omega-3 LC-PUFAs in
the virus entry, replication and in the resolution phase of inflam-
mation; (ii) the inflammatory processes leading to ARDS; (iii) the
large and general deficit in omega-3 LC-PUFAs in the western
population, it is possible to raise the hypothesis of a link between
omega-3 LC-PUFA consumption deficiency and Covid-19 excessive
inflammatory complication (Fig. 1).
5. Animal data, clinical trials and epidemiological studies
supporting an interesting role of omega-3 LC-PUFA
supplementation in ARDS

5.1. Omega-3 PUFA supplementation in animal models

In animal studies, omega-3 LC-PUFA supplementation clearly
led to increased levels of tissue omega-3, including the lung. For
instance, rats fed semi-synthetic diets supplemented with 1% total
lipids of EPA, DPA and DHA in ethyl esters form from weaning to 6
weeks clearly increased the omega-3 LC-PUFA level in all studied
tissues, including the lung [36]. Similarly, maternal omega-3 LC-
PUFA (ALA, EPA and DHA) supplementation during the perinatal
ry supplementation help reduce severe complications in Covid-19
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period (from embryonic day 15 to day 20 after parturition)
increased the level of total omega-3 in breast milk as well as the
lung tissue of the rat pups and protected them against hyperoxia-
induced pulmonary hypertension [37].

Animal experiments have also shown a beneficial impact of high
omega-3 diets against acute pneumonia when animals were
exposed to microbial infection. Sharma et al. [38] used mice
infected by Klebsiella pneumoniae with control or omega-3 PUFA
enriched diets. They reported that the dietary supplementation of
omega-3 LC-PUFAs can exert an overall beneficial effect through
the upregulation of the host’s specific and nonspecific immune
defenses. It is interesting to underline that the beneficial effect
exists whatever the type of omega-3 LC-PUFA supplementation
(ALA, EPA or DHA diets). Hinojosa et al. [39] used mice intranasally
infected with Streptococcus pneumoniae. Survival rate increased
significantly in omega-3 diet’s group when bacterial burden
decreased. In omega-3 LC-PUFA-fed animal tissues, it was possible
to measure a significant decrease in the levels of pro-inflammatory
cytokines.

5.2. Omega-3 PUFA supplementation in humans

In 2018, the European Society for clinical nutrition and meta-
bolism (ESPEN) expert group recommended the use of omega-3
rich fish oil in enteral and parenteral nutrition, for its general
clinical benefits due to its anti-inflammatory and immune-
modulating effects [40]: reduction in infection rate, and length of
hospital stay in medical and surgical patients admitted to the ICU.

Indeed, in humans, supplementation with EPA and DHA was
shown to lead to the incorporation of both omega-3 LC-PUFA in
body lipid pools [41]. The rate of incorporation varied between
sample types, with the time tomaximal incorporation ranging from
days (plasma phosphatidylcholine) to months (mononuclear cells),
and higher for adipose tissue [41]. In addition, several plasma EPA-
and DHA-derived SPMs were shown to respond linearly with the
increased intake of EPA and DHA [42].

In connection with these interesting results, various SPMs syn-
thesized from EPA and DHA have already shown protection and
resolution of acute lung lesions in ARDS [43]. Omega-3 PUFA, in the
form of fish oil, mostly rich in EPA and DHA, have also been used as
a treatment in several clinical trials in enteral and parenteral
nutrition with ARDS patients. Recent meta-analyses [44e46]
demonstrated a beneficial impact of these omega-3 supplementa-
tion, especially when the supplementation was limited to enteral
nutrition [44]. Even if the doses were different and if various other
supplementation (such as antioxidants) occurred in the different
trials, the authors highlighted significant benefits obtained in only a
few days (28 days) on mortality (�36%), as well as on the duration
of ventilation, the length of stay in ICU [44] with enteral supple-
mentation of omega-3 [21,44,45]. In these trials, omega-3 PUFAwas
provided at high doses to patients with ARDS (from 5 to 20 times
the recommended nutritional intake for EPA and DHA).

Considering all these results, administering omega-3 PUFAs
appears a reasonable strategy in ARDS. A recent review suggested
the systematic use of omega-3 LC-PUFAs if enteral or parenteral
nutrition is indicated in the Covid-19 patients admitted in the ICU
[47]. In addition to EPA and DHA, recent epidemiological and
mechanistic data also suggest a specific role for omega-3 DPA in
lung tissue [27,36,48]. Indeed, little studied so far, omega-3 DPA
seems to be the starting point for specific routes of synthesis of pro-
resolution mediators at the level of the lung [27].

6. Conclusion: on the way to clinical trials

Although scientific research on drug treatment are progressing,
Please cite this article as: P. Weill et al., May omega-3 fatty acid dieta
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the ARDS experts recommend now, not only for Covid-19 derived
ARDS, to give more attention on prevention in addition to treat-
ment [49]. In this context, we can raise the hypothesis that
increasing the level of omega-3 LC-PUFAs in the diet or as a phar-
maco nutrient in addition to artificial nutrition, could reduce the
impact of inflammation caused by viral infectious diseases, such as
the Covid-19. The biochemical mechanisms described here, rein-
forced by clinical, animal and epidemiological data suggest that the
effect of nutritional supplementation could accelerate recovery,
reduce hospitalization, duration of stay in ICU and finally reduce
mortality due to the new Coronavirus SARS-Cov-2. Omega-3 LC-
PUFAs could play a central role in prevention of the cytokine
storm (Fig. 1), at least maybe by decreasing the intensity of
inflammation and risk of mortality for patients with Covid-19.

Some questions are still opened. What should be the quantity of
total omega-3 and LC-PUFA supplementation/intake? For the gen-
eral population and in primary prevention, the data presented in
this article, in addition to all the arguments previously developed
concerning the prevention of other pathologies, support the crucial
and urgent need to meet (at least) the nutritional recommenda-
tions (2.2 g/day for ALA and 500 mg/day for EPAþ DHA). In sec-
ondary prevention, and for patients with symptoms and/or which
are tested positive for Covid-19, the optimal doses for both ALA and
omega-3 LC-PUFAs are not known. Meeting the nutritional
recommendation of 2.2 g/day of ALA appears crucial, as well.
Concerning omega-3 LC-PUFAs, it has been suggested that enteral
nutrition enriched with 3.5 g/day EPA and DHA can be adminis-
tered in Covid-19 patients, not in a bolus [47]. Higher amounts of
omega-3 LC-PUFAs, up to 9 g/day in the form of fish oil, have been
administered safely [50].

What is the relative impact of the different fatty acids of the
omega-3 family? Probably all the fatty acids of the omega-3 family
seem have a role to play. EPA, omega-3 DPA and DHA are direct
substrates for pro-resolution mediator synthesis. ALA is the initial
dietary precursor of these LC-PUFAs by successive elongation and
desaturation. Although it is well known that the overall conversion
of ALA to DHA is weak [51], ALA may have its own effect on
inflammation resolution, as seen above, in ARDS animal trial in case
of microbial infection [38]. Other authors compared the effect of
ALA or DHA diets on heart function [52,53] and found no differ-
ences. They additionally observed an accumulation of omega-3 DPA
in the membranes of the cardiac cells in the ALA-fed rats.

To conclude, two clinical trials are on their way in Covid-19
patients and in older people with the aims to evaluate whether
omega-3 PUFA diet enrichment could protect patients against se-
vere forms of Covid-19, and to increase the awareness of the sci-
entific community towards the beneficial role of good nutrition as a
“barrier diet” against future pandemic.
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