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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the COVID-19 pandemic that has 
infected over a hundred million people globally. There have been more than two million deaths recorded 
worldwide, with no end in sight until a widespread vaccination will be achieved. Current research has centred on 
different aspects of the virus interaction with cell surface receptors, but more needs to be done to further un
derstand its mechanism of action in order to develop a targeted therapy and a method to control the spread of the 
virus. Lipids play a crucial role throughout the viral life cycle, and viruses are known to exploit lipid signalling 
and synthesis to affect host cell lipidome. Emerging studies using untargeted metabolomic and lipidomic ap
proaches are providing new insight into the host response to COVID-19 infection. Indeed, metabolomic and 
lipidomic approaches have identified numerous circulating lipids that directly correlate to the severity of the 
disease, making lipid metabolism a potential therapeutic target. Circulating lipids play a key function in the 
pathogenesis of the virus and exert an inflammatory response. A better knowledge of lipid metabolism in the 
host-pathogen interaction will provide valuable insights into viral pathogenesis and to the development of novel 
therapeutic targets.   

1. Introduction 

The year 2020 will be certainly remembered as the year of the 

coronavirus disease 19 (COVID-19) pandemic. Towards the end of 2019, 
a novel coronavirus infectious disease generated by the severe acute 
syndrome coronavirus 2 (SARS-CoV-2) made its appearance in Wuhan, 
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China. As it was the case with the other two recent coronavirus spreads, 
2003 Severe Acute Respiratory Syndrome (SARS-CoV) and 2012 Middle 
East respiratory syndrome (MERS-CoV), and many other so-called “bird 
flu” worldwide, it is believed to be a zoonotic virus, originated in a live 
market from bats and then transferred to human hosts [1]. Within a few 
weeks, the first cases were detected in Europe, in particular in Italy, and 
in March 2020, the World Health Organization announced the begin
ning of a global pandemic [2]. As the 1918 Spanish flu spectre began to 
appear on the horizon, countries took different approaches to tackle the 
fast-rising spread of the infection. Some countries such as China, South 
Korea and Italy in Europe, followed by France and Spain, severely hit by 
an alarming increase of cases and mortality, chose to implement un
precedented strict measures to contain the spread. Others, like UK and 
USA, adopted softer strategies, ignoring the WHO guidelines or, as in the 
case of the Swedish government, chose to initially implement control 
strategies that could be perceived as a model to achieve herd-immunity 
[3,4]. These different decisions have somehow reflected on the ability of 
different countries to keep under control the disease. Nevertheless, 
despite all the efforts, more than two million deaths have been recorded 
worldwide (January 2021), the number of cases and deaths is steadily 
rising in some places such as USA, Brazil and India, and the pandemic is 
far from over [5]. The attention of the world scientists has been suddenly 
monopolized on COVID-19 research, in a frantic fight against time to 
develop a vaccine and, in parallel, to find pharmacological therapies 
able to treat the severe pneumonia symptoms caused by this virus. A 
huge number of drugs, natural compounds, and traditional Chinese 
remedies have been tested, and the guidelines issued by the Chinese 
National Health Commission revised many times. In the last version, 
antivirals such as ribavirin, interferon α (IFNα), chloroquine phosphate, 
lopinavir/ritonavir and arbidol have been proposed; in some cases, these 
have proven to be helpful in lowering the severity of the infection, but an 
effective antiviral specific to Covid-19 is yet to be found [6]. The 
extremely high infectiousness of this virus, especially in the presymp
tomatic phase, and a large number of asymptomatic patients, are 
thought to be the main booster for this pandemic [7,8] and the reason 
behind the difficulties in its containment. SARS-CoV-2 is a respiratory 
virus that spreads from person to person mainly through aerosol droplets 
released when talking, coughing or sneezing, but also by contact with 
contaminated surfaces. For this reason, although a huge debate arose on 
whether masks application could be helpful, useless or damaging, and 
this issue is still controversial, their use has been proven to play a role in 
protecting against the infection [9]. Once in the upper respiratory tract, 
SARS-CoV-2 binds to the receptor angiotensin-converting enzyme 2 
(ACE2), a membrane-bound aminopeptidase involved in particular in 
the circulatory system functions and immune response, highly expressed 
in particular the ciliated nasal epithelial cells, heart and lungs [10], 
causing cold-like symptoms or no symptoms at all. After approximately 
3 to 5 days, as the virus replicates in the lower respiratory tract, some 
patients develop pneumonia. While the majority of these patients 
recover spontaneously, a portion of them (about 20%) worsen in a few 
days presenting high fever, hypoxia, inflammation, blood clotting, 
lymphocytopenia and cardiovascular problems, which lead to mechan
ical ventilation for about a quarter of them, and to death for 50 to 80% of 
these patients [7]. Concomitant morbidities, age, and enhanced ACE2 
expression can all negatively affect the prognosis. Moreover, the im
mune system response to the virus infiltration seems also to play a role in 
accelerating the breakdown of the epithelial-endothelial barrier in the 
lungs, causing further deterioration [7]. In order to completely clarify 
the mechanisms of action of SARS-CoV-2 and, therefore, be able to 
produce a specific effective treatment, it is important to unravel the role 
played by lipids in the development of this infection. The essential role 
of lipids in biology, as cell membrane components, and in cellular 
communication, membrane trafficking, energy storage and heat insu
lation is well known. They are also known to be crucial in enabling vi
ruses to cross the host cell membrane and replicate, and their normal 
metabolism in the host cell is altered as a consequence of viral infections 

[11]. Studies on COVID-19 patients’ plasma have found that the levels of 
lipid modification correspond to the gravity of the infection, and several 
research projects have identified COVID-19-associated lipid biomarkers 
[12]. Moreover, lipid-lowering therapies such as statins and lipoprotein 
apheresis have been proposed as a therapeutic strategy to reduce clinical 
complications in patients severely affected by COVID-19 [13]. 
Increasing bioactive lipid levels has also been suggested as a method to 
reduce ACE2 receptors number and affinity to SARS-CoV-2 [14]. 
Therefore, targeting membrane sphingolipids and interfering with the 
virus lipid metabolism could represent a path to follow towards the 
development of COVID-19 treatments. 

2. Coronaviruses within virus classification 

Viruses are small, simple living organisms that survive only by 
invading host cells of animals, bacteria or plants and replicate within 
these cells, causing diseases during the process. They rely on the host cell 
for both their energy supply and metabolism. Viruses are divided ac
cording to their genetic characteristics [15] into two broad groups: DNA 
viruses and RNA viruses, and they can be “naked” or surrounded by an 
external layer composed of lipids, proteins and sometimes glycopro
teins, called “envelope”. DNA viruses can be double-stranded enveloped 
(Hepadnaviruses, Herpesviruses, Poxviruses), and unenveloped (Adeno
viruses, Papillomaviruses, Polyomaviruses) or single-stranded (Parvovi
ruses). RNA viruses represent the majority amongst all viruses. They can 
be classified based on the sense that their amino acid sequence is 
translated by the host cell. Viral RNAs that are positioned in the same 
sense as mRNAs and are immediately translated into protein are called 
“positive-sense”, and can be unenveloped (Caliciviruses, Picomaviruses) 
or enveloped (Coronaviruses, Flaviviruses, Togaviruses); owing to this 
conformation, the host cell is able to transcribe and synthesize the viral 
proteins quicker. On the contrary, “negative sense” RNAs have to be 
reversed by an enzyme called RNA replicase for translation, and they are 
all enveloped (Arenaviruses, Bunyaviruses, Filoviruses, Orthomyx
oviruses, Paramixoviruses and Rhabdoviruses). Some viruses can be 
“ambisense”, positive or negative, and have a double protein shell pro
tecting the genetic material called “double capsid” (Reoviruses), while 
others (Retrovirus) are RNA “positive-sense”, but they use a DNA in
termediate for replication. From the point of view of the type of struc
ture, RNA viruses can be classified as icosahedral, equilateral triangles 
forming a spherical shape (including both naked or enveloped viruses), 
or helical, filaments forming a tube with a cavity, (enveloped viruses 
only). Coronaviruses belong to the order of Nidovirales and to the 
Coronaviridae family (Figure 1); they are RNA “positive-sense” envel
oped viruses, with a helical shape and a viral genome length between 26- 
32 kilobases [16]. This family of viruses comprises two subfamilies: the 
Coronavirinae and the Torovirinae subfamily, capable of infecting 
various types of animals. The Torovirinae subfamily includes the Tor
ovirus (equine and bovine) and the Bafinivirus (white bream virus). The 
Coronavirinae subfamily is divided into: i) Alphacoronavirus (including 
alphacoronavirus 1 and porcine epidemic diarrhoea virus), ii) Betacor
onavirus (including severe acute respiratory syndrome-related corona
virus and Betacoronavirus 1), and iii) Gammacoronavirus (including 
Avian coronavirus and Beluga whale coronavirus). The SARS-CoV-2, 
belongs to the Betacoronavirus group, together with the viruses 
responsible for the previous SARS-CoV and MERS-CoV pandemics. 

3. Structure of severe acute syndrome coronavirus 2 (SARS-CoV- 
2) 

Even though viruses display different morphologies, ranging from a 
helical to Icosahedral, prolate, head or tail, complex or asymmetrical 
shape, these non-living particles depend on host organisms to survive 
and share a common basic structure. Three main elements concur to 
form a virus structure: 1) the nucleic acid, containing single or double- 
stranded DNA or RNA and enzymes for genetic transcription, which is 
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between 5 to 200 kb in size; 2) a capsid surrounding this genetic mate
rial, a viral protective layer of proteins called “capsomeres” which gives 
the distinctive shape to the virus, and; 3) a glycoprotein envelope formed 
by a bilayer of lipids and proteins, essential for attaching to the host cell 
membrane and penetrating inside. Coronaviruses display on the enve
lope, as a distinctive feature, spike proteins that give the resemblance of 
a crown. SARS-CoV-2 particles (virions) are 125 nm wide spherical en
tities, with a characteristic crown on the surface, and a positive-sense 
single-stranded RNA enveloped by a nucleocapsid, forming a symmet
rical helical shape containing a large genome of 27-34 kb. Four struc
tural proteins characterize this virus: the transmembrane spike protein 
(S protein) (180-200 kDa), the envelope protein (8-12 kDa) involved in 
the virion production and expulsion from the host cell, the membrane 
protein (25-30 kDa) responsible for the virion shape, all located in the 
envelope, and the nucleocapsid protein located inside the capsid and 
binding the RNA genome. Sixteen non-structural proteins are formed 
after the invasion of the host cell via open-reading frame (ORF) trans
lation. The S protein has a homotrimeric conformation containing the 
receptor-binding domain S1 subunit, comprising, in turn, an N-terminal 
domain (NTD) and a C-terminal domain (CTD), and the S2 subunit 
contributing to membrane fusion [17]. This protein allows SARS-CoV-2 
virions to attach to host cell membrane receptors and, subsequently 
invade those cells. SARS-CoV-2 S1 subdomain CTD binds the ACE2 re
ceptor on the surface of the host cell [18]. Unlike SARS-CoV, SARS-CoV- 
2 contains a polybasic furin cleavage site at the interface of the two 
subunits S1 and S2 of the spike protein [19]. Strikingly, this site is found 
in other pathogens such as Ebola, virulent bird flu strains, and HIV-1. 
When this site is cleaved by furin, the spike protein can interact with 
and activate an additional cell surface receptor, neuropilin 1 (NRP1). 
NRP1, when expressed together with ACE2, and type II transmembrane 
serine host cell protease (TMPRSS2), greatly potentiates viral entry and 
infection [20,21]. 

Two different entry mechanisms are possible at this point; an early 
pathway in which virions blend at the plasma membrane, or a late 
pathway in which virions amalgamate at the endosomal membrane, 
according to proteases accessibility [22]. The early entry is mediated by 
TMPRSS2, which promotes viral fusion and nucleocapsid access into the 
cytoplasm by cleaving the S protein at the S1/S2 and S2’ sites. For the 
late entry pathway, the virus is endocytosed, and the viral S protein is 
cleaved in the presence of cysteine protease cathepsin L before the 
genome being liberated into the host cell. In vivo studies have shown the 
importance of lipid rafts in facilitating coronaviruses entry in the host 
cells. In particular, cholesterol seems to play an essential role and, in its 
absence, both viral entry and fusion have been shown to be compro
mised [23]. Once in the cytoplasm, the virus exploits the host cell 
structures for genome replication; in the endoplasmic reticulum (ER) S 
protein constituents are produced, joined in the ER-Golgi intermediate 
compartment (ERGIC), the S protein is pre-cleaved and then released by 
exocytosis into the extracellular space. 

4. Mechanisms of virus-host cell interaction 

Lipids play a key role in the initial stages of the interaction of viruses 
with host membranes [24]. The very first step of this complex process is 
the virus adhesion to the cell membrane [25]. This involves unspecific 
binding with negatively charged sugars of glycoproteins and glycolipids 
that represents a first dock before the engagement with a specific re
ceptor. Heparan sulphate proteoglycans, expressed by the majority of 
eukaryotic cells, have been shown to play a role in the adhesion of many 
viruses to the cell external membrane, including SARS-CoV-2 (Figure 2). 
Indeed, a recent study demonstrated that SARS-CoV-2 spike protein 
interacts with both cellular heparan sulphate and ACE2 through its 
receptor-binding domain (RBD) domain [26]. In the latter study, the 
authors proposed a model in which viral attachment and infection 

Figure 1. Family tree of the seven coronaviruses that infect humans.  
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involve heparan sulphate-dependent enhancement binding to ACE2 and 
consequently, inhibition of viral adhesion by exogenous heparin is 
suggested as a novel therapeutic approach [26]. A new insight into the 
SARS-CoV-2 pathogenicity is emerging from the recently published 
study by Toelzer et al., demonstrating a direct binding between fatty 
acids and SARS-CoV-2 proteins [27]. The authors used the cryo-electron 
microscopy technique to examine the spike glycoprotein structure of 
SARS-CoV-2. The analysis revealed the presence of three binding 
pockets in the receptor-binding domains (RBDs) firmly binding linoleic 
acid (LA). Further experiments confirmed the existence of these LA- 
binding sites in SARS-CoV and MERS-CoV. In in vitro experiments, this 
LA binding was found to cause a locked conformation of the spike pro
tein resulting in a decreased association between this protein and ACE2 
host receptor. Subsequently, human epithelial cells infected with SARS- 
CoV-2 were treated with different concentrations of Remdesivir, an anti- 
viral drug that has shown some effectiveness in COVID-19 clinical trials, 
in combination with LA. The addition of the latter resulted in a syner
gistic effect permitting a remarkable reduction of Remdesivir’s dosage in 
order to block virus’ replication. This finding could be a strategy to 
overcome the significant side effects observed in SARS-CoV-2 patients 
treated with Remdesivir [28]. Moreover, as fatty acid-binding pockets 
were used to developed anti-viral drugs successfully employed in clin
ical trials against rhinovirus [29–32], similarly, the discovery of LA- 
binding pockets could be exploited for designing specific inhibitors 
able to obstruct virus-host interactions by blocking the spike protein in 
the closed conformation. 

The subsequent step involves the virus entry into cell cytosol using 

either a direct fusion mechanism or the exploitation of the endocytic 
pathways of the host cells. In both cases, this is a critical energy- 
consuming stage involving viral membrane fusion. While enveloped 
virus entry through direct fusion with the plasma membrane appears to 
be the most convenient strategy, more recent evidence suggests that 
virus entry mostly occurs via endocytosis and that the use of the endo
somal route provides multiple advantages [33]. 

Viruses have been shown to use different canonical and non- 
canonical endocytic pathways [34]. The canonical pathways involve 
the formation of clathrin-coated vesicles, whereas the non-canonical 
pathways require either caveolae, flotillin-1, glyco
phosphatidylinositol-anchored proteins or micropinocytosis. 

It has been found that SARS-CoV enters cells via an endocytosis 
pathway dependent on pH and receptor engagement but clathrin- and 
caveolae-independent [35]. In the latter study, it has been shown that 
cholesterol- and sphingolipid-rich lipid raft microdomains in the plasma 
membrane are involved in SARS-CoV entry [35]. However, further 
research is needed to confirm this mechanism of entry. 

Phosphoinositides (PtdIns) play critical roles in membrane dy
namics, trafficking, and cellular signalling. In particular, the mono
phosphate phosphatidylinositol 3-phosphate (PtdIns3P) and the 
bisphosphate phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2] 
have been mostly linked with endosomes and endosomal functions [36]. 
Recent studies suggest that Ebola virus (EBOV) necessitates PtdIns(3,5) 
P2 production in cells to support efficient transport to the receptor 
Niemann-Pick C1 (NPC1) that localizes in late endosomes and lysosomes 
[37]. Inhibition of PIKFYVE, the enzyme that phosphorylates PtdIns3P 

Figure 2. Mechanisms of SARS-CoV-2 interaction with host cell and entry. Three different possible endocytic pathways are shown: 1) direct fusion; 2) clathrin- 
dependent pathway; 3) caveolae- or flotillin-dependent pathway. 
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to produce PtdIns(3,5)P2, impeded colocalization of EBOV with NPC1 
and induced virus concentration in intracellular vesicles with charac
teristics of early endosomes. Interestingly, other viruses such as Zaire 
ebolavirus and SARS-CoV-2 have been indicated to use analogous traf
ficking pathways for efficient entry. More importantly, PIKFYVE inhib
itor Apilimod strongly impairs the infection of Zaire ebolavirus and 
SARS-CoV-2 suggesting the potential for targeting PIKFYVE in devel
oping antiviral agents against SARS-CoV-2 [38]. 

Furthermore, inhibition of class III phosphoinositide 3-kinase (PI3K), 
the enzyme that produces PtdIns3P from PtdIns, has been shown to 
potently inhibit SARS-CoV-2 infection of human lung model ex vivo 
[39]. Similarly, class I PI3K inhibition has been shown to affect SARS- 
CoV-2 replication [40]. In addition, Type III phosphatidylinositol-4- 
kinase enzymes, that produce phosphatidylinositol-4-phosphate, have 
been utilized in replication organelles by different viruses [41]. 

However, strategies aiming at the inhibition of PI-kinases should be 
taken with caution considering the potential side-effect that can be 
caused. In particular, PIKFYVE inhibition has been shown to generate 
large vacuoles in cells and lead to apoptosis in vitro [42] and in vivo 
[43]. 

5. Replication organelles and virus-induced double-membrane 
vesicles 

Cell Membranes perform essential functions of containment, signal
ling and molecule exchange that regulate all biological processes. 
Membrane lipid bilayers are asymmetrically modified by factors both 
internal and external, using the energy released by changing the mem
brane lipid composition, and from proteins composing the membrane or 
present in the cytoplasm. They can be curved inward (positively), in the 
process of endocytosis, or outward (negatively), generating extracellular 
vesicles [44]. Every positive-sense RNA virus, and coronaviruses among 
them, manipulate host cell membranes to build structures, termed viral 
replication organelles (RO), able to grant RNA synthesis and viral 
replication [45]. These structures, in addition to hijacking host factors, 
metabolites, lipids and proteins relevant to replication, may have a role 
in protecting the viral genetic material from being exposed to the host 
immune system [46]. Even though among distinct viruses there are great 
differences in the composition, structure and development of RO, they 
can be grouped into two main morphological categories; spherule for
mations and tubular and/or vesicular formations [47]. Spherule for
mations are membrane invaginations within host cell organelles, such as 
the ER, mitochondria and endolysosomes, not entirely separated from 
the cytosol to facilitate access to the required molecules and outdoor 
transport of vRNA. The second category includes host membrane pro
trusions forming tubular or vesicular organelles, amongst which, 
structures referred to as double-membrane vesicles (DMV) have attrac
ted particular interest. Nidoviruses and coronaviruses in particular, have 
been observed via electron tomography to produce a wide range of 
double-membrane formations, displaying a regular membrane inter
space and various shapes such as zippered ER, convoluted membranes, 
open double-membrane and double-membrane vesicles [48]. Studies on 
noroviruses DMVs have revealed membrane connections, called mem
brane contact sites (MCSs), in between vesicles, between DMVs and 
other structures of viral origins, and in particular between DMVs and ER, 
suggesting a fundamental role of the latter in DMV development 
[46,47]. Viruses take control of these points of contact, which allow 
lipid trafficking between cytosol and RO, by interfering with cellular 
pathways or engaging MCS proteins, to ensure RO development and 
activity. Biogenesis of nidovirus DMV differs from other positive-sense 
RNA viruses. For some viruses, such as picornaviruses, a single mem
brane protrudes forming vesicles or tubules and subsequently the for
mation of paired membrane, two tightly placed lipid bilayers, is 
observed, forming cisternae that curve eventually giving shape to 
complete DMVs. In nidoviruses, including coronaviruses, membrane 
pairing occurs first in the ER, forming cisternae that will afterward curve 

and go through either one fission, generating a connected DMV, or two 
fissions to produce a disconnected floating DMV [46]. SARS-CoV non- 
structural proteins nsp3, nsp4 and nsp6 have been discovered to be 
essential for the biogenesis of double-membrane RO and viral RNA 
synthesis [48]. However, the complete understanding of the role of viral 
proteins in this process requires further studies. Another important 
element in viral biogenesis is the part played by host factors in sup
porting the virus life cycle. Regular cellular pathways in host cells are 
hijacked and exploited by viruses to survive and spread. For example, 
membrane proteins ER-associated reticulons and F-BAR domain- 
containing proline-serine-threonine phosphatase-interacting protein 2 
(PSTPIP2) are thought to be instrumental in viral DMV establishment 
[49]. The autophagy and secretory pathways are also involved in this 
process as GBF1, a secretory protein, has been found to be correlated to 
DMV number in coronaviruses [50]. As essential membrane components 
and key factors regulating membrane curvature and DMV generation, 
lipids are also indispensable to coronaviruses development. Lysophos
pholipids (LPLs) levels have been found to be positively linked to 
coronaviruses DMV biosynthesis in in vitro studies [45]. 

Additionally, in the same study, an enzyme involved in lipid meta
bolism, cytosolic phospholipase A2α (cPLA2 α), has been shown to affect 
coronavirus replication and DMV development. Lipidomic studies on 
human coronavirus-infected cells, using an ultra-high-performance 
liquid chromatography-mass spectrometry, revealed a significant 
modification in the host cell lipid composition upon infection, remark
ably linked to coronavirus spreading [51]. Although the formation and 
function of DMV are beginning to be understood, there is still not 
enough evidence in regards to the intrinsic benefits of using such for
mations for viral RNA synthesis. Another open question is whether this 
process would still be possible without these structures, given that a few 
rare viruses, such as a mutant CVB3 enterovirus, are able to replicate 
without RO [52]. 

It has been hypothesized that RO might shield the virus genetic 
material from the immune system, and some studies support this theory 
[53–57]. Nevertheless, the variety in RO morphology, ranging from 
closed spherules to semi-open or open structures, makes this postulation 
rather questionable. For semi-open DMVs, viral replication could occur 
safely inside by the inner membrane, while essential changes of me
tabolites would still be possible. On the other hand, completely exposed 
RO open structures, as in the case of picornaviruses, would not offer any 
protection. As for nidovirus, which has DMV close formations [46,58], 
material exchanges with the cytosol could take place via alternative 
routes, such as membrane pores, even though the exact location of RNA 
synthesis involving the inner membrane or the outer, or both, is not 
certain [46]. 

The release of the complete virions from the host cell is a little 
investigated aspect of SARS-CoV-2 replication cycle (Figure 3). Recent 
work identified a novel mechanism of SARS-CoV-2 egress involving 
lysosomal exocytosis and not the biosynthetic secretory pathway 
generally utilized by enveloped viruses [59]. However, other in
vestigators demonstrated the existence of two distinct egress pathways, 
using the cryo-imaging approach, involving tunnels via exocytosis 
release or through membrane rupture [60]. Therefore, further in
vestigations are required to clarify this important step of SARS-CoV-2 
cell infection cycle. 

6. Lipid metabolic remodelling of the host cell 

After endocytosis, viruses establish their ideal niche, beginning the 
first step of viral gene expression and then proceed to replication. One of 
the major targets in this stage is the manipulation of the metabolic state 
of the infected cell at different levels. Therefore, other than physical 
interaction with cellular membranes, viruses exploit and modulate lipid 
signalling and metabolism to benefit their replication. Indeed, lipids 
constitute not only the backbone of membranes but function as signal
ling molecules and energy sources. Therefore, reprogramming of lipid 
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metabolism is a key feature of virus-host interaction [41], similarly to 
the way cancer cells induce lipid reprogramming [61]. It should be 
noted that reprogramming of the host lipid metabolism could also be 
attributed to the host response to infection. 

Several studies found that viruses are able to enhance the expression 
and activity of critical enzymes in lipid biosynthesis. Among these key 
enzymes, there is a family of membrane-bound transcription factors in 
the endoplasmic reticulum, sterol regulatory element-binding proteins 
(SREBPs), which are critical in lipid regulation [62]. SREBPS are tran
scription factors that bind to promoters of genes involved in lipid 
biosynthesis and, consequently, they regulate cellular lipid metabolism 
and homeostasis. SREBPs are reported to be highly upregulated in 
Middle East respiratory syndrome coronavirus (MERS-CoV) and influ
enza A virus infections [63]. Lipid biosynthesis pathways regulated by 
SREBP include necessary steps for virus replication such as the down
stream viral protein palmitoylation and double-membrane vesicles for
mation. Therefore, SREBP represents a potential target for the 
development of broad-spectrum antiviral strategies. Another key 
enzyme in lipid biosynthesis is the fatty acid synthase that has been 
found upregulated in viral infection mediated by many viruses such as 
hepatitis C virus, Dengue virus, West Nile Virus and influenza virus. 

Lipid droplets (LDs), are lipid-rich cellular organelles that regulate 
lipid homeostasis and metabolism [64]. They serve as a store for 
cholesterol esters and triacylglycerols (TAGs) utilized for membrane 
formation and maintenance but also supply essential lipids to produce 
signalling molecules and metabolic energy. LDs also have a more dy
namic role since proteins present in the lipid droplet coat regulate lipid 
homeostasis and, therefore, LDs play a very important role in the 
regulation of intracellular lipid storage and lipid metabolism [65]. 

Single-strand RNA viruses, including coronaviruses, target LDs during 
their replication phase [66,67]. Given the role of LDs in viral replication, 
it has been proposed to use drugs interfering with LDs as therapeutics 
able to counteract SARS-CoV-2 infection [66,68]. Recent work from Dias 
et al. demonstrated that the virus replication and the heightening in
flammatory mediator production in SARS-CoV-2 infection are favoured 
by the participation of LDs. In addition, they showed that the pharma
cological inhibition of DGAT-1, which is a key enzyme for LD formation, 
reduced SARS-CoV2 replication, inflammatory mediator production and 
cell death, opening new therapeutic strategies [69]. 

7. Lipid rafts 

Pathogens, and viruses among them, are obliged to find survival 
stratagems in order to avoid host defence mechanisms, successfully 
invade cells, replicate and spread. One of those strategies they rely on 
involves exploiting lipid microdomains, designated “lipid rafts” located 
primarily on the cell plasma membrane, but also reported in other in
ternal organelles. Several diverse types of viruses, including coronavi
ruses, take advantage of these signal transduction platforms in order to 
penetrate inside cells during the fusion and internalization phase, for 
sending signals and transporting viral proteins, and also in the course of 
viral assembly before exocytosis [70]. Lipid rafts are specialized dy
namic nanoscale regions, 10 to 200 nm in size, and consisting of 
sphingolipids, glycosphingolipids, cholesterol and GPI-linked proteins. 
They perform many tasks including cell signalling, membrane traf
ficking, cell polarity regulation, polarized secretion, epithelial cells’ 
transcellular transport, endocytosis and autophagy [70,71]. In addition 
to their analogous lipoid composition, lipid rafts are also non-ionic 

Figure 3. Potential mechanisms of SARS-CoV-2 secondary cell infection. Red: exosome-mediated viral cargo release; yellow: lysosome-mediated virus release; green: 
virus release by alternative secretory pathway. 
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detergent-insoluble, are isolated by sucrose density gradient, and are 
quick to change structure upon stimulation [72–74]. Their protein 
conformation determines whether lipid rafts are categorized as “planar”, 
composed mainly of flotillin proteins, or “caveolae”, enriched in cav
eolin proteins [75], both mediating lipid raft-associated signal trans
duction. The hypothesis of lipid rafts playing an essential role in 
pathogenic microbe invasion of host cells has been confirmed by 
numerous studies. Lipid raft disrupting or cholesterol-reducing/ 
removing compounds, such as statins and methyl-β-cyclodextrin, were 
able to block pathological infections [76–86]. Recently, various roles of 
lipid rafts in the coronavirus life cycle have been indicated. In the first 
phase of viral infection, coronaviruses bind to their particular receptors, 
ACE2 in the case of SARS-CoV and SARS-CoV-2, which are found inside 
lipid rafts or caveolae, producing structural transformations in the viral 
molecules and starting a signalling cascade activating the virus inter
nalization. Viral particles are then incorporated into early and late 
endosomes where acidity induces the fusion between the viral envelope 
and the endosome membrane. The next phase includes the translation of 
viral genomic RNA and sub-genomic RNA synthesis. Nucleocapsid pro
teins are produced in the cytoplasm while the ER is the translation site 
for spike proteins, matrix and envelope. The autophagy apparatus is also 
exploited by coronaviruses to reinforce virus replication. Finally, by an 
exocytosis process, the newly synthesized virions are enclosed in 
smooth-wall vesicles or possibly multivesicular bodies and moved to the 
cell surface [87,88]. Given the prominent contribution of lipid rafts to 
virus survival and propagation, their therapeutic targeting could be a 
successful strategy to counteract infections [89] and, in particular, a 
valid tool in the fight against COVID-19 pandemic. 

8. Autophagy and coronaviruses 

Autophagy is a denomination derived from the Greek word meaning 
“self-eating”; it refers to a complex mechanism used routinely by cells to 
preserve homeostasis, which is enhanced in challenging conditions such 
as lack of nutrients or oxygen, stress, DNA damage, reactive oxygen 
species, or pathogenic infections [90,91]. During this process, cellular 
parts, organelles and proteins are packed in autophagosomes, double- 
membrane vesicles that transport their content to the lysosome; auto
phagosomes fuse with the lysosome originating autolysosomes, where 
the cargo is processed and broken down by specific enzymes. ATG5 and 
ATG7 genes are autophagy regulators, and LC3 and p62 are the main 
proteins used as markers for autophagy. In fact, levels of LC3-II, lipi
dated LC3, are directly correlated to the number of autophagosomes in 
cells [92] thus showing the presence of autophagy; conversely, as p62 is 
degraded during this process, increased levels of this protein reveal 
autophagy inhibition and vice versa [93]. Strict cooperation has been 
shown to exist between lipid rafts and autophagy, as caveolin-1, a major 
component of plasma membrane lipid rafts, interferes with the expres
sion of ATG12-ATG5, a conjugation system essential for autophagosome 
development [94]. In addition, autophagy seems to be affected by the 
same molecules involved in the chemical and structural configuration of 
lipid rafts [95]. 

Although autophagy has been shown to have a role in counteracting 
infections, transporting viral particles to lysosomes and boosting hosts’ 
immune response, certain viruses are known to be able to neutralize 
lysosomal degradation and to utilize autophagy to survive and replicate 
[96]. Coyne et al. have found that cells that take up exosomes carrying 
microRNAs from placenta cells are very resistant to virus-induced 
autophagy [97]. Also, some virus replications can be limited by 
inducing autophagy, as in the case of Sindbis virus affecting the central 
nervous system in mice [98]. On the other hand other viruses, such as 
herpesviruses, have found means of protecting themselves from auto
phagy degradation by expressing proteins that impede autophagosomes 
development [99]. Many positive-sense RNA viruses, enteroviruses in 
particular, induce autophagy and exploit this mechanism to avail 
themselves of membranes necessary for the construction of their 

replication areas [100]. Nidovirales seem to have the ability to both 
employ autophagy-derived materials for their synthesis and to exploit 
autophagy mechanisms to decrease viral degradation [101]. Conflicting 
results have been published regarding MERS-CoV, which has been 
described to induce autophagy by some authors [102] and to inhibit the 
same process by others [103]. Similarly, while it is known that SARS- 
CoV utilizes the autophagy pathway for replication [104,105], SARS- 
CoV-2 was recently discovered to decrease autophagy through AMPK 
and mTORC1 downregulation, with the advantage of limiting viral 
product degradation and profiting by the increase of double-membrane 
vesicles [106]. Some known autophagy promoters such as spermidine, 
niclosamide and nitazoxanide have been shown to have an effect against 
SARS-CoV-2 in in vitro studies [16,107] and, as a consequence of these 
findings, the autophagy promoter rapamycin has been used in the 
clinical treatment of this infection, achieving some results 
(NCT04482712). 

9. Exosomes 

Exosomes are microvesicles released by all mammalian cells, which 
act as signalling organelles during normal physiological and patholog
ical conditions. Important cellular homeostasis functions of exosomes 
include: cell repair and restoration, stimulation of the immune system, 
maturation of the nervous system, and maintenance of foetal develop
ment [108]. On the other hand, exosomes play a pro-cancer role by 
promoting the pre-metastatic niche, metastasis formation and inducing 
chemoresistance. Exosomes can also initiate and promote neurodegen
erative diseases, participate in cardiovascular disorders and contribute 
to viral infection spread by carrying pathogenic factors (Figure 3) [108]. 

Among the variety of vesicles secreted by eukaryotic cells, exosomes 
are the smallest, between 30 and 150 nm in size. They carry a distinct 
RNA, lipid and protein cargo depending on their cells of origin, together 
with some common proteins such as membrane transport and fusion 
proteins (GTPases, Annexins, Flotillin), heat shock proteins (Hsc70, Hsp 
90), tetraspanins (CD63, CD81, CD82), lipid-related proteins and 
phospholipases, as well as proteins involved in multivesicular body 
biogenesis (Alix, TSG101). Mass spectrometry studies have found more 
than 4400 proteins in connection to exosomes [109,110]. Exosome 
progenitors are early endosomes. These intracellular organelles collect 
endocytosed cargo and intraluminal vesicles and become late endo
somes or MVBs once increased in size. These MVBs, found in the peri
nuclear cytoplasm, could either function as a storage unit for the cell, 
fuse with lysosomes for cargo degradation or, upon adequate stimula
tion, fuse with the cell plasma membrane to release the newly born 
exosomes into the extracellular space by exocytosis. Lipid metabolism, 
and especially PI3K, play an important part in MVBs biogenesis. Some 
proteins, such as Hrs and the ESCRT sorting complexes are also essential 
in the regulation of vesicle formation. Once in the extracellular space, 
exosomes are ready to be recognized and uploaded by recipient cells, 
mainly via endocytosis, fusion or antigen-recognition mechanism. Due 
to the presence of opsonins such as lactoadherin on the surface, exo
somes are phagocytosed from the body fluids by immune cells in the 
liver and spleen. Specific cell adhesion transmembrane proteins make it 
possible for exosomes to attach on the surface of recipient cells. For 
instance, adhesion occurs when ICAM-1, CD44, CD49d, CD54 and 
CD11a proteins on the T-cell surface are exposed to CD81 and CD9 on 
exosomes. In the antigen recognition mechanism, the major histocom
patibility complex on exosomes is recognized and bound by T-cells. 

Virus and exosome biogenesis share evident similarities, and during 
infections viruses utilize the exosomal pathway to both enter cells and 
invade other tissues. Coronaviruses are similar in size to exosomes 
(about 125 nm), they both carry proteins and RNAs, and lipidomic 
studies on exosome membrane have found a remarkable resemblance 
with the composition of the virus membrane [111]. Viruses have been 
shown to modulate the production and molecular cargo of exosomes 
[112,113]. Indeed, microRNAs, proteins and even intact virions can be 
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packed into exosomes [113,114]. Upon viral infection, host cells are 
activated to produce exosomes loaded with viral pro-inflammatory and 
cytotoxic molecules that are sent to nearby tissues where they induce 
inflammation, intravascular coagulation, and trigger the endothelium 
causing sepsis and tissue damage. In a recent in vitro study, lung 
epithelial cells incorporated with SARS-CoV-2 genes were found to 
produce exosomes containing viral RNAs, and caused inflammation and 
viral genes uptake in human-induced pluripotent stem cell-derived 
cardiomyocytes they were put in contact with [115]. Moreover, our 
recent studies have confirmed the presence of SARS-CoV-2 RNA in 
circulating exosomes isolated from COVID-19 patients [116]. Some 
studies suggested the possibility of SARS-CoV-2 using integrin as an 
additional receptor as its spike protein has been found to be able to bind 
integrins [117]. Similarly, tetraspanins, transmembrane glycoproteins 

abundant in exosomes and involved in their endocytosis mechanism, are 
known to be linked to certain viruses, including coronaviruses, and to be 
involved in several steps of their life cycle [118,119]. Recent data sup
port the importance of exosome trafficking in viral infections. In 
particular, the investigation of the interactome between 26 of the 29 
SARS-CoV-2 proteins and human proteins revealed that 332 human 
proteins have a high confidence score of interaction [120]. Of those 
proteins, about 40% were found to be involved in vesicular trafficking 
pathways, including exosomes trafficking and lipid modification [119]. 
Strategies targeting exosome biogenesis and release, as a mechanism for 
SARS-CoV-2 spread, have been recently proposed [121,122]. Many 
compounds have been shown to inhibit the release of exosomes such as 
calpeptin, Y27632, pantethine, imipramine, GW4869 (Figure 4) [123]. 
Further studies are required to validate the effects of these drugs – singly 

Figure 4. Steps in viral pathways inhibited by drugs acting on lipid metabolism or exosomes release.  

I. Casari et al.                                                                                                                                                                                                                                   



Progress in Lipid Research 82 (2021) 101092

9

and in combination – in preclinical models of SARS-CoV-2. 

10. Defining the changing lipidome to study SARS-CoV-2 
infection 

The lipidomic study of biological biofluids obtained from patients is 
particularly challenging compared to the analysis performed at cellular 
levels [149]. Therefore, before discussing the lipidomic studies per
formed in humans, we will briefly give an overview of all issues and 
obstacles that investigators face in this field, especially considering the 
complications related to handling infected materials. This is an outline 
of lipidomics approaches to study SARS-CoV-2 infection and COVID-19 
pathogenesis. 

10.1. Plasma and serum samples 

Blood is a biological fluid that can be easily collected with minimal 
health risk. Its composition reflects human physiology in health and 
disease but also metabolic aspects. Plasma and serum, which are rich in 
lipids, are widely used for lipid biomarker discovery [124–128]. Plasma 
and serum are two distinct matrices; plasma is the liquid that remains 
when clotting is arrested with the introduction of an anticoagulant, 
while serum is obtained after blood has clotted. Thus, their lipid profiles 
differ even when obtained from the same blood draw [129,130]. 

For lipidomic research, the use of plasma is recommended. Plasma is 
the closest matrix to blood plasma in vivo, and it is better for robustness, 
for comparing and interpreting physiological conditions. The coagula
tion process involved in serum preparation leads to the generation or 
degradation of molecules, including lipids. This process affects the 
abundances of LPLs, sphingosine 1-phosphate (S1P), prostaglandins, 
leukotrienes, resolvins, oxylipins and other lipid species [131]. In clin
ical practice, the serum is largely used and therefore, may be more 
appropriate for diagnostic applications. Plasma should be obtained from 
whole blood collected immediately in tubes including dried or liquid 
anticoagulant to minimize clotting: K2EDTA, heparin and citrate are the 
most commonly used. The centrifugation condition of whole blood is 
another factor that can alter the plasma lipidome, especially in relation 
to the presence of residual platelets in plasma or their activation. In 
multicentre studies, the conditions should be standardized prior to the 
sample collection. Plasma samples should be stored at -80◦C or lower 
temperatures. The containers utilized for sample collection should be 
airtight to avoid sublimation, which can also impair sample concentra
tions [132]. Preparing aliquots immediately after plasma/serum isola
tion will contribute to limit freeze-thaw cycles that may affect the 
abundance of specific lipid classes. 

10.2. Cell samples 

Sample stability is very important for lipidomic analysis [133]. 
Samples should be immediately processed or frozen because enzymatic 
and chemical processes can metabolize lipids. This is particularly 
important when oxidation products like oxidized phospholipids, oxy
lipins, and lysolipids are analysed. Samples should be stored at − 80 ◦C, 
and the storage time should be as short as possible. 

Sample homogenization is another important step for the analysis of 
cells. This procedure ensures a more efficient lipid extraction by 
rupturing the plasma membrane and giving access to intracellular do
mains. Cells can be disrupted by using cold sonication, a pebble mill 
with beads or a nitrogen cavitation bomb [133,135]. 

10.3. Viral inactivation 

Sample manipulation of SARS-CoV-2 infected material must be 
performed using appropriate biosafety level containment laboratories 
until pathogen inactivation. For example, Burnum-Johnson et al. 
observed the total deactivation of both bacterial and viral pathogens 

with exposed lipid envelopes, including MERS-CoV, proposing a pro
cedure for concomitant pathogen inactivation and extraction of samples 
for multi-omics profiling [136]. For lipidomic analysis, the sample could 
be considered safe after the addition of an alcoholic solution, which is 
usually employed for protein precipitations and lipid extraction. 

11. Dysregulation of lipids in COVID-19 disease 

The role of lipids in COVID-19 has been investigated especially on 
bio-fluids from infected patients. Several studies reported the involve
ment of lipids and lipid metabolism (Table 1) [137–139]. 

Shen et al. conducted proteomic and metabolomic profiling of sera 
from 46 COVID-19 patients and 53 control individuals [137]. They 
identified differentially expressed factors that correlate with disease 
severity, highlighting an alteration of multiple immune and metabolic 
components in clinically severe patients. In particular, a strong down- 
regulation of over 100 lipids, comprising sphingolipids, glycer
ophospholipids and fatty acids, was identified. Biomembranes are 
composed of lipids such as sphingolipids and glycerophospholipids that 
have not only a structural role but regulate signal transduction and 
immune activation pathways as well as inflammatory responses [140]. 
The involvement of glycerophospholipids and fatty acids such as 
arachidonic acid has been reported in HCoV-229E-infected cells and 
MERS-CoV replication [51], while the down-regulation of choline and 
its derivatives and the up-regulation of phosphocholine, were associated 
to activated macrophage-mediated immunity [141]. The overall down- 
regulation of serum lipids in COVID-19 patients is linked to liver dam
age, which is supported by changes in bilirubin and bile acids. 

Targeted and untargeted mass spectrometry was used to investigate 
the lipidome and metabolome of plasma obtained from a cohort of 76 
subjects that included 26 healthy controls and 50 COVID-19 patients 
(mild, moderate, and severe) [138]. The authors noticed diminutions in 
major classes of plasma glycerophospholipids, comprising phosphatidic 
acids (PAs), PIs, and PCs and an increase of LPLs such as LPAs, LPIs, and 
LPCs. They also found that plasma lipidome of COVID-19 was similar to 
that of monosialodihexosyl ganglioside (GM3)-enriched exosomes, with 
increased levels of sphingomyelins (SMs) and GM3s, and decreased 
diacylglycerols (DAGs). Simultaneous elevation in non-esterified fatty 
acids (NEFAs) such as NEFA18:1 and NEFA 18:2 was shown in mild and 
moderate COVID-19, while TAGs were significantly decreased uniquely 
in mild cases. In addition, exosomes of COVID-19 patients with higher 
disease severity were progressively enhanced in GM3s, suggesting that 
GM3-rich exosomes may participate in pathological functions linked to 
COVID-19 pathogenesis. 

Table 1 
latest published or in pre-print articles that report lipids alterations in COVID-19 
disease. The bio-fluid analysed, the number of samples, the platform used and 
the main altered lipid species are shown.  

Bio- 
fluid 

N. of 
samples 

Platform Main altered lipids Reference 

Serum 108 High-Res MS Glycerophospholipids Shen et al. 
[137] 

Serum 50 QQQ GM3s, free fatty acids Song et al. 
[138] 

Plasma 35 QQQ NEFAs, TAGs, PCs Wu et al. 
[153] 

Serum 57 QQQ PUFAs and lipid 
mediators 

Schwarz et al. 
[142] 

Plasma 161 High-Res MS PCs, LPCs, PEs, LPEs, 
NEFAs 

Barberis et al.  
[145] 

Serum 49 High-Res MS Acylcarnitines, NEFAs Thomas et al. 
[139] 

Serum 236 NMR Short chain fatty acids Bruzzone 
et al. [147] 

Plasma 102 High-Res MS 
and QQQ 

TAGs, PCs Overmyer 
et al.  
[146]  
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Lipids alterations were also reported in a cohort of Chinese patients 
with COVID-19 [153]. General dyslipidaemia was observed using a 
targeted metabolomic and lipidomic analyses of plasma. Serial samples 
were gathered and analysed during the course of COVID-19 disease. The 
cohort included nine patients with fatal outcome, 11 patients diagnosed 
with severe symptoms, and 14 patients diagnosed as having mild 
symptoms. Most of the significantly changed lipids were upregulated 
and characterized by a positive correlation with the course of disease 
deterioration in fatal cases. DAGs, NEFAs, and TAGs, were found in 
greater amounts in the fatality group. Lipolysis of adipose tissue en
hances as a consequence of infection, converting TAG to NEFA and DAG, 
but also enhancing the recycling of fatty acids back into TAGs [153]. 
Phosphatidylcholines (PCs) were constantly decreased during the course 
of COVID-19 fatal cases. 

The reduction of specific immune regulatory lipid mediators (LMs) 
and the augmentation of pro-inflammatory species from moderate to 
severe COVID-19 disease was reported in a study that involved 19 
healthy patients, 18 COVID-19 patients who did not need ICU admission 
(moderate) and 20 patients that needed ICU admission (severe) [142]. 
An increase of free poly-unsaturated fatty acids (PUFAs) and diminished 
amounts of PUFA-containing plasmalogens were reported [142]. The 
authors were able to identify an over-expression of the C20:4 series 
through the classification of lipids containing C20:4 arachidonic acid 
(AA), C20:5 eicosapentaenoic acid (EPA), C22:5n-3 docosapentaenoic 
acid (DPA) or C22:6 docosahexaenoic acid (DHA). PUFAs can be 
released from their related glycerolipids and afterwards converted to a 
variegate number of immune signalling molecules (eicosanoids and 
docosanoids) [143,144]. Through a correlation analysis performed on 
67 eicosanoid and docosanoid species and 15 cytokines, Schwarz et al. 
showed that all LMs were directly correlated to the infection. They also 
found that patients with a moderate disease are distinguished by 
significantly greater amounts of the pro-resolving LM resolvin E3 
(RvE3), an additional increase in free PUFAs levels, AA-, EPA-, DPA and 
DHA-derived mono-hydroxylated species and AA-derived dihydroxy
lated species were associated to severe patients. The authors thus sug
gested that a dysregulation of LMs might take part in disease 
progression. 

The involvement of LMs was reported by Barberis et al [145]. The 
authors performed untargeted lipidomics and metabolomics analyses on 
plasma samples of 161 subjects, 103 of whom were infected with SARS- 
CoV-2. Out of the 103 COVID-19 patients enrolled, 19 were critical 
(admitted to ICU) and 84 non-critical. The results confirmed a strong 
alteration of lipids, in particular of acylcarnitines, diacylglycerols, fatty 
acids, glycerophosphoethanolamines (LPEs, PEs), glycerophosphocho
lines (LPCs, PCs), sphingomyelins, and triacylglycerols. PCs were 
significantly down-regulated (65.4%) as a consequence of the infection, 
while several free fatty acids were up-regulated (FA 18:1, FA 18:2, FA 
22:6, FA 44:5, and FA 20:4). Moreover, higher lysophosphatidyletha
nolamine (LPE) and lysophophatidylcholine (LPC) levels were identi
fied. In addition, they found that the abundance of FA 20:4, a well- 
known LMs, and of FA 18:1 was directly correlated to the severity of 
the disease. 

Fatty acid metabolism was associated with SARS-CoV-2 infection by 
Thomas et al [139]. In their work, they performed a metabolomics and 
lipidomics approach on patients stratified by circulating levels of IL-6. 
Researchers analysed forty-nine subjects, 33 were COVID-19–positive 
subjects and 16 COVID-19–negative subjects. Short- and medium-chain 
acylcarnitines were significantly diminished in all patients with COVID- 
19. All NEFAs, apart from nonanoic acid, were augmented in all patients 
with COVID-19. 

Overmyer et al. carried out RNA-Seq and high-resolution mass 
spectrometry on 128 blood samples collected from COVID-19 positive 
and negative patients with different disease gravities and outcomes. 
They observed enrichment of TAGs in COVID-19 patients, while plas
menyl–phosphatidylcholines (plasmenyl-PCs) were scarce in COVID-19 
samples compared to non-COVID-19 samples [146]. 

Finally, lipids alterations were detected using NMR spectroscopy by 
Bruzzone et al. [147]. The authors analysed 263 symptomatic patients, 
and they found a pathogenic rearrangement of the lipoprotein particle 
size and composition. Patients were characterized by increased amount 
of ketone bodies like acetoacetic acid, 3-hydroxybutyric acid and 
acetone, but also of 2-hydroxybutyric acid, a reflection of hepatic 
glutathione synthesis and marker of oxidative stress. Authors suggested 
that serum accumulation of TAG and TAG-VLDL (VLDL, very low- 
density lipoproteins) in COVID-19 patients might be a consequence of 
the decreased hepatic ability to oxidize acetyl-CoA in the mitochondria. 
In fact, ketone bodies are mainly synthesized in the liver from fatty acid 
oxidation-derived acetyl-CoA. 

To sum up, lipid alterations exhibited a correlation with the gravity 
of the disease, suggesting that the development of the infection influ
enced whole-body metabolism and specifically lipid metabolism. In 
addition, the balance between immune-regulating lipids, pro- 
inflammatory lipids and lipid mediators can modulate the immune 
response during COVID-19 disease. 

12. Lipid metabolism as a central player in SARS-CoV-2 infection 

Based on the literature on COVID-19 disease, it is evident that lipid 
metabolism has a key role in SARS-CoV-2 infection. This is supported 
not only by lipidomic results, but also by the strong involvement of 
apolipoproteins and steroid hormones. A decrease of apolipoproteins 
APOA1, APOA2, APOH, APOL1, APOD, and APOM was identified after 
the infection [137], while APOA1 underexpression was reported 
through the transition of COVID-19 patients from mild to severe disease 
[148]. Most of these apolipoproteins are associated with macrophage 
functions, which is closely related to lipid metabolism. The augmenta
tion of steroid hormones, which can stimulate the activity of macro
phages, was also shown [137,139]. 

In addition, Song et al. [138] discovered that plasma lipids are 
associated with pathologically relevant clinical indices: PUFA-PCs and 
plasmalogen-PCs, showed significant negative correlations with clinical 
parameters of systemic inflammation (IL-6, CRP, procalcitonin [PCT], 
ESR, and SF), suggesting that diminutions in plasma PUFA-PCs and 
plasmalogen-PCs are correlated with worsen systemic inflammation. 
Moreover, plasma GM3s were highly and negatively associated with T 
cell count and CD4+ T cell count, which progressively diminished as 
disease severity augmented, suggesting that higher levels of GM3s in 
plasma are correlated with diminutions in circulating CD4+ T cell 
counts in COVID-19. 

Dysregulations of lipid metabolism resulted in exceedingly drastic 
changes in fatal COVID-19 cases than in survivors, as reported by Wu et 
al [153]. Interestingly, patients hospitalized with either severe or mild 
symptoms, showed abnormal lipid profiles long after major clinical signs 
had disappeared. 

It has already been shown that, in severe COVID-19 inflammation, 
arachidonic acid is involved in the production of cytokines, causing a 
cytokine storm [150,151]. The same cytokines are able to induce the 
release of unsaturated fatty acids as a defence mechanism against 
invading microorganisms such as viruses. This highlights the important 
role of lipids, and in particular of glycerophospholipids and fatty acids, 
in inflammation and virus protection. 

For example, elevated levels of long-chain PUFAs, in the absence of 
elevated long-chain acylcarnitines, which could mirror impaired mito
chondrial fatty acid oxidation, might indicate that phospholipase A2 
(PLA2) is involved in COVID-19. In fact, increased PLA2 activity is 
correlated with augmented synthesis of bioactive lipids by the meta
bolism of omega-6 PUFAs and lysophosphatidylcholine (Figure 5). 

COVID-19 patients are also characterized by an increase of serum 
TAG, TAG-VLDL, TAG-IDL (IDL, intermediate density lipoproteins), 
TAG-LDL (LDL, low-density lipoproteins) and TAG-HDL (HDL, high 
density lipoproteins) [147]. At the same time, the total cholesterol (TC) 
was decreased. All these examinations imply a remodelling of the 
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lipoprotein particle phenotype in COVID-19 patients, and thus of a great 
part of circulating lipids. Consequently, these observations denote an 
augmented cardiovascular risk for COVID-19 patients [147]. 

13. Lipids as biomarkers of SARS-CoV-2 infection 

The discovery of potential biomarkers for the identification of 
COVID-19 disease is a challenge that could be overcome using mass 
spectrometry. Shen et al. investigated the potentiality of characterising 
the severity of COVID-19 patients based on the molecular signatures of 
proteins and metabolites [137]. They employed machine learning 
models on selected proteins (22) and metabolites (7), obtaining an area 
under the curve (AUC) of 0.957 in the training set. The classification of 
an independent cohort of patients allowed the correct classification of 
almost all severe patients. They also further validated the ability to 
predict severe patients by analysing a second test cohort using targeted 
mass spectrometry, confirming the performances. 

A panel of plasma lipids and metabolites able to distinguish COVID- 
19 was also identified by Song et al [138], reaching an AUC of 0.975. 
Among these molecules, lysophophoslipids including lysophosphatidic 
acid (LPA) 18:1 and lysophosphatidylcholine 18:1, were increased in 
COVID-19. While non-polar lipids, including medium-chain TAG 48:1 
(18:0), long-chain TAG 60:3(18:1), and DAG 34:1(16:1/18:0) were 
reduced. Sphingolipids such as SM d18:1/18:1 and GM3 d18:1/25:0 
were generally increased with the disease [138]. Wu et al. generated 
ROC curves of modulated lipids for discriminating between patients 
with COVID-19 and healthy controls, indicating glycerol 3-phosphate as 
the best biomarker, with an AUC value of 1.00 [153]. Finally, Barberis 

and co-authors reported that molecular species 14:0/22:6-PC, 16:1/ 
22:6-PC, and 18:1/20:4-PE were promising potential biomarkers, with 
an area under the curve (AUC) values of 0.96, 0.97, and 0.94, respec
tively, whilst their integrated ROC reported an AUC of 0.97 [145]. The 
best biomarkers were arachidonic acid (FA 20:4), oleic acid (FA 18:1), 
18:2/20:4-PE, and 16:1/18:2-PE, with AUC values of 0.99, 0.98 0.92, 
and 0.92, respectively. They investigated and validated the diagnostic 
performances of these biomarkers by analysing non-COVID-19 patients 
with similar symptoms and those with the COVID-19 infection, con
firming the validity of potential biomarkers. Although some interesting 
potential biomarkers were identified, a multi-centric study has yet to be 
performed. Moreover, a wide range of confounding diseases, especially 
the ones associated with inflammation, should be considered. 

14. Lipids and lipid metabolism as potential therapeutic targets 
of COVID-19 disease 

As reported in previous sections, lipids not only are strongly altered 
in COVID-19, but are also entailed in the pathogenesis and progression 
of the infection. For example, the imbalance between lipid mediators 
and lipid enzymes that mediate inflammation or resolution play a cen
tral role in the development of the disease. Thus, lipids can be used as 
therapeutic pharmacologic agents, or lipid pathways can be targeted 
with drugs. Shen et al. suggested that COVID-19 patients might 
ameliorate from increased arachidonic acid because the exogenous 
supplement of arachidonic acid significantly impaired HCoV-229E and 
MERS-CoV replication [154] and because they found a decrease of 
glycerophospholipids. The authors also suggested the use of drugs 

Figure 5. Pathways activated by cytosolic phospholipase A2 (cPLA2) and secretory phospholipase A2 (sPLA2) potentially involved in virus entry and pathogenesis.  
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inhibiting lipid syntheses such as statins, which had already been pro
posed to treat HCV [154] and COVID-19 [155]. On the other hands, 
Barberis et al. identified a down-regulation of glycerophospholipids and 
an up-regulation of LPLs, arachidonic acid and oleic acid, suggesting a 
strong involvement of PLA2 in the pathogenesis and progression of 
COVID-19 [145]. The involvement of PLA2 is also supported by Thomas 
et al. that found increased amounts of long-chain PUFAs, that are 
particularly enriched in the sn-2 position of phospholipids. Augmented 
PLA2 activity is correlated with greater production of bioactive lipids by 
the metabolism of omega-6 PUFAs and lysophosphatidylcholine. Thus, 
the inhibition of PLA2 activity or the augmenting of omega-3 PUFA 
levels that are transformed in bioactive lipids with anti-inflammatory 
activity might decrease disease severity. Indeed, for their anti inflam
matory and antiviral properties, the use of omega-3 PUFA has been 
proposed, in combination with other anti-viral agents, for the treatments 
of COVID-19 patients. Interestingly, several clinical trials 
(NCT04647604, NCT04553705, NCT04495816, NCT04658433) are 
currently recruiting patients to validate the protective effect of an 
omega-3 PUFA enriched diet on patients severely affected by COVID-19 
and to highlight the possible preventive role of a healthy diet in forth
coming outbreaks [156,157]. Finally, Wu et al. and Bruzzone et al. 
showed that many of the metabolites, lipid and lipoproteins alterations 
in COVID-19 are associated with hepatic functions, suggesting the tar
geting of liver activity as therapeutic strategy [147,153]. 

15. COVID-19-associated dyslipidaemia 

Dyslipidaemia is a group of diverse abnormal blood lipid conditions 
outside of the normal range – generally describing hypercholesterole
mia, elevated LDL cholesterol, reduced HDL cholesterol and hyper
triglyceridemia – that promote atherosclerosis [158,159]. 
Dyslipidaemia can be separated into two broad categories, primary and 
secondary. Primary dyslipidaemia is an inherited disease that can have 
clinical indications earlier in life, particularly if the defect is mono
genetic [160,161]. Secondary dyslipidaemia is multifactorial and is 
acquired through lifestyle and environmental factors. Prolonged 
inflammation and infection are two examples of non-genetic factors that 
can elicit abnormal lipid profile in the circulation. Patients with in
flammatory diseases such as rheumatoid arthritis and systemic lupus 
erythematosus are noted for their substantial decrease in HDL choles
terol and apolipoprotein A-I levels [162,163], and low HDL and 
increased serum triglyceride levels, respectively. Similarly, the reduc
tion of these lipoproteins is observed during infections, and is predictive 
of severity and mortality [163–165]. Thus, it is not surprising that 
COVID-19 patients showed worsen hypolipidaemia in association with 
the disease progression and severity of the symptoms [12,167,168]. 
Table 2 summarises several COVID-10 associated dyslipidaemia studies. 
Although cholesterol may be a predictive marker of poor outcome for 
COVID-19 infection, the exact molecular mechanism underpinning the 
functional role of lipids during SARS-CoV-2 infection is still not 
completely understood. Two large epidemiological studies recently 
described an increased risk of infection-related hospitalizations with low 
HDL-c levels [169,170], which support several previous findings that 
HDL-c has an essential part in host defence, including anti-thrombotic 
[171–173], anti-oxidant [174,175] and anti-inflammatory 
[171,176,177] properties. While there is not enough evidence to sug
gest that a reduced cholesterol level is the direct contributory factor in, 
or cause of, SARS-CoV-2 susceptibility, calls to examine cholesterol as a 
therapeutic target are gaining momentum [178,179]. Stemmed from 
retrospective analyses that showed COVID-19 patients on statins had 
better outcome [180,181], a yet to be peer-reviewed in vitro study by 
Moeller et al. suggests a decreased rate of SARS-CoV-2 infection under 
statin treatment, possibly due to reduced membrane cholesterol 
impacting ACE2-viral spike protein interactions [182]. 

16. The role of lipids in COVID-19-associated coagulopathy 

It is gradually becoming clear that SARS-CoV-2 causes a range of 
haematological issues. Whilst it is not unexpected that the elderly and 
patients with pre-existing health issues have elevated susceptibility to 
severe and life-threatening thrombotic complications during the infec
tion, reports of young and healthy individuals experiencing varying 
degrees of blood clotting symptoms, from deep vein thrombosis (DVT) to 
strokes, are increasing in numbers. COVID-19-induced hematologic 
abnormalities are diverse. Studies have indicated that lymphopenia (low 
blood lymphocytes), neutrophilia (high count of circulating neutrophils) 
and thrombocytopenia (low platelet count), information readily ob
tained from routine blood analysis, are predictive of COVID-19 severity 
and mortality [183–186]. Similarly, coagulation tests for increased 
plasma D-dimers, fibrinogen degradation products and prothrombin 
time (time required for blood plasma to clot) are associated with 
morbidity and death [187–190]. The combination of elevated pro
thrombin time, increased levels of D-dimer and thrombocytopenia are 
features of disseminated intravascular coagulation (DIC), a disorder of 
blood clots blocking small vessels throughout the body, resulting in a 
variety of symptoms including fever, shortness of breath, and bleeding. 
A study by Tang et al. showed a striking 71.4% of the COVID-19 non- 
survivors met the criteria for DIC according to the International Society 
on Thrombosis and Haemostasis (ISTH), compared to 0.6% of survivors 
[188]. DIC can be triggered by infection, injury or certain types of 
cancer, through the extrinsic coagulation pathway when blood is 
exposed to tissue factor, commonly, on injured endothelium. Although 
there are some similar laboratory parameters, COVID-19-associated 
coagulopathy is quite different from DIC [191]. COVID-19 patients 
often suffer thrombotic complications rather than DIC-associated 
bleeding issues. Al-Samkeri et al. reported 9.5% overall thrombotic 
complication rate (approximately half of these individuals had 
confirmed venous thromboembolism (VTE), while 4.8% of patients 

Table 2 
Observational studies on COVID-19-associated dyslipidaemia  

Studies Lipid features in COVID- 
19 patients 

References 

A retrospective study of 597 
patients from Union Hospital of 
Tongji Medical College, Wuhan 

↓ LDL-c, HDL-c, TC and TAG 
in severe vs mild disease 

Wei et al. 
[167] 

A retrospective study of 21 
patients at Zhongnan Hospital of 
Wuhan University in Wuhan 

↓ LDL-c, HDL-c, and TC in 
severe vs mild disease 
LDL returned to pre- 
infection level upon 
recovery 

Fan et al. 
[168] 

A retrospective study of 71 
patients at Wenzhou Central 
Hospital, Wuhan 

↓ LDL-c, HDL-c, and TC in 
COVID-19 patients vs 
healthy 

Hu et al. 
[222] 

A retrospective study of 114 
patients at Wenzhou Central 
Hospital, Wuhan 

Significant ↓ LDL-c, HDL-c, 
TAG and TC in COVID-19 
patients vs healthy 
Significant ↓ HDL-c in severe 
vs COVID cases 

Hu et al. [12] 

A retrospective analysis of 228 
COVID patients at Public Health 
Treatment Center of Changsha, 
China 

↓ LDL-c, HDL-c in with 
disease severity 

Wang et al. 
[223] 

A clinical data collected from 70 
patients at Yeungnam 
University Medical Center, 
Republic of Korea, as part of a 
sterol regulatory element 
binding protein-2 (SREBP-2) 
study 

↓ LDL-c, HDL-c in severe vs 
mild 

Wonhwa et al. 
[224]    

HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density lipoprotein 
cholesterol, TC = total cholesterol, TAG =triacylglycerol. 
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showed overall bleeding event [192]. Thus, anticoagulants are 
increasingly being recommended by expert groups to treat hospitalized 
COVID-19 and critically ill patients [193,194]. The haemostatic system 
is complex and highly regulated interactions between the vessel wall, 
platelets, and plasma proteins, all of which lipids are acknowledged as 
essential components [195–198]. For example, oxidized LDL and VLDL 
can act as a surface to support prothrombinase complex activity and, 
other reactions within the coagulation cascade [199,200]. However, one 
group of lipid-associated proteins is receiving increased attention during 
COVID-19 pandemic. The activity of enzymes of the family PLA2 is well 
known to be significantly elevated during inflammation and infection, 
including by SARS-CoV [201–203]. During viral infection, especially 
with positive-sense RNA viruses, the PLA2 activity has been demon
strated to reflect the remodelling of the host cellular membrane struc
ture to accommodate viral replication [45,204,205]. PLA2 catalyses the 
cleavage of membrane glycerophospholipids, producing LPLs and fatty 
acids (Figure 5). There are more than 30 PLA2s or related enzymes in 
mammalian cells, which are subdivided into three major families, the 
cytosolic cPLA2 and the extracellular or secretory sPLA2 (Figure 5) 
[206]. PLA2-generated products such as AA and LPLs are crucial in the 
biosynthesis of potent cellular mediators: eicosanoids and platelet- 
activating factor [207,208]. In the context of coagulation and throm
bosis, the products of PLA2 are highly relevant. The phospholipid 
platelet-activating factor (PAF) is an agonist of platelet activation and 
aggregation [209,210]. PAF can also stimulate neutrophils to release 
neutrophil extracellular trap (NET), a mesh of proteins and DNA that is 
capable of initiating the coagulation cascade, platelet aggregation and 
thrombosis [211–214]. Similarly, AA and its eicosanoid products, such 
as thromboxane A2, have platelet-activating effects [215,216]. Indeed, 
increased platelet activity, hypercoagulability, and NET markers have 
been detected in COVID-19 patients with thrombotic complications 
[217–220]. It remains to be investigated whether targeting virus- 
induced lipid dysfunction by inhibiting PLA2 activation is a useful 
strategy to ameliorate inflammation and clotting issues. 

17. Conclusion and future perspectives 

SARS-CoV-2 is the cause of the COVID-19 pandemic that has infected 
about a hundred million people globally (as of January 21st, 2021). In 
the last few months, an unprecedented scientific effort has been directed 
at studying COVID-19, particularly in examining its peculiar capacity to 
attack many different types of human cells and what drives its unusually 
high mortality rate [221]. An effective research approach is urgently 
needed to further understand the mechanism of action of this virus in 
order to develop a targeted therapy and a method to control its 
spreading. Different therapeutical approaches have been tried, using 
antiviral such as Remdesivir, corticosteroids or monoclonal antibodies, 
with marginal success in some cases, but a specific cure targeting this 
virus and impeding the occurrence of health complications for patients 
is yet to be found. In particular, it is currently impossible to anticipate 
the prognosis for infected patients and so the few treatments available 
start usually at a late stage when patients are already in critical condi
tions. Thus, the possibility of early treatment is currently hindered. Vi
ruses are known to exploit the host resource and machinery, particularly 
lipid metabolism pathways, to invade cells and replicate. Therefore, 
therapeutic approaches targeting conserved cellular mechanism that 
virus manipulates to enter host cells and replicate are particularly 
attractive. Strategies to specifically target lipid metabolism have been 
tried, such as the use of cholesterol depleting agents or autophagy in
ducers. One way of responding in a short time frame and avoiding severe 
adverse effects is to look [149] to drugs that have received approval to 
treat other diseases. Unfortunately, given the frequency of viral epi
demics that we have witnessed in the last decade (SARS, MERS, HIV/ 
AIDS, H1N1, Ebola virus etc.), it is likely that we will see the appearance 
of a new pandemic in the near future. Consequently, a therapeutical 
approach to COVID-19 that can be adapted and exploited in the event of 

future outbreaks is urgently needed. 
Vaccine or antibodies, if successfully developed, will be specific for 

SARS-CoV-2 and are unlikely to be useful in protecting against other 
viruses [222]. Therefore, a more general strategy to block virus spread, 
such as drugs targeting key steps in lipid metabolism, has the potential 
to be extended to counteract other viral infections. 
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[82] Rodrigues-Diez RR, Tejera-Muñoz A, Marquez-Exposito L, Rayego-Mateos S, 
Santos Sanchez L, Marchant V, et al. Statins: Could an old friend help in the fight 
against COVID-19? Br J Pharmacol 2020 Nov;177(21):4873–86. 

[83] Dou X, Li Y, Han J, Zarlenga DS, Zhu W, Ren X, et al. Cholesterol of lipid rafts is a 
key determinant for entry and post-entry control of porcine rotavirus infection. 
BMC Vet Res 2018;14:45. 

[84] Wudiri GA, Nicola AV. Cellular Cholesterol Facilitates the Postentry Replication 
Cycle of Herpes Simplex Virus 1, J Virol, 91. 2017. 

[85] Lee CJ, Lin HR, Liao CL, Lin YL. Cholesterol effectively blocks entry of flavivirus. 
J Virol 2008;82:6470–80. 

[86] Españo E, Nam JH, Song EJ, Song D, Lee CK, Kim JK. Lipophilic statins inhibit 
Zika virus production in Vero cells. Sci Rep 2019;9:11461. 

[87] Fehr AR, Perlman S. Coronaviruses: an overview of their replication and 
pathogenesis. Methods Mol Biol 2015;1282:1–23. 

[88] Fecchi K, Anticoli S, Peruzzu D, Iessi E, Gagliardi MC, Matarrese P, et al. 
Coronavirus Interplay With Lipid Rafts and Autophagy Unveils Promising 
Therapeutic Targets. Front Microbiol 2020;11:1821. 

[89] Sviridov D, Mukhamedova N, Miller YI. Lipid rafts as a therapeutic target. J Lipid 
Res 2020;61:687–95. 

[90] Yang Z, Klionsky DJ. Eaten alive: a history of macroautophagy. Nat Cell Biol 
2010;12:814–22. 

[91] Kroemer G, Mariño G, Levine B. Autophagy and the integrated stress response. 
Mol Cell 2010;40:280–93. 

I. Casari et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0130
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0130
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0130
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0135
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0135
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0135
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0140
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0140
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0145
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0145
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0145
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0150
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0150
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0155
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0155
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0160
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0160
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0165
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0165
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0170
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0170
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0175
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0175
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0175
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0180
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0180
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0185
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0185
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0185
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0190
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0190
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0190
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0195
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0195
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0195
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0200
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0200
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0200
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0205
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0205
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0210
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0210
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0210
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0215
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0215
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0215
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0220
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0220
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0225
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0225
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0225
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0230
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0230
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0235
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0235
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0240
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0240
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0245
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0245
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0245
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0245
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0250
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0250
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0250
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0255
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0255
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0255
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0260
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0260
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0260
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0260
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0265
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0265
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0270
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0270
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0270
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0275
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0275
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0275
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0280
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0280
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0280
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0285
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0285
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0285
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0285
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0290
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0290
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0290
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0290
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0295
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0295
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0295
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0300
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0300
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0300
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0305
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0305
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0305
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0310
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0310
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0315
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0315
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0320
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0320
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0325
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0325
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0330
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0330
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0330
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0335
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0335
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0335
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0340
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0340
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0345
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0345
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0345
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0350
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0350
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0355
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0355
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0360
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0360
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0360
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0365
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0365
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0365
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0370
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0370
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0375
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0375
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0380
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0380
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0380
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0385
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0385
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0390
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0390
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0395
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0395
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0400
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0400
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0400
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0400
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0405
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0405
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0405
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0410
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0410
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0410
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0415
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0415
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0415
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0420
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0420
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0425
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0425
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0430
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0430
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0435
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0435
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0440
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0440
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0440
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0445
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0445
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0450
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0450
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0455
http://refhub.elsevier.com/S0163-7827(21)00008-4/rf0455


Progress in Lipid Research 82 (2021) 101092

15

[92] Runwal G, Stamatakou E, Siddiqi FH, Puri C, Zhu Y, Rubinsztein DC. LC3-positive 
structures are prominent in autophagy-deficient cells. Sci Rep 2019;9:10147. 

[93] Bjørkøy G, Lamark T, Pankiv S, Øvervatn A, Brech A, Johansen T. Monitoring 
autophagic degradation of p62/SQSTM1. Methods Enzymol 2009;452:181–97. 

[94] Mao J, Lin E, He L, Yu J, Tan P, Zhou Y. Autophagy and Viral Infection. Adv Exp 
Med Biol 2019;1209:55–78. 

[95] Khandia R, Dadar M, Munjal A, Dhama K, Karthik K, Tiwari R, et al. 
A Comprehensive Review of Autophagy and Its Various Roles in Infectious, Non- 
Infectious, and Lifestyle Diseases: Current Knowledge and Prospects for Disease 
Prevention, Novel Drug Design, and Therapy. Cells 2019;8. 

[96] Pan C, Jin L, Wang X, Li Y, Chun J, Boese AC, et al. Inositol-triphosphate 3-kinase 
B confers cisplatin resistance by regulating NOX4-dependent redox balance. 
J Clin Invest 2019;129:2431–45. 

[97] Delorme-Axford E, Donker RB, Mouillet JF, Chu T, Bayer A, Ouyang Y, et al. 
Human placental trophoblasts confer viral resistance to recipient cells. Proc Natl 
Acad Sci U S A 2013;110:12048–53. 

[98] Orvedahl A, MacPherson S, Sumpter Jr R, Tallóczy Z, Zou Z, Levine B. Autophagy 
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