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Abstract
Inflammation is one of the primary factors associated with the causation and/or 
progression of several lifestyle disorders, including obesity, type 2 diabetes and 
non-alcoholic fatty liver disease (NAFLD). NAFLD is a spectrum of disorders, and 
starts with simple steatosis, progresses to non-alcoholic steatohepatitis, and then 
advances to fibrosis, cirrhosis and finally, hepatocellular carcinoma, due to 
perpetual cycles of insults caused by inflammation and other cellular stress. 
Emerging evidence has documented that patients with NAFLD have severe 
coronavirus disease 2019 (COVID-19), and patients with COVID-19 have a higher 
liver injury and mortality. Although the exact cause or mechanism is not known, 
inflammatory cytokine storm is a characteristic feature of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infection and is known to be associated 
with higher mortality among COVID-19 patients. Therefore, the COVID-19 
pandemic seems to be a major concern in NAFLD patients, who have contracted 
SARS-CoV-2 infection and develop COVID-19. This is evident in patients at any 
stage of the NAFLD spectrum, as the inflammatory cytokine storm may cause 
and/or aggravate the progression or severity of NAFLD. Thus, there is a need for 
resolution of the inflammatory cytokine storm in these patients. A large body of 
evidence has demonstrated the efficacy of omega-3 long-chain polyunsaturated 
fatty acids (ω-3 LCPUFA) in NAFLD conditions, due to their anti-inflammatory, 
immunomodulatory and anti-viral properties. Therefore, intervention with ω-3 
LCPUFA, an effective pharmaconutrient along with the standard treatment for 
COVID-19 may be useful in the management of the NAFLD spectrum in COVID-
19 patients with pre-existing NAFLD conditions by resolving the inflammatory 
cytokine storm and thereby attenuating its progression. Although there are 
challenges in implementation, optimistically they can be circumvented and the 
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pharmaconutrition strategy may be potentially helpful in tackling both the 
pandemics; NAFLD and COVID-19 at least in this subset of patients.
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Core Tip: Inflammatory cytokine storm seems to pose a risk for patients with non-
alcoholic fatty liver disease (NAFLD), as these patients have shown severe coronavirus 
disease 2019 (COVID-19) compared to those without NAFLD, while, liver injury has 
been reported to be high among COVID-19 patients. Thus, this bi-directional 
relationship between NAFLD and COVID-19 may worsen both conditions at least in 
this subset of patients. Therefore, resolving the inflammatory cytokine storm is an 
important target, not only in the management of NAFLD but also for COVID-19. In 
this context, we highlight the pharmacological potential of omega-3 long-chain polyun-
saturated fatty acids in the clinical nutrition therapy strategy to resolve inflammatory 
cytokine storm and its associated tissue injury.
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INTRODUCTION
The global epidemic, non-alcoholic fatty liver disease (NAFLD) is one of the most 
prevalent public health problems, affecting nearly 25% of the population worldwide 
and one of the leading causes of liver-associated mortality[1]. During this era of the 
non-communicable disease epidemic, the current pandemic of coronavirus disease 
2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has claimed over 2.2 million lives (regardless of race and ethnicity) and 
continues to spread and infect more people (> 102 million as on 2nd February 2021) 
globally[2]. During metabolic insult, injury, allergy, or infection, inflammation is 
initiated by coordinated regulation of biological networks involving different cell 
types (including immune cells), receptors, signaling molecules, proteins and transcrip-
tional regulators to eliminate the causative factor and maintain tissue/organ 
homeostasis. Inflammation is a normal physiological process and often self-limiting. 
However, the uncontrolled or overt/hyper-inflammation leads to severe cellular/ 
tissue damage and causes other pathological complications both in communicable and 
non-communicable disease conditions[3]. Inflammation plays a detrimental role in the 
development and progression of NAFLD, from simple steatosis to hepatocellular 
carcinoma and the associated complications, such as obesity, insulin resistance, type 2 
diabetes and metabolic syndrome[4]. Similarly, clinical studies on novel coronavirus 
disease (COVID-19) across the continents have invariably reported the inflammatory 
cytokine storm or overt-inflammation among COVID-19 patients[5-11]. Furthermore, 
clinical studies have reported that the patients with pre-existing NAFLD conditions 
show severe COVID-19, on the other hand, COVID-19 patients are at higher risk for 
developing liver injury during SARS-CoV-2 infection[12,13]. From these perspectives, 
it is apparent that inflammation is a double-edged sword for NAFLD patients, who 
have contracted SARS-CoV-2 infection and develop COVID-19. Therefore, controlling 
the inflammatory cytokine storm in these patients is crucial not only for the 
management of NAFLD or its progression but also for the COVID-associated complic-
ations. Keeping this in mind, even the current medical treatment for COVID-19 is 
aimed at controlling and resolving the inflammatory cytokine storm. In this context, 
nutritional intervention has been considered one of the safest strategies in the 
management of various human diseases and for patient care for several decades. 
Among various nutrients, the long-chain polyunsaturated fatty acids (LCPUFA) are 
known for their potent anti-inflammatory properties, besides their role in normal 
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physiological functions and human health[14]. Previously, the health benefits of 
omega-3 long-chain polyunsaturated fatty acids (ω-3 LCPUFA) and their therapeutic 
efficacy have been reported in critically ill patients and human diseases (including 
NAFLD), associated with infection and/or inflammation[15]. In this context, here we 
reviewed the anti-inflammatory and immunomodulatory potential of ω-3 LCPUFA 
and its plausible therapeutic usefulness as a pharmaconutrition intervention strategy 
in the resolution and management of the inflammatory cytokine storm associated with 
COVID-19, with special reference to NAFLD, in addition to its feasibility and the 
potential challenges in implementation and the way forward.

NAFLD
NAFLD is one of the public health epidemic diseases of both developed and 
developing nations. The recent meta-analysis data from various countries have shown 
a higher prevalence of NAFLD among the general population of the Middle East (32%) 
and South America (31%) followed by the United States (24%), while the lowest was 
found in Africa (14%)[1]. Recently, Younossi et al[16], have reported a prevalence of 
NAFLD ranging from < 10% to ≥ 30%, across the globe. NAFLD is a spectrum of 
progressive diseases with multiple etiologies and the leading cause of mortality 
associated with liver dysfunction. In this spectrum, fatty liver/hepatic steatosis is the 
first event to occur and defined clinically, when triglyceride accumulation of 
hepatocytes exceeds 5% of hepatic tissue weight[17]. Although fatty liver/hepatic 
steatosis is often self-limiting; the condition can escalate to non-alcoholic steatohep-
atitis (NASH), wherein infiltration of immune cells, ballooning of hepatocytes, 
activation of stellate cells and cell death occur. NASH is a reversible form of liver 
injury, however, a continuous and perpetual cycle of inflammatory insult and stellate 
cell activation aggravate NASH to the fibrotic stage, characterized by excessive 
accumulation of extracellular matrix proteins (including collagen type 1) in the 
hepatocytes. Overt inflammation and other cellular stress-mediated insults result in 
fibrosis changing to cirrhosis, in which scar tissue replaces hepatocytes primarily with 
type 1 collagen. Liver cirrhosis eventually progresses to hepatocellular carcinoma 
(HCC) and hepatocellular death[18]. NAFLD progression from simple hepatic 
steatosis to HCC involves the interplay of several cascades of events mediated by 
various cell types of both liver and systemic origin, and this was explained by the 
parallel and multiple hit hypothesis[19]. The role of inflammation, various pathways 
and factors associated with the development and progression of NAFLD has been 
extensively reviewed by several investigators, and unambiguously concluded that the 
inflammation-mediated effects are the central players in hepatic injury to malignancy
[20-25].

INFLAMMATORY CYTOKINE STORM OF SARS-COV-2 INFECTION
Ever since the outbreak occurred in Wuhan, China, in December 2019, the spread of 
SARS-CoV-2 and thus COVID-19 has imposed a tremendous burden not only on the 
health and economic status of nations but also on the psychological and social aspects 
of individuals. As the epidemiology, various symptoms and current medical practices 
for treating COVID-19 have been extensively reviewed previously[26-28], the focus of 
our review is on the inflammatory cytokine storm in COVID-19. An observational 
study conducted in eight severely/critically ill COVID-19 patients, aged between 2 mo 
and 15 years has reported that cytokine storm was observed by an elevation of 
circulatory interleukin 6 (IL-6), IL-10 and interferon γ (IFNγ) levels[5]. Studies on the 
clinical, immunological and pathophysiological features associated with infection 
caused by various coronaviruses; SARS-CoV-2, SARS and Middle East respiratory 
syndrome (MERS) have reported pronounced lung injury associated with cytokine 
storm in critically ill patients, as observed from plasma cytokine profiling, i.e., 
elevation of pro-inflammatory cytokines such as IL-6, IL-12, IL-1β, tumor necrosis 
factor α (TNFα), IFNγ, along with anti-inflammatory cytokines, including IL-4, IL-10, 
IL-13 and transforming growth factor 1β (TGF-1β) (although the levels of IL-10 are 
reported to be very low with SARS infection)[6-8]. Zhang et al[29] who have examined 
the clinical characteristics of 140 COVID-19 patients from Wuhan, China reported a 
significant elevation in serum C-reactive protein (CRP) levels, an acute inflammatory 
molecule, in 96.4% of severe cases, compared to non-severe patients, although various 
other co-morbidities, particularly hypertension, diabetes mellitus, fatty liver and 



Jeyakumar SM et al. PUFA on COVID-19 with NAFLD

WJCC https://www.wjgnet.com 9336 November 6, 2021 Volume 9 Issue 31

coronary heart disease (CHD) were comparable. Similarly, Chen et al[30] have also 
reported significantly increased serum CRP and IL-6 levels among 86% and 52% of 
patients diagnosed with COVID-19, respectively.

Another study on COVID-19 patients in Wuhan, China has reported significant 
increases in various adipocytokines associated with inflammation, such as interleukins 
(IL-1B, IL-7, IL-8, IL-9 and IL-10), macrophage chemoattractant protein 1, macrophage 
inflammatory proteins 1α (MIP-1α) and 1β, TNFα and INFγ-inducible protein 10 (IP-
10), compared to healthy adults. Furthermore, the levels of these inflammatory 
adipocytokines were higher in patients admitted to the intensive care unit (ICU), than 
those not in the ICU, despite a comparable prevalence of other co-morbidities, such as 
diabetes, cardiovascular diseases and chronic liver disease[9].

A retrospective study conducted in deceased patients with COVID-19 has found 
higher serum IL-6, IL-8, IL-10 and TNFα levels, while 91% had undetectable IL-1β, 
compared with patients who recovered from the disease[10]. The study by Yang et al
[11]  in which analysis of 48 cytokines in the plasma from COVID-19 patients has 
revealed elevated levels of nearly 14 cytokines of both pro- and anti-inflammatory 
nature, such as IP-10, macrophage chemoattractant protein 3 (MCP3), IL-1ra, IL-2ra, 
IL-6, IL-10 and IL-18, IFNγ, hepatocyte growth factor, macrophage colony-stimulating 
factor, granulocyte colony-stimulating factor, MIP-1α and cutaneous T-cell attracting 
chemokine in patients infected with SARS-CoV-2 compared to healthy individuals, 
while higher levels of IP-10, MCP3 and IL-1ra were associated with a more severe form 
of the disease. Recently, Mehta et al[31] who have collated various findings related to 
severe COVID-19 cases and compared with them with secondary hemophagocytic 
lymphohistiocytosis (sHLH), described that the cytokine profile of the former 
resembles that of sHLH and thus COVID-19 is considered a “cytokine storm 
syndrome” at least in subgroups of infected patients. Similarly, Ye et al[32] have 
reported that SARS-CoV-2 infection-induced inflammatory cytokine storm is a key 
detrimental cause of pathogenesis, including severity, multi-organ failure and 
mortality among COVID-19 patients. Importantly, Tang et al[33] have opined that 
controlling the cytokine storm during COVID-19 is critical for better treatment 
outcome. Undoubtedly, our understanding of COVID-19 and its complications (during 
disease and post-recovery period) is very limited to date.

EICOSANOID PATHWAY AND INFLAMMATORY CYTOKINE STORM
Unlike inflammation caused by metabolic insult, which is detrimental, the infection-
induced inflammatory response is one of the defense mechanisms, primarily to 
remove or eliminate the pathogen from the body. However, the uncontrolled/high 
inflammatory response also leads to several serious consequences, including tissue 
damage and cell death. In this context, LCPUFA-derived lipid mediators are the key 
modulators of the inflammatory process, as they can induce and resolve inflammation
[34]. Following viral infection, besides inflammatory cytokines (namely IL-6, IL-1β, 
TNFα) several pro-inflammatory lipid mediators, such as prostaglandins (PG), 
thromboxanes (TX) and leukotrienes (LT) (collectively known as eicosanoids) are also 
formed through enzymatic [cyclooxygenase (COX) and lipoxygenase (LOX), 
respectively] conversion of free arachidonic acid (ω-6 LCPUFA) released by the action 
of phospholipase A2 (PLA2) from the cell membrane (of macrophages, monocytes and 
immune cells; T cells, B cells, to name a few)[35,36]. These released pro-inflammatory 
eicosanoids [such as prostaglandin E2 (PGE2), PGD2, PGF2α, TXB2 and LT4] initiate 
inflammation and perpetuate the pro-inflammatory condition, by interacting with 
several other cells and elevate the release of several inflammatory mediators and 
cytokines including IL-6[35-37]. A previous experimental study has shown TXA2-
mediated regulation of TNFα and IL-1β synthesis in non-adherent human monocytes
[38]. Furthermore, the activity of PLA2 plays a central role in the inflammatory process
[39,40] and the activity is elevated by inflammatory cytokines, such as IL-1β, and TNF
[41,42]. Furthermore, the role of eicosanoids in airway inflammation and other inflam-
matory respiratory diseases is well recognized[43,44]. Overall, it is apparent that 
eicosanoid and inflammatory cytokine pathways interact and regulate each other 
during infection. However, the molecular link between these two phenomena and/or 
the association between eicosanoids and cytokine storms are poorly studied and 
understood in SARS-CoV-2 infection to date. Therefore, several researchers have 
speculated on the importance of the eicosanoids pathway and pro-inflammatory lipid 
mediators in the inflammatory cytokine storm syndrome of COVID-19 and urged 
further investigations for a better understanding to evolve strategies for resolution of 



Jeyakumar SM et al. PUFA on COVID-19 with NAFLD

WJCC https://www.wjgnet.com 9337 November 6, 2021 Volume 9 Issue 31

eicosanoids storm and thereby the inflammatory cytokine storm[45-47].

NAFLD AND COVID-19
A retrospective study conducted on COVID-19 patients (202 consecutive patients) 
admitted to hospital has reported liver injury in 50% of patients (mostly hepatocellular 
injury) during admission, while 75.2% of patients showed liver injury during hospital-
ization. Furthermore, the authors have found frequent mild liver injury in patients 
with COVID-19, while patients with NAFLD had a higher chance of developing severe 
COVID-19 (possibly due to polarization of pro-inflammatory M1 to anti-inflammatory 
M2 macrophages, thus suppressing the inflammatory process) and longer viral 
shedding time[48]. Huang et al[49] who have studied 280 consecutive patients with 
confirmed COVID-19 reported the presence of NAFLD in 30.7% patients with COVID-
19, whereas 35.7% had abnormal liver function on admission. However, the authors 
have observed comparable complications and other clinical outcomes in COVID-19 
patients with or without NAFLD and no cases of liver failure during hospitalization
[49]. A retrospective case-control study has reported NAFLD among 31% of COVID-19 
patients[50] Furthermore, the authors have observed more severe COVID-19 disease 
among patients with NAFLD (39.7%) than those without NAFLD (11.7%) and 
significantly higher levels of CRP in the circulation. In addition, the unadjusted logistic 
regression model analysis also showed a significant association between NAFLD and 
the severity of COVID-19, thus indicating that patients with NAFLD were likely to 
have severe COVID-19[50]. A large population-based study that analyzed various 
comorbid conditions (such as hypertension, obesity, diabetes, hyperlipidemia and 
NASH) associated with COVID-19 has found the strongest association between NASH 
and COVID-19. From the multivariable binary logistic regression model, the authors 
have found higher COVID-19, in patients with NASH with an adjusted odds ratio 
(OR) of 4.93 and a 95%CI of 4.06-6.00[51]. A single-center cohort study by Chen et al
[52], has reported that the presence of hepatic steatosis in 52% of patients was 
associated with admission to the ICU with an OR of 1.6 and a 95%CI of 1.00-2.57 
(according to multivariable analysis) among patients admitted to hospital for COVID-
19.  Furthermore, severe COVID-19 was observed among the patients with hepatic 
steatosis. Another study has reported higher in-hospital mortality in males with 
NAFLD among COVID-19 patients admitted to hospital, although liver cirrhosis did 
not show this association. Furthermore, the study has reported higher plasma CRP 
levels in patients with COVID-19 and NAFLD than those without NAFLD. However, 
neither ICU admission nor in-hospital mortality among COVID-19 patients had an 
association with NAFLD[53]. A pooled analysis on NAFLD and COVID-19 study data 
by Sachdeva et al[54], has reported that NAFLD was a predictor of severe COVID-19, 
even after adjusting for a common risk factor; obesity. Furthermore, the association 
was significant with an OR of 2.358 and a 95%CI of 1.902-2.923. Hence, the authors 
have concluded that NAFLD is associated with severe COVID-19, although the 
relationship between these two is poorly understood. In line with this, nascent pre-
print article has also reproted that NAFLD/NASH was one of the significant risk 
factors associated with hospitalization among COVID-19 patients[55]. Portincasa et al
[13], who have collated information from the literature on NAFLD and COVID-19 
observed that fibrosis was one of the additional and independent risk factors for 
severe COVID-19 in a sub-group of patients with NAFLD; thus affecting the outcome 
of COVID-19. Furthermore the authors have stated that the inflammatory interplay of 
chronic and acute conditions of NAFLD and COVID-19, respectively, can be 
deleterious to liver health and may aggravate liver injury, at least in metabolically 
compromised patients and therefore, suggested that monitoring of liver health is 
imperative in patients with NAFLD, who have recovered from COVID-19[13]. In a 
recent review, Xu et al[12], have summarized liver injury during infection caused by 
various human coronaviruses and found that SARS-CoV-2 infection-induced liver 
injury ranged from 14.8% to 53% among COVID-19 patients, while in deceased 
patients, it could be as high as 58.06%. The authors have concluded that the 
underlying cause was unclear, but speculated that the detrimental role of SARS-CoV-2 
infection-induced cytopathic effects and/or hyper-inflammatory response mediated 
by immunopathology was responsible for the occurrence of liver injury among 
COVID-19 patients. The authors also have emphasized monitoring of liver health 
among COVID-19 patients, (during and after recovery) and usage/choice of drugs 
(which could protect liver health, while arresting the hyper-inflammatory response), 
so that the disease is primarily treated, eventually protecting the liver from damage, 
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which would improve overall disease recovery and treatment outcome[12]. 
Collectively, it has been shown that SARS-CoV-2 infection causes liver damage and 
NAFLD patients are at risk of developing a severe form of COVID-19, at least in this 
sub-group of the population and the underlying cause is yet to be identified. The data 
on the impact of COVID-19 (both short- and long-term) on NAFLD (development 
and/or progression) are lacking, at least for now. However, based on the available 
clinical and immunological data (including inflammatory cytokine storm), COVID-19 
may pose a greater risk for progression in patients with pre-existing NAFLD 
conditions, including simple hepatic steatosis. NAFLD is an inflammatory disease, and 
it is necessary to resolve the inflammatory cytokine storm induced during SARS-CoV-
2 infection, either through pharmacological or nutritional interventions. However, it is 
known that drugs can often induce liver toxicity or injury, and the current treatment 
protocol (against symptoms) for COVID-19 involves several drugs (although vaccines 
have recently become available against SARS-CoV-2);, thus, there is a possibility of 
drug-induced liver injury in these patients. Therefore, in this context, nutritional 
intervention seems to be safe and may be an effective approach in resolving the 
inflammatory cytokine storm at least in COVID-19 patients with NAFLD.

PHARMACONUTRITION - Ω-3 LCPUFA
Pharmaconutrition intervention is one of the therapeutic strategies where nutrients are 
used along with standard treatment, particularly for critically ill patients. Recently, 
Pierre et al[56], have reviewed the literature on several potent pharmaconutrients of 
several classes, such as micro- and macro-nutrients, prebiotics, probiotics, synbiotics 
and nucleotides, to name a few for clinical therapy. More than two decades ago, the 
macronutrient; ω-3 LCPUFA was identified as a pharmaconutrient hence its use in 
immunomodulation[57].

Among the various nutrients, LCPUFA are one of the important nutrients required 
for maintaining optimal health and wellbeing of humans. In particular, ω-3 LCPUFA 
otherwise known as n-3 LCPUFA, namely, eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) are potent biologically active lipids, essential for fetal 
development in a wide range of biological functions, and are thus known to play a 
pivotal role in human health and disease[58]. The consumption of marine fish is the 
main source of these ω-3 fatty acids, although, the human body can synthesize them 
from the precursor, α-linolenic acid (ALA) an essential fatty acid (from dietary fat 
sources, such as flaxseed, soybean and canola oil, walnuts, etc.) through a series of 
enzymatic elongation and desaturation processes. However, the conversion efficiency 
of ALA to LCPUFA is low, particularly for the formation of DHA, thus the pre-formed 
sources of marine origin are recommended for consumption to meet the required EPA 
and DHA levels[15].

These LCPUFA are the key structural components of the cell membrane lipid 
bilayer; however, during normal and various pathophysiological conditions, the 
activation of phospholipases (e.g., phospholipase A2) releases these membrane-bound 
LCPUFA into the cytoplasm, which serve as substrates for the production of various 
bioactive lipid mediators, namely resolvins, protectins (PD) and maresins (collectively 
called “autocoids”) by the action of COX and LOX. Importantly, these enzymes are 
also involved in the production of ω-6 LCPUFA; i.e., arachidonic acid (AA)-derived 
lipid mediators, and except lipoxin, PG, LT and TX are known as eicosanoids and are 
pro-inflammatory. Notably, the enzymes involved in the production of these lipid 
mediators are common for both ω-6 and ω-3 fatty acids and hence the cellular inflam-
matory status is dramatically influenced by their availability/concentration. Therefore, 
optimum levels of both ω-6 and ω-3 fatty acids are required to balance most of the 
cellular physiological and biochemical processes[59]. Based on the proven biological 
functions and the data from basic, clinical and epidemiological studies, various 
national and international agencies have recommended adequate intake of ω-3 PUFA 
to maintain optimum health. WHO/FAO has recommended the daily allowance of ω-3 
LCPUFA for the general population of different age, sex and physiological states; e.g. 
in adult men or women, the acceptable dietary intake of ω-3 LCPUFA ranges from 250 
to 2000 mg/d including fish/algal oil supplementation for secondary prevention of 
CHD, while 200-250 mg/d is recommended for girls and boys aged between 10-18 
years[60]. Among the various sources, fish-derived fat is considered one of the 
nutritional supplements of ω-3 PUFA, as it has been shown to reduce the inflam-
mation, cellular stress and the incidence of acute respiratory distress syndrome and 
sepsis in critically ill patients, due to the presence of pre-formed ω-3 LCPUFA; EPA 
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and DHA[61-63]. In this context, here we highlight the therapeutic potential of ω-3 
LCPUFA, based on the evidence of their anti-inflammatory, immunomodulatory, and 
anti-viral properties in clinical and/or experimental settings and discuss the scope for 
intervention to resolve the inflammatory cytokine storm of COVID-19, which in turn 
helps in the management of NAFLD, at least for COVID-19 patients with pre-existing 
NAFLD conditions.

ω-3 LCPUFA– perspective on NAFLD, and anti-inflammatory, immunomodulatory 
and anti-viral potentials
In a randomized placebo-controlled trial, ω-3 PUFA supplementation in the form of 
seal oil (2 g, thrice a day) to NAFLD patients has shown to improve hypertrigly-
ceridemia and liver function at the end of 24 wk. Furthermore, it resulted in a 
reduction of hepatic fat accumulation and reversed the condition in 50% of patients 
receiving ω-3 PUFA, compared to the placebo group[64]. Another randomized 
controlled trial carried out in histologically proven NAFLD children has reported that 
the group receiving DHA (250 mg/d and 500 mg/d) for 6 mo displayed improvement 
in liver histology and hypertriglyceridemia, compared to the control group[65]. A 
double-blind randomized placebo-controlled trial has reported that daily intake of 4 g 
ω-3 PUFA, containing 1840 mg EPA and 1520 mg DHA as ethyl esters for 15-18 mo, 
resulted in a reduction of liver fat% in NAFLD patients without improving the fibrosis 
scores. In addition, the authors have found enrichment of erythrocytes with ω-3 
LCPUFA and 6% of DHA enrichment associated with 20% hepatic fat reduction[66]. 
Argo et al[67], who have conducted a double-blind randomized controlled trial in non-
cirrhotic NASH patients reported that the consumption of ω-3 PUFA-rich fish oil of 3 
g/d for approximately 1 year reduced hepatic fat accumulation and had no impact on 
the NASH-activity score. A double-blind, randomized, placebo-controlled trial that 
tested the efficacy of DHA supplementation (250 mg/d) in the form of oil from algae 
for 6 mo has found a 53.4% reduction of fat in the liver of overweight children with 
NAFLD, in addition to other clinical outcomes[68]. In a double-blind, randomized, 
placebo-controlled trial, the investigators have reported ω-3 PUFA supplementation 
(315 mg as oil from flaxseed and fish, to provide 64% ALA from flaxseed oil, 16% EPA 
and 21% DHA from fish oil) to NASH patients for 6 mo resulted in improved liver 
histology and dyslipidemia, compared to the placebo group[69]. A double-blind 
randomized clinical trial has shown that NAFLD patients with hyperlipidemia, who 
received ω-3 PUFA in the form of fish oil (4 g/d) for 3 mo displayed significant 
improvement in several clinical and inflammatory parameters, including triglyceride, 
ALT, γ-glutamyl transpeptidase, TNFα, fibroblast growth factor 21, cytokeratin 18 
fragment M30, leukotriene B4 and PGE2, compared to the control group receiving corn 
oil, after adjusting for age, gender and BMI, and the author have concluded that ω-3 
PUFA is beneficial in reducing metabolic abnormalities in NAFLD patients[70]. 
Although a few randomized trials have found no improvement associated with 
NAFLD conditions[71-73], several meta-analyses have observed the health benefits of 
ω-3 PUFA supplementation in NAFLD patients, as it reduced hepatic fat accumulation 
and NAFLD progression, possibly by improving associated metabolic abnormalities 
including hypertriglyceridemia, hepatic enzymes and dyslipidemia in patients with 
NAFLD spectrum[74-77].

For the first time, González-Périz et al[78], have shown DHA-mediated reduction in 
necro-inflammatory liver injury and oxidative damage in an experimental liver-injury 
model, possibly through the formation of DHA-derived lipid mediators, namely 
protectin D1 (PD1) and 17S-hydroxy docosahexaenoic acid (HDHA), while arresting 
the synthesis of the pro-inflammatory mediator of n-6 PUFA; PGE2. Furthermore, the 
authors have reported 17-hydroxy docosahexaenoic acid (17-HDHA)-mediated 
suppression of TNFα release and 5-lipoxygenase (5-LOX) activity in the in vitro 
hepatocyte cell line and macrophage culture, respectively. González-Périz and 
colleague[79] also have shown attenuation of hepatic steatosis and insulin resistance 
upon DHA supplementation in an ob/ob mouse model, which corroborated increased 
DHA-derived lipid mediators, such as resolvin D1 (RvD1), PD1 and 17-HDHA in 
adipose tissue with a concomitant reduction in AA-derived eicosanoids, namely PGE2 
and 2-hydroxy eicosatetraenoic acid (2-HETE). Waylandt et al[80], who have studied 
liver tumorigenesis in a mouse model of transgenic over-expressing Fat-1 gene 
(converts endogenous ω-6 PUFA to ω-3 PUFA), reported decreased formation of liver 
tumor (chemically induced) and suppression of hepatic fibrotic activity and COX2 
expression. In addition, the transgenic mice displayed significantly higher levels of ω-3 
LCPUFA-derived lipid mediators; namely 18-hydroxy eicosapentaenoic acid (18-
HEPH) and 17-HDHA in the liver and lower levels of TNFα in the circulation. 
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Furthermore, even in a murine macrophage cell line, these ω-3 LCPUFA-derived lipid 
mediators were shown to suppress lipopolysaccharide (LPS)-induced TNFα formation. 
Previously, Rius et al[81] have reported macrophage polarization; pro-inflammatory 
M1 to anti-inflammatory M2 by RvD1, besides a reduction in hepatic steatosis and 
macrophage infiltration in an obese mouse model of NASH. Furthermore, RvD1 has 
been shown to inhibit tunicamycin-induced triglyceride accumulation in the in vitro 
hepatocyte cell line model; HepG2[82]. In line with this, a study from our laboratory 
also showed a negative association of RvD1 levels with triglyceride levels of both liver 
and plasma in a high fructose-induced NAFLD rat model. Furthermore, we concluded 
that RvD1 may be a key player in hepatic triglyceride metabolism and therefore it has 
a regulatory effect in the development of NAFLD[83]. Another study has 
demonstrated that the administration of RvD1 offers protection against chemically-
induced liver injury in mice and shows improvement in liver pathology by 
suppressing inflammation and oxidative stress[84]. Furthermore, Jung et al[85] have 
shown suppression of triglyceride accumulation and hepatic steatosis by another 
DHA-derived lipid mediator; protectin DX (PDX), in hepatocytes (in vitro) and a high 
fat diet-fed mouse (in vivo) model, respectively. The novel DHA-derived lipid 
mediator; maresin 1 (MaR1) has been shown to arrest the inflammatory insult of 
hepatocytes and increased phagocytic activity of Kupffer cells. Notably, the adminis-
tration of MaR1 resulted in significant reductions in hepatic triglyceride accumulation 
and circulatory liver enzymes in both genetically (ob/ob) diet-induced obese mouse 
models[86]. The study by Jung and colleagues have also shown that maresin 1 (MaR1) 
treated mice displayed suppression of hepatic lipogenesis, thus triglyceride accumu-
lation and steatosis due to high fat-diet ingestion[87].

Unlike eicosanoids (except lipoxins), the lipid mediators derived from AA (ω-6 
LCPUFA), the ω-3 LCPUFA (EPA and DHA)-derived lipid mediators possess anti-
inflammatory and pro-resolving properties on tissue inflammation and wound 
healing, thus, are termed specialized pro-resolving mediators (SPM) and exhaustive 
literature has demonstrated the anti-inflammatory functions and health impact of ω-3 
LCPUFA and their lipid mediators[88-92]. A previous study has reported the 
formation of various pro-resolving lipid mediators, including RvD1, RvD2 and PD1 at 
biologically active levels in healthy human subjects, who received fish oil supple-
mentation for 3 wk[93]. Similarly, another study has reported plasma RvE1 levels 4 h 
after receiving fish oil orally in healthy human subjects[94]. Although the formation of 
these lipid mediators is known to vary with different physiological and pathological 
conditions, ω-3 LCPUFA is being used for the secondary prevention and/or 
management of inflammatory diseases in humans, including cardiovascular disease, 
atherosclerosis, and cancer (non-communicable diseases), Alzheimer’s disease 
(neurodegenerative diseases), arthritis, asthma and skin diseases (dermatitis and 
psoriasis)[15,92,95-97]. Overall, the aforementioned literature has indicated multiple, 
interlinked pathways and mechanisms in exerting the anti-inflammatory and pro-
resolving activities of ω-3 LCPUFA and their lipid mediators, such as inhibition of the 
cellular AA metabolic pathway (including immune cells such as neutrophils, 
monocytes, leukocytes, etc.,), its production and conversion to various pro-inflam-
matory lipid mediators [PG2 series, leukotriene 4 (LT4) series and thromboxane 2 
(TX2) series eicosanoids] and platelet activation and its aggregation (anti-thrombosis), 
cessation of pro-inflammatory cytokine (TNFα, IL-6 and IL-1) release and leukocyte 
infiltration, elevation of anti-inflammatory cytokines/factors (IL-4, IL-10 and TGFβ) by 
mononuclear cells, induction of pro-resolving mediator (RvD/RvE, PD, MaR) 
synthesis, macrophage polarization and activation (classically activated/pro-inflam-
matory-M1 to alternatively activated/reparative-M2), induction of apoptosis of 
polymorphonuclear monocytes (PMN), their removal by phagocytosis, resolution of 
inflammation, initiation of wound healing/tissue repair and tissue regeneration, 
besides, regulating genes, proteins, receptor activation and cell signaling.

A large body of evidence on the immunomodulatory effects mediated by ω-3 
LCPUFA (EPA and DHA) and their lipid mediators, during infections and the 
underlying mechanisms have emerged from various experimental studies, involving 
animal and cell line models (both in vitro and ex vivo) and exhaustively reviewed 
earlier by several researchers[98-106]. In general, ω-3 LCPUFA administration results 
in EPA and DHA incorporation into membrane phospholipids, which increase the 
fluidity of the membrane, due to their long unsaturated acyl chain and thus alter the 
overall physicochemical properties of cells, including, membrane microdomains; lipid 
rafts, transporters, receptors, signaling proteins, etc. Furthermore, ω-3 LCPUFA have 
been shown to alter the functions of immune cells, such as monocytes/macrophages, 
natural killer (NK) cells, T cells, B cells, dendritic cells and other immune cells, and 
affect the cell interaction, antigen-presenting, major histocompatibility complex 
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(MHC) class II molecule and intracellular adhesion molecule-1 (IVCAM-1)], secretory 
cytokines (namely IL-1β, TNFα and INFγ) and factors of immune cells involved in the 
innate and adaptive response, thus decreasing the host’s defense against microor-
ganisms and increasing susceptibility to infection and mostly associated with excessive 
ω-3 PUFA concentration. However, extensive pre-clinical studies have shown that the 
ω-3 PUFA increases B cell activation by modulating antigen presentation, cytokine 
release and antibody production through multiple pathways, including the regulation 
of cytokine production by T helper cell type 2 (Th2 cell type)[103,104]. A study by 
Gorjã et al[105] has demonstrated increased neutrophil phagocytic capacity in human 
volunteers upon fish oil intake for 2 mo. Importantly, it appears that the ω-3 LCPUFA 
bring about these changes possibly through their bio-active lipid mediators and by 
altering the membrane composition and properties, in addition to their direct 
involvement. However, the lack of direct/supportive evidence from clinical studies 
with infectious diseases suggests that the immunomodulatory effects of ω-3 LCPUFA 
are still debatable and inconclusive, as they are derived mainly from experimental and 
in vitro and ex vivo studies. Nevertheless, the experimental evidence has unequivocally 
established the profound effect of ω-3 LCPUFA on almost all immune cells that are 
being investigated[98-105].

Several studies have shown the role of ω-3 LCPUFA/their lipid mediators as anti-
infectious agents against various pathogenic organisms, including viruses in experi-
mental models. However, in the present context, we report a couple of studies that 
have reported the effect of ω-3 PUFA-lipid mediators on viral infection, particularly 
RNA viruses. Morita et al[106] have reported that influenza A virus; HINI/PR8 strain-
infected human lung epithelial cells treated with various LCPUFA-derived lipid 
mediators have displayed a reduction in viral nucleoprotein transcript levels and 
marked inhibition of viral replication. This is evident from the observed decrease in 
mRNA expression of viral M protein and viral titer observed in the infected cells 
treated with the ω-3 LCPUFA-lipid mediator; the PD1 isomer, PDX. Furthermore, the 
treatment inhibited viral mRNA and vRNA translocation into the cytoplasm 
(otherwise called nuclear export of virus RNAs). In addition, evaluation of the 
therapeutic efficacy of PDX in influenza virus-infected mice suggests that even late 
administration of PDX along with the anti-viral drug; peramivir, prevents the fatality 
associated with influenza viral infection, whereas the anti-viral drug alone fails to 
show a therapeutic effect. Overall, the study has highlighted the protective role of ω-3 
PUFA-derived lipid mediators against influenza viral infection[106]. Bryan et al[107] 
who have studied respiratory syncytial virus (RSV) infection using human alveolar 
epithelial cells, reported that the cells treated with various LCPUFA increased the 
incorporation of these fatty acids i.e., AA, EPA and DHA into phospholipids of the cell 
membrane, which are associated with PGE2 production, i.e., higher levels in AA-
treated cells, whereas this decreased with EPA or DHA treatment. Hence, this study 
suggests that the ratio of ω-6 to ω-3 LCPUFA plays a crucial role in bronchiolar and 
vascular changes (dilation and constriction) in lungs. During viral infection, through 
cytokine production and their incorporation into epithelial cells, ω-3 LCPUFA protects 
the lungs against long-term detrimental effects of RSV infection[107].

Although some of the ω-3 LCPUFA-derived lipid mediators were identified several 
years ago, data on their levels in human NAFLD conditions are still lacking, while 
none exist for COVID-19. Therefore, studies are required to understand the basal level 
and/or changes in various classes of fatty acids (in biological fluids and membranes) 
and the lipid mediators of both ω-6 and ω-3 LCPUFA in NAFLD patients and those 
who developed COVID-19. Clinical studies in these directions are needed, and are 
perhaps vital to understand the role of this pharmaconutrient and hence its application 
in clinical nutrition therapy. Nevertheless, ω-3 LCPUFA and its derived lipid media-
tors are potent nutrients in regulating hepatic fat accumulation, liver injury, inflam-
mation, immunomodulation and viral infection (Schematic summary Figure 1). Hence, 
there is ample scope/opportunity for their use in pharmaconutrition during the 
COVID-19 pandemic, at least for the subset of patients with pre-existing NAFLD 
spectrum.

PHARMACONUTRITION STRATEGY: Ω-3 LCPUFA INTERVENTION FOR 
COVID-19 PATIENTS WITH NAFLD - FAR FROM REALITY?
ω-3 LCPUFA intervention for infectious disease is skeptical to date; however, during 
this COVID-19 pandemic, several researchers have reviewed the existing literature and 
opined the possibilities of using ω-3 LCPUFA for COVID-19 as adjuvant therapy[108-
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Figure 1 Schematic summary of the therapeutic potential of omega-3 long-chain polyunsaturated fatty acids and their derived lipid 
mediators. ω-3 LCPUFA: Omega-3 long-chain polyunsaturated fatty acids; COX: Cyclooxygenase; DHA: Docosahexaenoic acid; EPD: Eicosapentaenoic acid; IL: 
Interleukin; LOX: Lipoxygenase; MHC: Major histocompatibility complex; PG: Prostaglandin; TX: Thromboxane; TGFβ: Transforming growth factor β; TNFα: Tumor 
necrosis factor α; ⊗: Inhibitory effect, ↓: Decrease; ↑: Increase.

112]. Furthermore, very recently, Santos et al[113], who have reviewed the evidence of 
various macro and micronutrients in clinical nutrition therapy have outlined the 
functional potency of ω-3 LCPUFA in the clinical management of COVID-19 as a 
pharmaconutrition strategy. On the other hand, the literature on ω-3 PUFA 
intervention for NAFLD is flooded with several highly influential studies, which have 
convincingly concluded their therapeutic potential against NAFLD both in humans 
and experimental models as discussed in the earlier section. Although, the anti-inflam-
matory, immunomodulatory and anti-viral potentials of ω-3 LCPUFA have been 
demonstrated in various experimental studies, besides improving NAFLD, in the 
absence of well-powered/-designed clinical trials/studies, speculating on the efficacy 
of ω-3 LCPUFA in resolving inflammatory cytokine storm during SARS-CoV-2 
infection in NAFLD patients may be a matter of concern. Besides, applying the experi-
mental knowledge to the therapeutic practice for COVID-19 patients with NAFLD is 
far beyond reality for various reasons. One of the key shortcomings in the area of 
NAFLD research is that the existing reports have used different doses of ω-3 LCPUFA, 
particularly EPA and DHA, during their evaluation/intervention studies, whereas 
studies assessing a specific dose of ω-3 LCPUFA for its efficacy evaluation, across race 
and/or ethnicity are lacking. However, in a recent review, Calder et al[114] have 
strongly urged public health officials for the inclusion of nutrition intervention 
strategies to limit the emerging viral infection, including SARS-CoV-2, in addition to 
standard treatment, as they are known to improve the immune system and are 
considered safe and cost-effective[114]. Based on the data from various clinical 
trials/studies evaluating the efficacy of ω-3 LCPUFA on inflammatory diseases in 
humans, the author has reported that the daily intake of at least 2000 mg of ω-3 
LCPUFA is required to elicit the anti-inflammatory potency[92]. Furthermore, Husson 
et al[98] have highlighted that a daily dose of 500 mg of EPA and DHA improved the 
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Figure 2 Schematic summary of the pharmaconutrition strategy and possible outcomes: ⊗ - Disconnecting bi-directional relationship between 
severe acute respiratory syndrome coronavirus 2 and non-alcoholic fatty liver disease and ↓ - decrease. ω-3 LCPUFA: Omega-3 long-chain polyunsaturated fatty 
acids; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; NAFLD: Non-alcoholic fatty liver disease; COVID-19: Coronavirus disease 2019.

outcome of experimental infection caused by extracellular pathogens in healthy 
human volunteers, partly resulting from anti-inflammatory functions. Notably, several 
meta-analyses of various clinical trials, evaluated the clinical outcomes of fish oil 
supplementation in critically ill patients and reported a reduction in length of stay in 
the ICU, duration of mechanical ventilation and mortality[115-118]. However, there 
are a few challenges in using ω-3 LCPUFA in COVID-19 patients with NAFLD, such as 
(1) Dose (what is the optimal dose required to exert the pharmacological effect to 
resolve the “cytokine storm” and improve inflammation?); (2) Time of intervention (at 
what stage of the viral infection/immune response, should the nutrition intervention 
be introduced along with bio-medical treatment, to balance the immunomodulatory 
and anti-inflammatory actions for a better outcome?); and finally (3) Route of adminis-
tration; oral, enteral or parenteral (which one would offer maximal benefits during the 
disease condition?). Nonetheless, in the absence of standard/specific treatment 
(although vaccination has been rolled out very recently in several countries), optimist-
ically, these challenges can be circumvented. Therefore, considering the therapeutic 
potential (to name a few, anti-inflammation, immunomodulation, anti-thrombosis, 
pro-resolution, tissue repair and regeneration), there is scope for ω-3 LCPUFA 
intervention, at least for COVID-19 patients with NAFLD and may be for critically ill 
patients or patients admitted to ICU, as one of the strategies along with current 
biomedical treatment, which may yield a better clinical outcome, in terms of resolution 
and management of inflammatory cytokine storm/hyper-inflammation, associated-
cellular and tissue damage. This can disconnect the bi-directional relationship between 
COVID-19 and NAFLD and thus would certainly help COVID-19 patients, particularly 
those with pre-existing NAFLD conditions, by attenuating the disease progression 
and/or liver injury, not only caused by SARS-CoV-2 infection, but possibly due to 
drugs as well (Schematic summary Figure 2).
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CONCLUSION
Several randomized clinical trials and the meta-analysis data from randomized 
controlled trials have shown the beneficial effects of ω-3 LCPUFA in the management 
of NAFLD. The anti-inflammatory potential of ω-3 LCPUFA has been unequivocally 
shown in some of the overt/hyper-inflammatory (both acute and chronic) conditions 
associated with human diseases, including in critically ill patients, in addition to their 
immunomodulatory and anti-viral properties in various experimental models. 
However, whether these effects are mediated either directly by ω-3 LCPUFA or their 
derived bio-active lipid mediators or by both are not fully understood. Nevertheless, 
the emerging evidence has documented the involvement of multiple pathways and 
mechanisms that include modulation of immune cells, their functions and membrane 
fatty acid composition, augmented production of anti-inflammatory cytokines/ 
mediators and suppression of pro-inflammatory cytokines/mediators and, accelerated 
resolution of tissue inflammation, injury, faster wound healing and tissue regene-
ration, in addition to regulation of genes and cell signaling proteins, receptors/ 
molecules of various interlinked inflammatory pathways, to name a few. Therefore, 
the administration of ω-3 LCPUFA as a pharmaconutrient in the intervention strategy 
for COVID-19 patients with NAFLD may be a viable and promising option to mitigate 
and manage the inflammatory cytokine storm and associated-tissue injury in SARS-
CoV-2 infection. Besides, it may complement the current treatment protocol and 
deliver a better clinical outcome in the management of NAFLD and COVID-19 
pandemics.
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