o d

T4 =]

—

biomedicines

Review

The Influence of SARS-CoV-2 Infection on Lipid Metabolism.
The Potential Use of Lipid-Lowering Agents in COVID-19

Management

Klaudia Kowalska, Zofia Sabatowska, Joanna Forycka, Ewelina Mlynarska *, Beata Franczyk and Jacek Rysz

Citation: Kowalska, K.; Sabatowska,
Z.; Forycka, J.; Miynarska, E.;
Franczyk, B.; Rysz, J. The Influence
of SARS-CoV-2 Infection on Lipid
Metabolism. The Potential Use of
Lipid-Lowering Agents in COVID-
19 Management. Biomedicines 2022,
10, 2320. https://doi.org/10.3390/
biomedicines10092320

Academic Editors: Aneta Aleksova,

Milijana Janjusevic¢

Received: 23 July 2022
Accepted: 7 September 2022
Published: 18 September 2022

Publisher's Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

Department of Nephrology, Hypertension and Family Medicine, Medical University of Lodz, ul. Zeromskiego
113, 90-549 Lodz, Poland
* Correspondence: emmlynarska@gmail.com; Tel.: +48-(042)-639-3750

Abstract: Several studies have indicated lipid metabolism alterations during COVID-19 infection,
specifically a decrease in high-density lipoprotein (HDL) and low-density lipoprotein (LDL)
concentrations and an increase in triglyceride (TG) levels during the infection. However, a decline
in triglycerides can also be observed in critical cases. A direct correlation can be observed between
a decrease in serum cholesterol, HDL-C, LDL-C and TGs, and the severity of the disease; these
laboratory findings can serve as potential markers for patient outcomes. The transmission of
coronavirus increases proportionally with rising levels of cholesterol in the cell membrane. This is
due to the fact that cholesterol increases the number of viral entry spots and the concentration of
angiotensin-converting enzyme 2 (ACE2) receptor, crucial for viral penetration. Studies have found
that lower HDL-C levels correspond with a higher susceptibility to SARS-CoV-2 infection and
infections in general, while higher HDL-C levels were related to a lower risk of developing them.
However, extremely high HDL-C levels in serum increase the risk of infectious diseases and is
associated with a higher risk of cardiovascular events. Low HDL-C levels are already accepted as a
marker for risk stratification in critical illnesses, and higher HDL-C levels prior to the infection is
associated with a lower risk of death in older patients. The correlation between LDL-C levels and
disease severity is still unclear. However, TG levels were significantly higher in non-surviving
severe patients compared to those that survived; therefore, elevated TG-C levels in COVID-19

patients may be considered an indicator of uncontrolled inflammation and an increased risk of
death.

Keywords: lipoproteins; COVID-19; lipid metabolism; HDL; LDL; TG; lipoproteins as biomarkers;
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1. Introduction

In December 2019 international attention was drawn to Wuhan, China, where
healthcare professionals reported an increasing number of cases of severe pneumonia
with no clear etiology [1,2]. The following year, on January 7, a novel coronavirus was
isolated from patients in Wuhan and given the name: severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses
(ICTV) on February 11 [1]. As the World Health Organization (WHO) announced the
pandemic on March 11, 2020, COVID-19 became the third pandemic associated with
coronaviruses (CoVs) since the beginning of the twenty-first century, preceded by the
SARS and Middle East Respiratory Syndrome (MERS) pandemics [3]. Since then, there
have been 603 711 760 confirmed cases of the disease, including 6 484 136 deaths according
to the WHO coronavirus dashboard. The COVID-19 pandemic has been a challenge to
medical professionals and the disease has also become a subject of extensive research. It
has also become a burden to public health, and economic and social stability all over the
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globe, putting people’s lives on hold for almost a year until the first vaccine was
authorized for emergency use by the US Food and Drug Administration (FDA) [4]. Given
the reluctance of some members of the public to be vaccinated, difficulties in vaccine
distribution, and new variants of SARS-CoV-2, the pandemic control measures as well as
the disease itself will remain a challenge in the future [5-8].

Although SARS-CoV-2 infection principally affects the lungs, its manifestation
spreads beyond the respiratory tract [9]. The main receptor participating in SARS-CoV-2
invading host cells is the angiotensin-converting enzyme 2 (ACE2) receptor [2]. As the
ACE?2 protein is also expressed in the gastrointestinal tract, renal tissues, heart, liver, and
blood vessels, there is a wide range of COVID-19 symptoms [8]. Alterations in lipid
profiles have also been reported due to SARS-CoV-2 infection, with a decline in serum
cholesterol, low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein
cholesterol (HDL-C) concentrations [10,11]. Lipids are basic cell components with various
functions ranging from a structural one, a signaling molecule and a central energy storage
[12]. The human plasma lipoprotein fractions and their main functions are summarized
in Table 1. Lipids also play a significant role in viral endocytosis, replication, and
exocytosis [13]. Cholesterol regulates the entry of the SARS-CoV-2 virus into host cells as
cholesterol-enriched rafts are specific platforms that enable viral endocytosis [14]. Viral
replication inside the host cell disrupts lipid metabolism and lipid resources as SARS-
CoV-2 comprises a bilayer lipid envelope [12,13]. In addition, inflammation and cytokine
storms have a negative impact on the natural lipid biosynthesis pathways [10]. Moreover,
lipids are believed to have an immunomodulatory role [14]. HDLs, besides their anti-
atherosclerotic properties, have anti-inflammatory and antioxidant functions [14].

Studies have shown significant changes occur to cholesterol, HDL-C and LDL-C
concentrations in patients with CoV infections [15]. In this review we aim to summarize
current knowledge about the effects of SARS-CoV-2 infection on lipid metabolism,
establish the role of lipoproteins as prognostic markers, and discuss the benefits of lipid-
lowering therapies in patients with the coronavirus disease.

Table 1. Human plasma lipoproteins [10,11,14,15].

Human Plasma Lipoprotein Fractions and their Basic Functions

High triglyceride content High in cholesterol

Chylomicrons

VLDL LDL HDL

Transportation of lipids from
the small intestine to hepatic
and muscle tissues,
delivering triglycerides to

adipose tissue

Transportation of L. Reverse cholesterol
P Delivering cholesterol

triglycerides synthesized in molecules from the liver to
the liver to adipose and cholesterol from cells and

] cells .. .
muscle tissues transporting it to the liver

transport—removal of excess

2. Membrane and Serum Cholesterol and their Roles during Infection

CoVs, like other enveloped viruses, enter the host’s cells via endocytosis by
interacting with lipid rafts within the cell membrane [16]. Lipid rafts are subdivisions of
the cell membrane rich in glycosphingolipids and cholesterol, and contain a plethora of
molecules, such as dynamin, caveolin and clathrin, which might be important in viral
infiltration [17-19]. Cholesterol levels directly affect the permeability of lipid rafts; hence,
a higher concentration of cholesterol in the membrane facilitates endocytosis. Conversely,
lower membrane-bound cholesterol reduces viral penetration [19]. This correlation is also
affected by the fact that cholesterol significantly increases the concentration of ACE2
receptors in the cell membrane [19-21]. According to an in vitro study by Glende et al.,
the cholesterol-rich microdomains provide a platform to facilitate effective interaction
between the S protein and the cellular ACE2 receptor, and the role of cholesterol in this
infection can be attributed to the S protein and is not affected by other coronavirus
proteins [22]. Wang et al. found that in an in vitro model of cholesterol-loaded cells, the
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number and apparent diameter of monosialotetrahexosylganglioside (GM1) lipid rafts
(viral endocytic entry points of ACE2) increased. The study also showed that cholesterol
can simultaneously transport ACE2 receptors to the endocytic entry point [23]. The ACE2
receptor has been proven crucial in mediating viral penetration into the host’s cells [20].
In conclusion, the transmission of CoVs increases proportionally with rising levels of
cholesterol in the cell membrane [21,24]. The relationship implies that using cholesterol-
lowering drugs could be appropriate in COVID-19 treatment, as they reduce cholesterol
concentrations [12,13] and improve viral clearance from the blood [13], followed by their
immunomodulatory, anti-inflammatory, infection preventing and antithrombotic effects
[25,26].

During the infection cholesterol levels tend to decrease, directly correlating with the
severity of symptoms and leading to hypolipidemia [11], although an exact mechanism
explaining this occurrence has not yet been identified [27]. Such a tendency suggests that
cholesterol levels could serve as an additional indicator for COVID-19 disease severity
[27].

Intriguing reports on the effect of cholesterol metabolites on SARS-CoV-2 were
presented by Marcello et al. in their paper on 27-hydoxycholesterol (27OHC), a side-chain
cholesterol oxidation product [28]. In their in vitro study, they demonstrated an inhibitory
effect of 27OHC on SARS-CoV-2 replication. There was also a significant decrease in the
270HC serum levels of COVID-positive patients compared to the control group, reaching
a 50% reduction in severe COVID-19 cases. Opposite findings were reported by Ghzaiel
et al. in their study on 7-ketocholesterol (7KC), one of the earliest cholesterol oxidation
products [29]. According to this study, 7KC, regarding its pro-inflammatory and pro-
oxidant properties, may be a pathophysiological factor in the acute respiratory distress
syndrome in COVID-19. Consequently, high concentrations of 7KC promote a more
severe course of the disease and even its fatal outcome.

However, in the literature low cholesterol is known to be a risk factor for poor
prognosis, not only in the COVID-19, but in other critical diseases such as sepsis. In a
study conducted by Xu et al., patients with sepsis had significantly lower levels of plasma
total cholesterol, HDL-C, and LDL-C compared to non-septic patients [30]. In septic
patients, cholesterol levels reflected and correlated with the intensity of inflammation, and
therefore the severity of the disease. HDL-C levels had the strongest correlation with IL-6
and procalcitonin levels, as well as sequential organ failure assessment [30]. HDLs are
thought to play a protective role in sepsis as alterations in HDL metabolism, such as a
decrease in lecithin-cholesterol acyl transferase activity and concentration, cholesteryl
transfer protein activity, or an increase in phospholipid transfer activity protein and
endothelial lipase activity, occur early after the development of sepsis [31]. Because of its
early decrease and high stability, HDL-C is considered to be an independent predictive
marker of adverse outcomes and survival in severe sepsis [32].

3. HDL Molecules, their Pleiotropic Features and their Role during Infection

HDL exhibits anti-atherosclerotic, anti-inflammatory, antiapoptotic —and
antithrombotic properties [33]. HDLs improve endothelial function by decreasing the
expression of adhesion molecules on endothelial cells, which reduces the infiltration of
white blood cells and stimulates the synthesis of nitric oxide that promotes vasodilation
and counteracts inflammation [34,35]. Moreover, the major proteins that HDL consists of,
ApoA-Iand ApoA-II, are reported to be major antioxidant agents [33]. The antithrombotic
properties of HDLs are a result of promoting prostacyclin production by endothelial cells,
and down-regulating endothelial tissue factor expression [36].

The pleiotropic effects of HDLs apply directly to the immune system and host’s
defense mechanisms against pathogens [37]. HDLs transport acute-phase proteins
associated with inflammation and component system regulation [38]. HDL particles
interact with crucial cells of the immune system, such as macrophages, dendritic cells,
megakaryocytes, T-cells, and B-cells, and therefore regulate immune signaling [38].
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Lipoproteins, with HDLs in the forefront, have been proven to bind and inactivate a major
component in Gram-negative bacteria membranes: lipopolysaccharide (LPS), and are
therefore a part of the innate immune response [15]. Regarding viral infections, HDLs may
mediate the neutralization of DNA and RNA viruses as ApoA-1 has the ability to interfere
with viral entry into the host cell [39]. Studies suggest that HDLs may also promote direct
inactivation of viruses and inhibit viral and host cell fusion [40].

HDL particles are believed to be constantly remodeled in response to physiological
or pathophysiological stimuli due to their exposure to lipid transfer proteins, lipases and
lipid exchanges with other cells by cholesterol transporters [15]. Inflammation is one of
the conditions that strongly regulates HDL composition, function and HDL-C levels [38].
Lower levels of HDL-C were observed in viral diseases such as acquired immunodefi-
ciency syndrome (AIDS) [41] and hepatitis B virus (HBV) infection [42]. Alterations in
lipid profiles with an HDL-C decrease were observed in critically ill patients and those
with sepsis [15,43-45]. There were intriguing differences between in the lipid profiles de-
tected in patients with septic shock and trauma patients in the intensive care unit (ICU)
with low HDL levels in septic shock and no alteration in trauma [46].

Many studies have shown decreases in HDL-C levels in COVID-19 patients in com-
parison to the HDL serum levels in healthy ones, which is presented in Table 2 [47-50].
Moreover, there was an inverse relationship between the severity of the disease and HDL-
Clevels [47,48,51]. Low HDL and ApoA-1 levels during the infection correlate with higher
levels of inflammatory markers, such as C-reactive protein (CRP) and interleukin-6 (IL-6),
and also correspond with higher mortality rates [45,49]. Thus, a decrease in HDL-C levels
in COVID-19 patients may be a promising predictor of disease severity and mortality [48].

Several potential mechanisms underpinning the decrease in HDL-C levels during
COVID-19 infection have been proposed. Low HDL-C levels following inflammation have
been attributed to a decrease in reverse cholesterol transportation and an increase in se-
cretory phospholipase serum amyloid A (SAA), as SAA-enriched HDL are cleared more
rapidly from circulation [52]. Severe inflammation causes leakage of lipoproteins and
apolipoproteins into the capillaries [53]. Moreover, SARS-CoV-2 infection causes liver dis-
function in almost half of cases [53]. Severe COVID-19 is considered to be SAR-CoV-2-
induced sepsis, characterized by an increased release of pro-inflammatory cytokines,
which decrease the synthesis and secretion of apolipoproteins [54]. Lower HDL-C levels
decrease its anti-inflammatory activities, leading to further cytokine production and a re-
duction of HDL-C levels. In vitro studies have shown that the virus can bind to HDL par-
ticles using the spike protein of the virus [55]; however, the importance of this discovery
remains unclear.

Apart from changes in HDL-C levels during COVID-19, the structure and functions
of HDLs are also modified [56]. According to this analysis, ApoA-1 and paraoxonase-1
(PON-1) were less abundant, yet SAA and alpha-1 antitrypsin contents were higher [56].
However, these findings are not unique to COVID-19 as they also occur during other in-
fections. HDLs from SARS-CoV-2-infected patients showed less protection to endothelial
cells stimulated by tumor necrosis factor-a (TNFa), so HDL-related inhibition of apopto-
sis was blunted [56].

Not only is the decrease in HDL levels during the infection considered a promising
marker for the severity of the disease; HDL-C levels before the infection may also be used
a predictor [47,48]. A clinical observational study found that lower HDL-C levels corre-
sponded with a higher susceptibility to SARS-CoV-2 infection and infections in general,
while higher HDL-C levels were related to a lower risk of developing SARS-CoV-2 infec-
tion [57-60]. However, extremely high HDL-C levels in serum increased the risk of infec-
tious diseases and was associated with a higher risk of cardiovascular events [61].

Table 2. Changes in HDL levels in patients with COVID-19 compared to healthy patients.
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HDL-C in

COVID-19 Pa- HDL-C in Con- HDLs in Non- HDLs in Severe

Number of tients. ME trol Grou severe COVID COVID Pa-
Author COVID Pa- 4 P P-VALUE  Patients, ME- tients, ME- P-VALUE
. DIAN, MEDIAN,
tients [mmol/L] [mmol/L] DIAN, DIAN,
[mmol/L] [mmol/L]
Mohammed-
8 1.05 29 .04 - - -

saeed et al. [45] 0 0 0.0
Wang et al. [47] 228 0.79 1.37 <0.001 0.79 0.69 0.0032

Hua&gé]e tal. 218 1.02 1.52 <0.05 1.15 0.83 <0.05

Hu et al. [43] 114 1.08 1.27 <0.001 1.21 1.01 <0.001

4. LDL Structure, Function and Plasma Concentrations during COVID-19 Infection

LDLs transport most of the cholesterol contained in the circulatory system [62]. One
molecule of LDL contains one apolipoprotein, ApoB-100 [59]. Small dense LDLs are asso-
ciated with hypertriglyceridemia, obesity, and resistance to insulin, their percentage is
higher during infectious diseases [62]. They are considered more pro-atherogenic due to
their longer retention in circulation, ease of entry into the arterial walls and being more
susceptible to oxidation than larger ones [62]. LDLs act as a transporter for hydrophobic
molecules, primarily cholesterol ester in a hydrophilic environment, and have the capa-
bility of neutralizing lipopolysaccharides which presents an abundance of pleiotropic
properties [15,63].

Studies have shown that LDL-C levels decrease significantly during infections with
varying etiology, for example, such a correlation is especially evident in dengue infec-
tions, where LDL levels directly correlate with severity [64,65]. Similarly, patients with
COVID-19 present with low LDL levels according to studies by Qin et al. [27] and other
examinations [11,66]. Interesting research has been conducted by Tanaka et al. in Paris,
where lipoprotein levels were measured in patients admitted to the surgical ICU [67]. This
study proved that all COVID-19 positive patients had low LDL-C levels; however, no ev-
idence supporting a connection to infection outcomes was found. In addition, the correla-
tion between the severity of the disease and low LDL-C levels was also observed by Wei
etal. [11]. Curiously, Xiugi et al. reported a gradual decrease in LDL-C levels accompanied
by a deterioration in patients’ condition, and an inverse correlation between LDL-C and
CRP levels [11].

There are various possible reasons for low LDL-C levels in COVID-19 positive pa-
tients. First, SARS-CoV-2-associated inflammation attenuates lipoprotein lipase (LPL) ac-
tivity, thus interfering with LDL synthesis. Second, lipoproteins are susceptible to eradi-
cation by free radicals, levels of which significantly increase during infection, especially
viral [11,66]. Third, researchers attribute low LDL-C levels to liver injury induced by
COVID-19 [67], as well as to an increased uptake by monocyte-derived macrophages [68].

Whether LDL-C levels correlate with severity is still unclear as studies present con-
tradictory results; therefore, further research is required. Studies by Hu et al., Wei et al.
and Abbas et al. demonstrated that HDLs might be a much more promising indicator of
COVID-19 severity to help with patient evaluations [10,11,47].

5. Triglyceride Structure, Role, Metabolism and Concentration in Patients with
COVID-19

Elevated triglycerides (TGs) are associated with increased cardiovascular risk as they
are a component of atherogenic dyslipidemia, alongside decreased HDL-C levels [68-70].
TG transporters are triglyceride-rich lipoproteins (TRLs), which are very-low-density lip-
oproteins (VLDLs) synthesized in the liver and chylomicrons produced in the enterocytes
[71]. Like the LDL particles, TRLs can be taken up by macrophages present in the arterial
wall, and therefore contribute to the inflammatory process [69,70]. Contrary to LDLs, the
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process of TRLs being taken up by macrophages may occur regardless of the oxidative
promotion [70]. Increased levels of TRLs, consistent with elevated levels of triglycerides,
are linked with atherogenesis, and therefore atherosclerosis due to their pro-inflammatory
properties [71-73]. Inflammation is an underlying pathological cause of various diseases,
including both cardiovascular and infectious ones [72].

Similar to other acute infections, COVID-19 causes an imbalance in lipid regulation,
including TG and TRLs concentrations [74,11]. The TG concentration in patients with CoV
disease was higher than levels obtained from the control groups, yet there was a decrease
observed as the disease progressed, which is summarized in Table 3 [11,48].

TG breakdown products activate the NF-kB pathway, increasing the expression of
pro-inflammatory cytokines [75]. TG-rich particles in the serum increase local inflamma-
tion, activate the complement pathway, and promote endothelial dysfunction. A decrease
in triglyceride levels may be associated with a deterioration in the nutritional status of
patients with an acute infection. However, TG levels were significantly higher in non-
surviving-severe patients compared to the surviving patients, and therefore elevated TG-
C levels in COVID-19 patients may be considered a biomarker of uncontrolled inflamma-
tion and an indicator of an increased risk of death [48,76]. Elevated TGs positively corre-
spond with higher levels of acute phase proteins, ferritin and elevated D-dimer [76]. Fur-
thermore, the presence of atherogenic dyslipidemia before the infection is associated with
a worse COVID-19 infection prognosis and may be a predictor of a severe course of the
disease [77].

Table 3. Level of triglycerides in COVID-19 patients in relation to the severity of the disease.

Levels of TG in COVID-19 Patients !

Mild COVID Severe COVID

Wei et al. [11] 1.69 (1.4, 2.4) 1.6 (1.0, 2.13)
Sun et al. [44] 1.21 (0.81, 1.80) 0.96 (0.70, 1.62)
Masana et al. [61] 1.61 (1.13,2.18) 1.94 (1.39, 2.88)

1—Values presented are median (outliers) (mmol/L).

6. Lipid-Lowering Therapies in Service of COVID-19 Treatment

Hyperlipidemia, atherosclerosis and their clinical implications, such as ischemic
heart disease remain a considerable health burden all over the world [78]. Lifestyle mod-
ification and changing dietary habits are the first-line recommendations for patients af-
fected by dyslipidemia; however, they are not always easy to be permanently imple-
mented into a patient’s life [78]. Lipid-lowering agents are one of the most important phar-
macological agents of prevention in both primary and secondary vascular events [78].
Statins are currently the most common lipid-lowering drugs, mainly because of their
availability and safety. They were introduced more than 30 years ago [79]. The main mech-
anism of action of these drugs is to inhibit the early-stage cholesterol synthesis enzyme,
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) [14], and therefore deprive
hepatocytes of cholesterol, leading to the upregulation of LDL receptors, increased cho-
lesterol uptake by cells, and consequently, lower serum cholesterol levels [79]. Apart from
lowering LDLs, they are believed to reduce TG-C levels and increase HDL-C levels. Statins
present many beneficial properties, independent of their lipid-lowering qualities, called
pleiotropic activities, including anti-inflammatory, antithrombotic and immunomodula-
tory, just to name a few [80]. It is due to these additional activities that statins have been
previously examined as adjuvants in viral infections, such as HIN1 infection [81-83] with
promising results; therefore, the use of statins in COVID-19 is a matter worth our atten-
tion.

The potential benefits from using statins in COVID-19 are manyfold. Statins reduce
CRP levels via the reduction of ox-LDL production [84], thereby alleviating inflammation.
They improve inflamed vascular walls, thus preventing vascular complications such as
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myocardial infarction [85]. Moreover, by lowering membrane-bound cholesterol, statins
significantly decrease the number of viral entry points according to Tang et al. [21].

Recent studies have shown that statins indeed mitigate the risk of acute respiratory
distress syndrome and improve patient outcomes of pneumonia in general [86]. Makris et
al. demonstrated significant improvements in survivability of patients with ventilator-as-
sociated pneumonia after introducing statins into therapy [86]. On the other hand, a dif-
ferent study found no such evidence in a similar trial [87]. A study conducted by Vahe-
dian-Azimi et al. provided interesting results which indicated that there was a greater
reduction in mortality observed in patients who were given statins during hospitalization
for COVID-19 than in those previously treated with the drug [87]. There is also a discus-
sion regarding which statin is the most efficient as an additional COVID-19 therapy. Some
of them, such as atorvastatin, simvastatin and lovastatin are metabolized through the
same paths as remdesivir; therefore, simultaneous use of these drugs is contraindicated
[88,89]. In addition, in COVID-19 patients who already present with hypolipidemia, the
reduction in LDL-C levels resulting from statin use may not have a desirable effect; there-
fore, further research is needed.

Additional lipid-lowering therapies targeting other lipid-metabolism pathways for
individuals who do not tolerate or benefit from statins are: ezetimibe, an oral agent which
inhibits the absorption of cholesterol in the intestines; as well as drugs inhibiting propro-
tein convertase subtilisin/kexin type 9 (PCSK9) in the form of monoclonal antibodies ali-
rocumab and evolocumab, or as small molecule inhibitors [78,90]. PCSK9 inhibitors are
relatively new drugs that strongly decrease LDL-C levels. Their mechanism of action in-
hibits circulating PCSK9 protein, thereby blocking degradation of the LDL receptor
(LDLR), increasing its expression on the surface of hepatocytes and the uptake of LDL
into the liver [90]. This injectable lipid-lowering therapy is dedicated especially for those
with familial hypercholesterolemia (FH) [90-92]. FH is a genetic condition that causes sig-
nificant increases in serum cholesterol and LDL-C levels. FH begins at a noticeably young
age and responds poorly to oral therapy, and therefore represents an increased cardiovas-
cular risk for individuals affected [92].

PCSK9 inhibitors are believed to exhibit anti-inflammatory properties thanks to
down-regulating LDL-C levels. Hyperinflammation is one of COVID-19 characteristics
and muting the excessive immune response may be beneficial in disease management
[92]. COVID-19 patients that previously presented with cardiovascular disease were at a
greater risk of a more severe course of the disease, COVID-19-induced cardiac injury, and
therefore death [92]. As PCSK9 inhibitors have a positive impact on endothelial function
they may have a role in the prevention of acute vascular incidents during COVID-19 and
improve patients’ prognosis [91]. However, studies suggest that the beneficial role of
PCSKO9 inhibitors is not limited to the efficient lowering of LDL levels. PCSK9 molecules
inhibit cellular interferon expression as they interact with the activating transcription fac-
tor 2 (ATF-2), so inhibiting PCSK9 counteracts this effect [93]. Studies focusing on the den-
gue virus that also used cholesterol as a proviral factor, suggested that PCSK9 inhibitors
can be beneficial as adjunctive therapy. The dengue virus is believed to induce cellular
PCSK9 expression as elevated serum PCSK9 levels were found in viremic dengue fever
patients [93]. Viremia-induced increases in PCSK9 concentrations also report a notable
decrease in type I interferon production [91,93]. What is more, the latest COVID-19 studies
have implicated that defective type I interferon is a risk factor for severe viral pneumonia
[91]. To conclude, implementing PCSK9 inhibitors may prevent the reduction in the anti-
viral genes’ expression, especially type I interferon; therefore, preventing the develop-
ment of severe COVID-19 [91,92]. There were no interactions detected between PCSK9
inhibitors and antiviral drugs [92].

The hypolipidemic agents that affect SARS-CoV-2 infection, including fibrates and
omega-3 polyunsaturated fatty acids (n3-PUFAs) have been studied. Among fibrates,
drugs that are peroxisome proliferator-activated receptor alpha (PPAR-a) agonists, and
thus induce lipoprotein lipase activity to reduce TGs and LDL serum levels, the COVID-
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19 infection modulating properties are credited to fenofibrate [94]. Fenofibrate has various
pleiotropic effects which are anti-inflammatory, antioxidant and anti-angiogenic. These
properties are useful in reducing the severity of COVID-19 as they help to modulate cyto-
kine release during the disease [85]. In cellular models, fenofibrate was shown to reverse
the viral-induced metabolic disturbances and inhibited the receptor binding domain for
ACE2, and therefore prevented the infection [95]. Considering these findings and the rel-
atively safe drug profile, fenofibrate may become an effective tool in the treatment of
COVID-19. N3-PUFAs, including eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and a-linoleic acid (ALA) are widely recognized for their beneficial effect on car-
diovascular diseases. Diets rich in n3-PUFAs are linked with a lower risk of atherosclero-
sis which results from their hypolipidemic and anti-inflammatory properties [96]. Their
hypolipidemic effect is linked to a reduction in serum triglyceride levels [96]. In the man-
agement of COVID-19, the anti-inflammatory properties of n3-PUFAs are used. Studies
indicate that n3-PUFAs can regulate immune function by blocking hyperinflammatory
reactions, and amplifying anti-inflammatory processes; therefore, reducing the incidence
of systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syn-
drome (MODS) [97]. In a study targeting COVID-19 patients conducted by Doaei et al.,
patients treated with n3-PUFAs had significantly higher 1-month survival rates, reduced
incidents of acidosis and metabolic complications compared to the control group without
the supplementation [98]. Although not meeting the criteria for classical statistical signif-
icance, the results from a study conducted by Asher et al. also suggested that there was a
lower COVID-19 mortality rate among patients with n3-PUFAs supplementation. [99]
Moreover, according to the European Society for Parenteral and Enteral Nutrition expert
statement, the use of omega-3 fatty acids may improve oxygenation in COVID-19 patients
[100]. Nevertheless, further research is needed to precisely determine the role of these
substances in COVID-19 treatment.

The introduction of lipid-lowering agents in therapies for patients with COVID-19 is
promising as there are many theories and studies to support this idea. However, as di-
vided as these studies are, they are all coherent in their statement that patients with
COVID-19 who are already treated with statins should retain this treatment. As for the
patients affected with COVID-19 without previous treatment with statins, despite the re-
sults of the study by Vahedian-Azimi et al. [89], these drugs should not be added to their
therapy [13,14,21] until more extensive research has been conducted. The results on feno-
fibrate and n3-PUFA in COVID-19 are promising, although further studies are needed on
these topics. PCSKO9 inhibitors are believed to have a dual positive effect on SARS-CoV-2
infection through their lipid-lowering properties and by promoting the expression of type
Iinterferon genes [91]. Researchers have suggested implementing a single dose to FH pa-
tients diagnosed with COVID-19 to improve their prognosis and, hopefully, prevent them
from developing severe symptoms or complications [91,92]. Further research is necessary
to test the clinical value of this treatment.

7. Conclusions

Due to the outbreak of COVID-19 pandemic, the entire world has faced many diffi-
culties both in the health sector and in other areas of life. Despite its name, SARS-CoV-2
disrupts not only respiratory processes but can also cause systemic havoc. SARS-CoV-2
infection can present itself with gastrointestinal, dermatological, cardiovascular, as well
as neurological and psychiatric symptoms. In our study, we focused on the impact of
SARS-CoV-2 infection on lipid metabolism. The studies that we analyzed showed a de-
crease in serum cholesterol, HDL-C, LDL-C levels and TG anomalies during the infection.
There was also a direct correlation between a decrease in these factors and the stage of the
disease. This data support the validity of using these laboratory findings as markers of the
severity of COVID-19 disease and its progression. However, both low and extremely high
HDL-C levels, as well as abnormally high LDL-C and TG levels before the onset of the
disease predisposes a severe course of the infection, and therefore is associated with a
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greater risk of death. Patients with a history of any oral lipid-lowering therapies, espe-
cially statins due to their pleiotropic features, should continue hypolipidemic treatment
as it may play an adjunctive role in treating COVID-19 and diminishing complications of
the disease. Despite the benefits mentioned, experts agree that statins should not be im-
plemented into the treatment of individuals who have not previously received such med-
ication. Research focused on the potential use of PCSK9 inhibitors as an adjuvant therapy
in COVID-19 patients has given promising results. This lipid-lowering drug may be ben-
eficial through reducing serum LDL levels; therefore, muting the hyperinflammatory
state, and decreasing the risk of COVID-19-induced cardiovascular incidents and their
fatal outcomes. Further research is needed to verify the clinical value of injecting PCSK9
inhibitors into patients with severe hyperlipidemia to assess whether they improve their
prognosis. Studies on other hypolipemic agents, such as fenofibrate and n3-PUFA have
given promising results, yet more research is needed to assess their role in disease man-
agement. Further research is also necessary to provide more information on the role of
lipoproteins in the pathogenesis of SARS-CoV-2 infection, the direct mechanism of labor-
atory abnormalities, and the potential use of statins to optimize COVID-19 treatment.
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