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Abstract: Inhibitors of 3-hydroxy-3methylgultaryl-coenzyme A reductase (statins) are one of the
main groups of drugs used in preventing and treating cardiovascular diseases worldwide. They
are widely available, cheap, and well-tolerated. Based on statins’ pleiotropic properties, including
improvement of endothelial dysfunction, antioxidant properties, atherosclerotic plaque stabilization,
and inhibition of inflammatory responses, it can be hypothesized that the use of statins, at least as
an adjuvant in antiviral therapy, may be justified. All these effects might be especially beneficial in
patients with COVID-19, suffering from endothelial dysfunction, microvascular and macrovascular
thrombosis, and cytokine storm. Here, we review the recent data regarding the pathophysiology of
SARS-CoV-2 activity in host cells, proposed COVID-19 therapy, the pleiotropic activity of statins, and
statins in clinical trials in respiratory infections. According to the guidelines of the European and
American Cardiac Societies, in patients with cardiovascular disease or high cardiovascular risk with
concomitant COVID-19 it is recommended to continue statin treatment. However, the initiation of
statin therapy de novo in COVID-19 treatment should only be done as part of a clinical trial.
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1. Introduction

Pneumonia is the main manifestation of SARS-CoV-2 infection, which may lead to
severe respiratory failure. Due to the cardiotropic potential of the virus, the cardiovascular
system is involved in a high percentage of cases [1]. It has been observed that patients
with COVID-19, who also have cardiovascular risk factors, such as male gender, older
age, diabetes, arterial hypertension, and obesity, as well as patients with pre-existing
cardiovascular disease, are especially prone to increased morbidity, more severe and rapid
cases of COVID-19, and thus also increased mortality [2].

In a significant proportion of patients, cardiac injury may occur due to COVID-19
infection [3]. COVID-19 is associated with enhanced inflammation (the so-called cytokine
storm), abnormal activation of the coagulation system, and decompensation of the car-
diovascular system [4]. Except for thromboembolic complications such as acute coronary
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syndromes and venous thromboembolism, myocarditis also plays an important role in
the development of acute heart failure in patients with COVID-19 [5]. In autopsy reports,
SARS-CoV-2 RNA was found in cardiomyocytes of 60% of patients with a severe case of
the disease; however, symptomatic myocarditis occurred only in 10% of cases [6]. In almost
40% of patients with severe SARS-CoV-2 infection there is an increase in plasma concen-
tration of biomarkers of cardiac injury and overload (highly sensitive cardiac troponin
I-hs c¢Tnl; N-terminal pro B-type natriuretic peptide-NT-proBNP), which is associated
with poor prognosis [3]. It has also been reported that supraventricular and ventricular
arrhythmias may complicate the course of COVID-19 [7]. COVID-19 is associated with
hemodynamic decompensation and hypoxemia caused by gas exchange failure in the
lungs, but also proarrhythmic side effects of COVID-19 treatment (antiviral agents and
antibiotics, e.g., ritonavir, or azithromycin) [8].

In patients with confirmed COVID-19 infection, the optimal treatment of cardiovas-
cular diseases, prevention of their decompensation, and prevention of heart and vessel
damage is as important as antiviral therapy. Unfortunately, there is no convincing evidence
for the efficacy of any medication in SARS-CoV-2 treatment. The reports so far indicate the
possibility of implementing treatment with convalescent plasma, tocilizumab, remdesivir,
lopinavir/ritonavir or favipiravir [9-12]. Due to the current lack of reliable confirmation
of the efficacy of proposed therapies and their potential side effects, it is recommended to
use them only in hospital settings as part of clinical trials [13]. In the absence of a specific
treatment, it is crucial to establish the effect of co-administered medications in patients
with COVID-19. Among cardiovascular medications, statins play a crucial role both in
primary and secondary prevention of cardiovascular events [14]. Moreover, statins have
well-established pleiotropic effects, including improvement of endothelial dysfunction,
antioxidant properties, atherosclerotic plaque stabilization, and inhibition of inflammatory
responses [14]. All these effects might be especially beneficial in patients with COVID-19
suffering from endothelial dysfunction, microvascular, and macrovascular thrombosis, and
cytokine storms [15,16]. Here, we review the pathophysiology of SARS-CoV-2 activity in
host cells, proposed COVID-19 therapy, the pleiotropic activity of statins, and statins in
clinical trials in respiratory infections.

2. Pathophysiology of SARS-CoV-2 Activity in Host Cells

The increasing number of clinical data suggest that endothelium dysfunction plays a
significant role in the pathophysiology of COVID-19 disease [17,18]. SARS-CoV-2 infection
leads to an enhanced immune response caused by the entry of the virus into the cell by
affecting the expression of angiotensin converting enzyme 2 (ACE2) receptor, by inhibiting
Toll-like receptors (TLR)-myeloid differentiation primary response 88 (MyD88)-nuclear
factor-kB (NF-B) signaling pathway, and the development of cytokine storm with the par-
ticipation of interleukin 6 (IL-6) [17]. Blocking one of those signaling pathway mechanisms
might be a new, promising therapeutic approach for patients with COVID-19.

The currently postulated mechanism for SARS-Cov-2 entry into the host cells is bind-
ing SARS-CoV-2 spike proteins with ACE2 receptors [19]. ACE2 distribution and expression
might be critical for target organs of SARS-CoV-2 infection (especially lungs, vessels, heart,
and kidneys). One of the main roles of ACE2 is the hydrolysis of angiotensin II (Ang-2) to
angiotensin 1-7 (Ang 1-7). Ang-2 binding to AT1 receptors activates the renin-angiotensin-
aldosterone system, which leads to vasoconstriction (hypertension), the development of
chronic inflammation (including organ fibrosis), and thrombosis [20]. SARS-CoV-2 entering
into cells reduces the expression of ACE2 receptors (down-regulation), and is associated
with the loss of catalytic activity of these membrane receptors. Clinical reports regarding
patients with SARS-CoV-2 infection reveal that the ACE2 down-regulation induced by virus
invasion might be especially detrimental in humans with pre-existing ACE2 deficiency,
which is observed in elderly patients with hypertension, diabetes, and other cardiovascular
diseases. This group is therefore particularly exposed to severe cases of COVID-19 and its
complications [21].
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It has been proven in a mouse model that the TLR-MyD88-NF-«B signaling pathway
physiologically stabilizes the production of proinflammatory cytokines (especially IL-1,
6,8,18), which allows the maintenance of the integrity and function of the endothelium and
prevents cytokine storm. In SARS-CoV-2 infection, expression of MyD88 gene (Toll-like
activity regulator TLR) is impaired and thus the enhanced NF-kB protein is produced.
Clinically, it worsens the course of pneumonia, which may lead to the development of
sepsis and multiple organ failure [22].

Some studies suggest that dyslipidemia occurs in COVID-19 patients. A study in-
cluding 597 COVID-19 patients (mild: 394; severe: 171; critical: 32) has shown that LDL
levels were significantly lower in COVID-19 patients as compared with normal subjects
(p < 0.001) [23]. Furthermore, LDL levels are associated with severity and mortality of
the disease [24]. The mechanism underlying LDL lowering in patients suffering from
SARS-CoV-2 infection is complex. First, it may result from a liver injury due to COVID-19.
Second, viral infection induces the release of pro-inflammatory cytokines, which modulate
lipid metabolism including oxidation of LDL by reactive oxygen species, thus facilitating
LDL clearance [25]. Third, COVID-19 patients may have an increased vascular permeability
caused by the virus-induced inflammation. Exudative fluids contain high levels of protein
and cholesterol, leading to their evacuation from the bloodstream [26].

3. Proposed COVID-19 Therapies

The proposed COVID-19 therapies include convalescent plasma, tocilizumab, remde-
sivir, lopinavir/ritonavir, favipiravir or chloroquine and hydroxychloroquine, colchicine,
and zinc supplementation. The mechanisms of action of the proposed COVID-19 therapies
above are presented in Figure 1.

Since the end of 19th century, passive immune therapy has been successfully used to
treat infectious diseases [27]. Prior to the availability of monoclonal antibodies and gamma
globulin products, passive antibody therapy relied on the use of convalescent plasma or
serum. Those immune blood products were collected from the recovered donors or animals
as therapeutic agents for at-risk or infected patients, both for the purpose of prophylaxis or
treatment of a specific pathogen [28]. Vaccination (active immunization therapy) requires
an extended period of time to develop an immune response and can display a wide range
of clinical variability among recipients [28]. Moreover, the production of a widely available,
effective vaccine requires time. In contrast to vaccination, passive antibodies exert their
immune activity immediately after administration, which involves the transfer of pre-
formed antibodies. Neutralizing antibodies that bind to a pathogen restricts the entry of the
pathogen into host cells and enhances clearance of the pathogen via antibody-dependent
phagocytosis, antibody-dependent cellular toxicity, and /or complement activation [29].
Hence, convalescent plasma has the potential to confer immediate immunity among at-risk
or infected patients, reducing the societal disease burden during large-scale pandemics [28].
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Figure 1. Mechanisms of action of the proposed COVID-19 therapies. 1. Chloroquine acts via deprivation of formation of

the clathrin complexes during SARS-CoV-2 endocytosis and via interruption of post-translation modification of the virus

proteins. 2. Lopinavir/ritonavir inhibits virus protease and subsequently impairs virus uncoating. 3. Remdesivir and

favipiravir are both antimetabolites that deprivate RNA polymerase function, which results in the premature termination of

viral RNA transcription. 4. Tocilizumab is a monoclonal antibody against the interleukin-6 receptor. 5. Colchicine and zinc

prevent cytokine storm development. 6. Convalescent plasma contains antibodies capable of binding to and destroying the

virus. Created with BioRender.com.

Historically, the whole blood, convalescent blood products, antibodies obtained from
animals, and more recently, monoclonal or polyclonal antibodies were used as a passive
immunotherapy. Plasma collection by apheresis with subsequent convalescent plasma
transfusion is the most popular passive immunotherapy strategy during pandemics [30].
Patients who have recovered from an infectious disease have a blood product withdrawn
via venipuncture. Then, blood is screened for neutralizing antibodies specific to the
causative pathogen. In perfect conditions, high-concentration neutralizing antibody conva-
lescent plasma is used for therapy. There are two possible ways to use convalescent plasma:
(i) it may be transfused to non-infected individuals to provide passive immunity to the re-
cipient, or (ii) it can be used to ameliorate the disease course in infected individuals [28,30].
A major principle of convalescent plasma therapy is that the plasma must be given early in
the course of the infectious disease to maximize the clinical or mortality benefits [31].

Convalescent plasma has previously been used in the management of coronaviruses
(CoVs) [32]. Two major epidemics caused by CoVs occurred in the 21st century: (i) the 2003
SARS-CoV-1 epidemic originating in Hong Kong and (ii) the 2012 MERS-CoV epidemic,
which originated in Saudi Arabia. Both were associated with high mortality and lack of
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therapeutic options. Hence, there was a need for the use of convalescent plasma. A meta-
analysis including eight observational studies and 214 patients with SARS demonstrated a
mortality benefit following transfusion of convalescent plasma [33].

In the current COVID-19 pandemic, blood collection centers from around the world
have established programs for recovered survivors to donate COVID-19 convalescent
plasma, which may be obtained from recovered COVID-19 survivors via apheresis or
separated from whole blood collected as a standard blood donation. Apheresis collection
is strongly preferred. In this process, more units of convalescent plasma per donation are
produced. Furthermore, the donor may perform more frequently than standard blood
donation [34].

Early work from the current CoV pandemic suggests that SARS-CoV-2 elicits a robust
immune response with high levels of antibodies, including immunoglobulins (IgM and
IgG), for months after the onset of COVID-19, suggesting a relatively large window of time
and high probability of successful extraction of high-titer anti-SARS-CoV-2 plasma [35,36].
There have been several randomized, controlled trials investigating convalescent plasma
treatment in patients hospitalized for severe or life-threatening COVID-19 [37-39]. Data
from all randomized trials and controlled studies shows that convalescent plasma treatment
is associated with a significant reduction in mortality (31% in convalescent plasma group
versus 19% in control group; odds ratio, 0.5; 95% confidence interval (CI), 0.40 to 0.69;
p <0.001) [40]. Administration of convalescent plasma in the first 44 h of hospitalization
was associated with the greatest efficacy [34].

Tocilizumab is mainly used for the treatment of rheumatoid arthritis (RA) and sys-
temic juvenile idiopathic arthritis [41,42]. Tocilizumab selectively and competitively binds
to soluble IL-6 receptors and blocks the signaling caused by IL-6 [41]. IL-6 is a key cytokine
leading to an inflammatory storm that results in gas exchange dysfunction, especially
impaired oxygen diffusion, and eventually leads to pulmonary fibrosis and organ fail-
ure [43]. Early serology analyses identified higher IL-6 serum levels in patients with severe
COVID-19 when compared to patients with mild or moderate disease [44,45]. It has been
proposed that elevated IL-6 levels may be associated with greater disease severity and
worse clinical outcomes [46]. Tocilizumab, as a treatment targeting IL-6 receptors, has been
reported to improve the clinical outcomes of patients with severe COVID-19 [47]. However,
in a randomized, double-blind, placebo-controlled trial, in moderately ill and hospitalized
patients with COVID-19, tocilizumab was not effective at preventing death [48]. Although
basic science suggests a rationale for the administration of tocilizumab to patients with
COVID-19, its efficacy has only been seen in observational studies, but not confirmed in
randomized trials.

In the United States of America, three SARS-CoV-2 monoclonal antibody therapies
have been granted emergency use authorization for the treatment of non-hospitalized
patients with mild-to-moderate COVID-19. These are bamlanivimab as a monotherapy,
bamlanivimab together with etesevimab, and casirivimab with imdevimab as a combina-
tion therapy [49]. Those antibodies are generated against the receptor-binding domain
(RBD) of the spike protein. The anti-RBD monoclonal antibodies prevent binding of the
spike protein to its receptor, angiotensin-converting enzyme 2, on target host cells. As a
result, they can neutralize the ability of the virus to bind and fuse with the target host [49].

Remdesivir is a monophosphoramidate nucleoside prodrug that undergoes intracel-
lular metabolic conversion to its active form—metabolite nucleoside triphosphate [50]. A
recent biochemical analysis revealed that in SARS-CoV-2, remdesivir acts via termination
of RNA synthesis at three positions after the position where it is incorporated [51]. The
premature termination of RNA results in abruption of transcriptional and translational pro-
cesses needed for the generation of new virions. The resulting antiviral effects of remdesivir
have been studied in different cell-based models [50]. In addition, in a phase 3 random-
ized controlled trial comparing remdesivir and placebo in 1062 patients, remdesivir had
beneficial clinical effects in patients who required oxygen supplementation, but not in
critically ill patients who required mechanical ventilation [52]. Remdesivir reduced the
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time to recovery by 31%, which is a relatively modest, but clear therapeutic effect [52]. A
meta-analysis of the two available randomized controlled trials demonstrated a statistically
significant reduction in mortality in patients with remdesivir treatment (risk ratio [RR],
0.69 [95% (I, 0.49 to 0.99]) [53].

Lopinavir is a HIV-1 protease inhibitor combined with another protease inhibitor [54].
Lopinavir is prescribed in combination with low-dose ritonavir [55], in which ritonavir
acts as a pharmacokinetic enhancer [56]. Protease plays an important role in the life cycle
of SARS-CoV-2, owing to its role in the cleavage of polyproteins and subsequent release
of nonstructural proteins. Lopinavir/ritonavir (L/R) combination has been shown to
efficiently bind SARS-CoV-2 protease and exert inhibitory activity against SARS-CoV-2
in vitro. However, in a meta-analysis of 3 studies, L/R treatment showed no difference in
terms of mortality and progression of the disease to a more severe state. However, L/R
therapy decreased the duration of hospitalization in comparison with standard of care
(mean difference: —1.466 [—2.403 to —0.529]) [57].

Favipiravir is a purine base analog. It is a selective and potent inhibitor of the RNA-
dependent RNA polymerase (RdRp) of RNA viruses. Favipiravir is incorporated into the
nascent viral RNA by error prone viral RdRp, which leads to chain termination and viral
mutagenesis [58]. In an open-label, parallel-arm, multicenter, phase 3 trial, 150 patients
were randomized into favipiravir (n = 75) or placebo (n = 75) groups. Among moderately ill
patients, median time to clinical cure was 3.5 days (95% CI: 3 days, 4 days) for favipiravir,
compared with 6 days (95% CI: 4 days, 12 days) for control (p = 0.030). Median time to
hospital discharge was 4 days shorter in the moderate subgroup treated with favipiravir
(median: 9 days, 95% CI: 6 days, 11 days) when compared with control (median: 13 days,
95% CI: 8 days, 17 days, p = 0.067). Based on the significant improvement in time to
clinical cure, the authors suggested that favipiravir may be beneficial in mild-to-moderate
COVID-19 [59].

Chloroquine and hydroxychloroquine have a similar profile of action. The antiviral
effect of these drugs in SARS-CoV-2 infection is mainly to inhibit the virus entry into the
host cells. They can also reduce the ACE2 glycosylation, thereby preventing the effective
binding of COVID-19 to host cells [11]. Some viruses enter host cells through endocyto-
sis; in the host cell, the virus is transported in endosomes, in which it can replicate [60].
When endosomes bind to the acid lysosome, it breaks the endosome and releases the virus.
Chloroquine /hydroxychloroquine has been found to accumulate in lysosomes, interfering
with this process [12]. Chloroquine was also shown to increase the endosomal pH, which
may interfere with viral entry or exit from host cells [61]. Both drugs also have an im-
munomodulating effect by inhibiting the production of proinflammatory cytokines, thereby
blocking the pathway that leads to the development of acute respiratory distress syndrome
(ARDS) [14]. However, recently published studies have not shown any clinical benefits
from treatment with these agents [62]. Therefore, both the World Health Organization and
the Food and Drug Administration strongly advise against the use of chloroquine and
hydroxychloroquine to prevent and/or treat COVID-19 patients, since the risks of their
administration outweigh the benefits.

The benefits from colchicine treatment in COVID-19 have also been suggested [63]. For
decades, colchicine has been successfully used for the treatment and prevention of gout [64].
In a randomized clinical trial including 105 participants suffering from COVID-19, patients
who received colchicine had a statistically significantly longer time to clinical deterioration
compared with a control group that did not receive colchicine [65]. Furthermore, in a
randomized, double-blinded, placebo-controlled clinical trial, where 72 patients with
COVID-19 were randomized to colchicine group (n = 36) and control group (n = 36), the
median time of oxygen supplementation was 4.0 (2.0-6.0) days for the colchicine group
and 6.5 (4.0-9.0) days for the placebo group (p < 0.001). Median time of hospitalization
was 7.0 (5.0-9.0) days for the colchicine group and 9.0 (7.0-12.0) days for the placebo group
(p = 0.003). To sum up, colchicine reduced the length of oxygen supplementation therapy
and hospitalization [64].
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Zinc (Zn) is the second most abundant trace metal in the human body, after iron.
Previous study suggested that ACE-2 expression is regulated by Sirtuin 1 (SIRT1). Zinc
decreases SIRT1 activity, and regulation of SIRT1 by zinc could decrease ACE-2 expression
and ultimately viral entry into the cell [66,67]. It has also been reported that Zn specifically
inhibits the SARS-CoV RdRp elongation and template binding [68]. More importantly,
persistent low serum Zn level has been documented in critically ill patients, which was
associated with recurrent sepsis and inversely correlated with sepsis-related mortality,
emphasizing the importance of Zn supplementation in COVID-19 therapy [69].

4. Pleiotropic Activity of Statins

Statins are highly placed in the international recommendations of cardiac societies
due to their impact on reducing the number of coronary events, strokes, and cardiovascular
deaths, which has been proven in the results of many clinical trials [70]. Statins are easily
available, cheap, and well-tolerated.

Statins have pleiotropic activity. Their main mechanism of action is the reduction
of isoprenoids synthesis due to the inhibition of 3-hydroxy-3methylgultaryl-coenzyme
A reductase (HMG-CoA), which has a positive effect on vascular endothelium function,
and vulnerable atherosclerotic plaque stabilization. They also reduce oxidative stress and
have anti-inflammatory and anti-proliferative effects. Statins also have an anticoagulant
effect due to the reduction of tissue factor (TF) expression, reduction of thrombin synthesis,
enhancement of fibrinolysis, and the inhibition of platelet activation and aggregation [71].
In a randomized controlled trial comparing a four-week rosuvastatin therapy (20 mg once
daily) and placebo in patients with prior venous thromboembolism (VT), rosuvastatin
substantially improved the coagulation profile, suggesting that statin therapy might be
beneficial in patients at risk of recurrent VT [72]. In the population-based registry, the
use of statins combined with standard anticoagulation therapy was showen to reduce
the number of recurrent pulmonary embolism (PE) episodes by 50% in patient with prior
PE [73]. In a murine model, administration of rosuvastatin or atorvastatin improved the
efficacy of anticoagulation therapy and reduced the fibrosis of vessels and lungs due to
decreased expression of plasminogen activation inhibitor-1 (PAI-1) [74]. In lung fibrosis,
impaired balance between urokinase-type plasminogen activator (uPA) and its inhibitor
PAI-1 was observed. uPa has been reported to increase the production of prostaglandin
E2 by acting as an antifibrinolytic signal leading to remodeling of alveolar epithelium
cells [74]. In addition, nonspecific interstitial changes similar to pneumonia and peripheral
vasculopathy were observed in mice with uPA receptor deficiency [75]. Hence, statins may
restore the impaired balance between pro- and antifibrinolytic molecules by decreasing the
concentration of PAI-1 [75].

Statins also have an immunomodulating effect by inhibiting the expression of the
major histocompatibility complex II (MHC II) proteins induced by interferon y (IFN-y) in
endothelial cells, smooth muscle cells, fibroblasts, and macrophages and by the selective
blocking of integrin 32 and adhesive molecule lymphocyte function-associated antigen 1
(LFA-1; CD11a/CD18), which is expressed on leucocytes’ surfaces and binds with inter-
cellular adhesion molecule 1 (ICAM-1) when activated. The immunomodulatory effect of
statins is also mediated by their impact on intimal recruitment, differentiation, proliferation,
and secretion of immune cells, mainly monocytes/macrophages and lymphocytes T [76].
Many observations to date have also confirmed the effect of statins on the attenuation of
the immune response through a decrease in the plasma concentrations of (i) C-reactive
protein (CRP), (ii) tumor necrosis factor o« (TNF-«), (iii) IL-1 and IL-6, (iv) P-selectin, and (v)
activation of TLR-MyD88-NF-kB pathway in endothelial cells, as well as an increase in (i)
secretion of anti-inflammatory cytokines and (ii) expression of ACE2 receptor [71,76]. The
molecular mechanisms of statins activity in SARS-Cov-2 infection are shown in Figure 2.
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Figure 2. Molecular mechanisms of statins activity in SARS-Cov-2 infection.

Statins also have an antiviral effect through the inhibition of protease activity. The
main proteolytic enzyme of SARS-CoV-2 is Mpro. Inhibition of Mpro expression might
limit the virus replication in cells. The effect of statins on Mpro expression were compared
with antiviral and antiretroviral drugs (favipiravir, nelfinavir, lopinavir) in an in silico
computational docking study. Pitavastatin and to a lesser extent rosuvastatin, lovastatin,
and fluvastatin were shown to have high binding affinity for Mpro, and thus to be poten-
tially effective Mpro inhibitors. Since it was a computational study, the results required
confirmation in clinical trials [77].

In addition, statins have an anti-arrhythmic effect by stabilizing cardiomyocyte cell
membrane and positive impact on the action potential. This effect is caused by the attenua-
tion of arrhythmogenic structural remodeling of the myocardium due to up-regulation of
GATA-6 transcription factor and inhibition of the Rho pathway, which leads to the reduced
dispersion of QT segment [78].

The safety of statins in COVID-19 is also a viable topic. Liver injury, myotoxicity,
rhabdomyolysis, and kidney injury are more likely in patients with the acute clinical condi-
tion (e.g., severe COVID-19 disease). In addition, most statins are metabolized in the liver
by CYP3A4 isoenzyme. Concomitant administration of statin with antiviral agents (e.g.,
protease inhibitors lopinavir and ritonavir, which are CYP3A4 inhibitors) may potentially
increase the risk of statin-related side effects [79]. In such cases, it is recommended to
avoid the use of simvastatin and lovastatin, while atorvastatin and rosuvastatin (max.
dose of 20 mg daily) can be cautiously combined with antiviral agents [80]. However,
the creatine kinase and transaminase levels should be carefully monitored. Apart from
lopinavir/ritonavir and atazanavir, statins have not been found to interact with other
antiviral drugs used in SARS-Cov-2 treatment. Among statins, rosuvastatin shows the
highest safety profile and the lowest interactions with antiviral agents [79].

Altogether, the hitherto available data show that statins can act on more than one
molecular target and suggest the benefits from statin use in the treatment of patients with
SARS-CoV-2 infection, which may outweigh the risk of potential side effects.
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5. Statins in Clinical Trials in Respiratory Infections

Due to the postulated anti-inflammatory and immunomodulating effects, statins have
been proposed as an adjunctive treatment in viral infections. In animal models, atorvastatin
has been shown to reduce the intracellular lipid production and inhibit the replication of the
influenza virus [81]. During the influenza HIN1 pandemic in 2009, hospitalized patients
with influenza who received statins had less symptoms and reduced overall mortality,
compared to those who were not administered statins [82].

Other studies have shown that atorvastatin inhibits the cell entry of hepatitis C virus,
Denga virus, West Nile virus, and Japanese encephalitis virus [81]. An in vitro study with
Ebola virus showed that treatment with lovastatin reduced the replication of the virus in
human macrophages and Huh7 liver cells. The released viruses were less contagious due
to the impaired production of envelope glycoproteins [83].

Clinical trials in patients with acute respiratory failure and ARDS show varying effects
of statins on clinical outcomes. Studies in mice have shown that statins reduce immune
response and lung damage associated with ARDS [84,85]. Secondary analysis of random-
ized controlled trial data suggested that treatment with simvastatin compared to placebo
was associated with improved survival in patients with ARDS [86]. In a randomized trial
evaluating the effect of 40 mg atorvastatin daily on the development and course of sepsis
among 100 patients in an intensive care unit, the conversion rate to severe sepsis was
lower in the atorvastatin group compared to the placebo group (4% vs. 24% p = 0.007) [87].
However, because the sample size was relatively small, significant differences between the
time of hospitalization and mortality were not found [88]. In contrast, other studies found
that the use of rosuvastatin compared to placebo increased 60-day in-hospital mortality in
patients with sepsis and ARDS [87] or had no effect on 28-day mortality in ARDS, compared
to placebo [89]. In a randomized clinical trial SAILS (Statins for Acutely Injured Lungs
from Sepsis), randomization to rosuvastatin had no effect on mortality in patients with
sepsis-associated ARDS [90].

Statins can potentially increase the activation of inflammation. Some studies show that
prolonged suppression of the TLR-MyD88-NF-«B pathway might result in compensative
activation of other innate immune factors, including enhanced production of IL-18 [15].
In the SAILS study;, the initially elevated level of IL-18, also caused by the use of statins,
increased the 60-day mortality rate [87].

Altogether, some observations regarding the use of statins in acute respiratory fail-
ure may discourage the use of these drugs as adjunctive therapy in patients with severe
COVID-19 infection who are developing respiratory failure or sepsis. However, in milder
forms of viral infections (e.g. influenza virus) statins were shown to have positive im-
munomodulating and antiviral effects, including a reduction in hospitalization, cardiovas-
cular complications, and deaths [82].

6. Statins in SARS-CoV-2 Infection

Most patients suffering from COVID-19 have an increased risk of cardiovascular com-
plications and thromboembolism including deep vein thrombosis or pulmonary embolism
or cerebrovascular events, which deteriorate the prognosis.

A retrospective analysis of 72,314 COVID-19 cases from China showed that patients
with cardiovascular diseases (CVD) presented with significantly higher mortality, com-
pared to those without CVD (10.5% vs. 2.3%) [91]. It has been proposed that statins may
have a therapeutic impact on COVID-19 patients through their pleiotropic effects on en-
dothelial function, anti-inflammatory, and antithrombotic effects [92-94]. Statins act via
three major ways in COVID-19: (i) endothelial protection from damage, (ii) modulation
and inhibition of activation of coagulation cascade, and (iii) inhibition of cytokine storm
development and progression. The major mechanisms of statin action in COVID-19 are
presented in Figure 3.
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SARS-CoV-2 infection

Activation of
coagulation cascade

Endothelial damage

Statins

Figure 3. Major mechanisms of statin action in COVID-19 treatment. SARS-CoV-2 infection leads
to three major disfunctions: (i) activation of coagulation cascade, (ii) endothelial damage and (iii)
cytokine storm. Statins are able to protect organism or at least decrease negative effects of SARS-CoV-2
infection. Created with BioRender.com.

A retrospective study on 13,981 patients with COVID-19 (1219 receiving statins)
showed that statin use was associated with reduced mortality (aHR, 0.58, 95% CI: 0.43-0.80;
p = 0.001) [95]. In a recent metanalysis, statin use was associated with a 30% risk of
death reduction due to COVID-19 [96]. In addition, a 22-30% reduction of the risk of
ICU admission was observed in patients on statin therapy. It has been suggested that the
positive effect of statins on patient survival may be exerted via modulation of cytokine over-
expression, ACE2 expression, and the immune response in COVID-19 patients. Statins also
counteract with the cytokine storm, which can occur in severe cases of viral infection such
as in SARS-CoV-2 [97,98]. Data regarding the reduced deaths in COVID-19 patients using
statins are consistent with findings on the anti-thrombotic, anti-inflammatory, antiviral,
and immunomodulatory actions of statins [99,100].

To sum up, statins may be important adjunctive substances in COVID-19 management.
However, further data from randomized trials and registries are required to confirm the
hitherto observed benefits.

7. Conclusions and Future Directions

Inhibitors of HMG-CoA reductase are one of the main groups of drugs used to
prevent and treat cardiovascular diseases worldwide. They are widely available, cheap,
and well-tolerated. Based on the available data, it can be hypothesized that the use of
statins, at least as an adjuvant in antiviral therapy, may be justified. The use of the entire
pleiotropic spectrum of statins activity in patients with COVID-19 may lead to the reduction
of cardiovascular complications. Due to their beneficial effect on the stabilization of cellular
membrane and ion channels in cardiomyocytes involved in the generation of the action
potential, statins may reduce the proarrhythmic effect and improve the safety of antiviral
therapy. Undoubtedly, the presented topic is very recent and the results of phase 3 of clinical
trials are needed to confirm the efficacy and safety of statins in COVID-19 treatment [15]. In
each case, the potential benefits and safety of the therapy should be considered individually.
It is worth noting that many studies have shown an increased cardiovascular risk in
patients withdrawing from statin therapy. According to the guidelines of the European
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and American Cardiac Societies, in patients with cardiovascular disease or with high
cardiovascular risk and concomitant COVID-19 disease, it is recommended to continue
statin treatment. However, the initiation of statin therapy de novo in COVID-19 treatment
should only be done as part of a clinical trial.

Author Contributions: Conceptualization, ].O.-P., U.S., and M.K,; methodology, A.G. and L.S.,
software, A.G; validation, L.S., M.].]., and R.S,; formal analysis, ].O.-P,, U.S., and M.K,; investigation,
J.O.-P; resources, A.Z.,, WW.,, and D.A K,; data curation, ].O.-P, U.S., and M.K,; writing—original
draft preparation, J].O.-P,, U.S., and M.K,; writing—review and editing, S.R., A.G., L.S.,, M.].]., and
D.A K.; visualization, L.S., S.R., and A.G.; supervision, D.A K.; project administration, J.O.-P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gasecka, A.; Pruc Michatand Kukula, K.; Gilis-Malinowska, N.; Filipiak, K.J.; Jaguszewski, M.].; Szarpak, L. Post-COVID-19
Heart Syndrome. Cardiol. J. 2021, 28, 353-354. [CrossRef] [PubMed]

2. Yang,]; Zheng, Y.A.; Gou, X,; Pu, K.; Chen, Z; Guo, Q.; Ji, R.; Wang, H.; Wang, Y.; Zhou, Y. Prevalence of Comorbidities and
Its Effects in Patients Infected with SARS-CoV-2: A Systematic Review and Meta-Analysis. Int. ]. Infect. Dis. 2020, 94, 91-95.
[CrossRef] [PubMed]

3.  Santoso, A.; Pranata, R.; Wibowo, A.; Al-Farabi, M.].; Huang, I.; Antariksa, B. Cardiac Injury Is Associated with Mortality and
Critically Il Pneumonia in COVID-19: A Meta-Analysis. Am. ]. Emerg. Med. 2020, 44, 352-357. [CrossRef]

4. Gasecka, A.; Filipiak, K.J.; Jaguszewski, M.]. Impaired Microcirculation Function in COVID-19 and Implications for Potential
Therapies. Cardiol. |. 2020, 27, 485-488. [PubMed]

5. Gasecka, A.; Borovac, J.A.; Guerreiro, R.A.; Giustozzi, M.; Parker, W.; Caldeira, D.; Chiva-Blanch, G. Thrombotic Complications in
Patients with COVID-19: Pathophysiological Mechanisms, Diagnosis, and Treatment. Cardiovasc. Drugs Ther. 2020, 35, 215-229.
[CrossRef] [PubMed]

6.  Lindner, D,; Fitzek, A.; Brauninger, H.; Aleshcheva, G.; Edler, C.; Meissner, K.; Scherschel, K.; Kirchhof, P.; Escher, F.; Schultheiss,
H.-P; et al. Association of Cardiac Infection with SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA Cardiol. 2020, 5,
1281-1285. [CrossRef] [PubMed]

7. O’Shea, C.J.; Thomas, G.; Middeldorp, M.E.; Harper, C.; Elliott, A.D.; Ray, N.; Lau, D.H.; Campbell, K.; Sanders, P. Ventricular
Arrhythmia Burden during the Coronavirus Disease 2019 (COVID-19) Pandemic. Eur. Heart J. 2021, 42, 520-528. [CrossRef]

8.  Manolis, A.S.; Manolis, A.A.; Manolis, T.A.; Apostolopoulos, E.J.; Papatheou, D.; Melita, H. COVID-19 Infection and Cardiac
Arrhythmias. Trends Cardiovasc. Med. 2020, 30, 451-460. [CrossRef]

9.  Bartoli, A.; Gabrielli, F; Alicandro, T.; Nascimbeni, F.; Andreone, P. COVID-19 Treatment Options: A Difficult Journey between
Failed Attempts and Experimental Drugs. Intern. Emerg. Med. 2021, 16, 281-308. [CrossRef] [PubMed]

10. Ye, X.T.; Luo, Y.L.; Xia, S.C.; Sun, Q.E; Ding, ].G.; Zhou, Y.; Chen, W.; Wang, X.F.; Zhang, W.W.; Du, W.J.; et al. Clinical Efficacy of
Lopinavir/Ritonavir in the Treatment of Coronavirus Disease 2019. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 3390-3396. [PubMed]

11. Devaux, C.A.; Rolain, ]J.-M.; Colson, P.; Raoult, D. New Insights on the Antiviral Effects of Chloroquine against Coronavirus:
What to Expect for COVID-19? Int. J. Antimicrob. Agents 2020, 55, 105938. [CrossRef]

12.  Savarino, A.; Boelaert, ].R.; Cassone, A.; Majori, G.; Cauda, R. Effects of Chloroquine on Viral Infections: An Old Drug against
Today’s Diseases. Lancet Infect. Dis. 2003, 3, 722-727. [CrossRef]

13. Jean, S.-S.; Lee, P-I.; Hsueh, P-R. Treatment Options for COVID-19: The Reality and Challenges. J. Microbiol. Immunol. Infect.
2020, 53, 436—443. [CrossRef] [PubMed]

14. Gasecka, A.; Rogula, S.; Szarpak, L.; Filipiak, K.J. LDL-Cholesterol and Platelets: Insights into Their Interactions in Atherosclerosis.
Life 2021, 11, 39. [CrossRef] [PubMed]

15. Dashti-Khavidaki, S.; Khalili, H. Considerations for Statin Therapy in Patients with COVID-19. Pharmacother. ]. Hum. Pharmacol.
Drug Ther. 2020, 40, 484-486. [CrossRef] [PubMed]

16. Szarpak Land Nowak, B.; Kosior, D. Cytokines as predictors of COVID-19 severity-Evidence form a meta-analysis. Pol. Arch.
Intern. Med. 2021, 131, 98-99. [CrossRef]

17.  Gavriilaki, E.; Brodsky, R.A. Severe COVID-19 Infection and Thrombotic Microangiopathy: Success Does Not Come Easily. Br. |.

Haematol. 2020, 189, e227—-€230. [CrossRef]


http://doi.org/10.5603/CJ.a2021.0028
http://www.ncbi.nlm.nih.gov/pubmed/33645626
http://doi.org/10.1016/j.ijid.2020.03.017
http://www.ncbi.nlm.nih.gov/pubmed/32173574
http://doi.org/10.1016/j.ajem.2020.04.052
http://www.ncbi.nlm.nih.gov/pubmed/33165898
http://doi.org/10.1007/s10557-020-07084-9
http://www.ncbi.nlm.nih.gov/pubmed/33074525
http://doi.org/10.1001/jamacardio.2020.3551
http://www.ncbi.nlm.nih.gov/pubmed/32730555
http://doi.org/10.1093/eurheartj/ehaa893
http://doi.org/10.1016/j.tcm.2020.08.002
http://doi.org/10.1007/s11739-020-02569-9
http://www.ncbi.nlm.nih.gov/pubmed/33398609
http://www.ncbi.nlm.nih.gov/pubmed/32271456
http://doi.org/10.1016/j.ijantimicag.2020.105938
http://doi.org/10.1016/S1473-3099(03)00806-5
http://doi.org/10.1016/j.jmii.2020.03.034
http://www.ncbi.nlm.nih.gov/pubmed/32307245
http://doi.org/10.3390/life11010039
http://www.ncbi.nlm.nih.gov/pubmed/33440673
http://doi.org/10.1002/phar.2397
http://www.ncbi.nlm.nih.gov/pubmed/32267560
http://doi.org/10.20452/pamw.15685
http://doi.org/10.1111/bjh.16783

Life 2021, 11, 565 12 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tang, N.; Li, D.; Wang, X.; Sun, Z. Abnormal Coagulation Parameters Are Associated with Poor Prognosis in Patients with Novel
Coronavirus Pneumonia. J. Thromb. Haemost. 2020, 18, 844-847. [CrossRef]

Wang, P-H.; Cheng, Y. Increasing Host Cellular Receptor—Angiotensin-Converting Enzyme 2 (ACE2) Expression by Coronavirus
May Facilitate 2019-NCoV Infection. BioRxiv 2020. [CrossRef]

Pacurari, M.; Kafoury, R.; Tchounwou, P.B.; Ndebele, K. The Renin-Angiotensin-Aldosterone System in Vascular Inflammation
and Remodeling. Int. J. Inflamm. 2014, 2014. [CrossRef]

Verdecchia, P.; Cavallini, C.; Spanevello, A.; Angeli, F. The Pivotal Link between ACE2 Deficiency and SARS-CoV-2 Infection. Eur.
J. Intern. Med. 2020, 76, 14-20. [CrossRef] [PubMed]

DeDiego, M.L.; Nieto-Torres, J.L.; Regla-Nava, ].A.; Jimenez-Guardefio, ].M.; Fernandez-Delgado, R.; Fett, C.; Castafio-Rodriguez,
C.; Perlman, S.; Enjuanes, L. Inhibition of NF-KB-Mediated Inflammation in Severe Acute Respiratory Syndrome Coronavirus-
Infected Mice Increases Survival. J. Virol. 2014, 88, 913-924. [CrossRef]

Wei, X.; Zeng, W.; Su, J.; Wan, H.; Yu, X,; Cao, X,; Tan, W.; Wang, H. Hypolipidemia Is Associated with the Severity of COVID-19.
J. Clin. Lipidol. 2020, 14, 297-304. [CrossRef]

Fan, J.; Wang, H.; Ye, G.; Cao, X,; Xu, X,; Tan, W.; Zhang, Y. Letter to the Editor: Low-Density Lipoprotein Is a Potential Predictor
of Poor Prognosis in Patients with Coronavirus Disease 2019. Metabolism 2020, 107, 154243. [CrossRef] [PubMed]

Funderburg, N.T.; Mehta, N.N. Lipid Abnormalities and Inflammation in HIV Inflection. Curr. HIV/AIDS Rep. 2016, 13, 218-225.
[CrossRef]

Light, R.W.; Macgregor, M.1,; Luchsinger, P.C.; Ball, W.C., Jr. Pleural Effusions: The Diagnostic Separation of Transudates and
Exudates. Ann. Intern. Med. 1972, 77, 507-513. [CrossRef] [PubMed]

Casadevall, A.; Scharff, M.D. Return to the Past: The Case for Antibody-Based Therapies in Infectious Diseases. Clin. Infect. Dis.
1995, 21, 150-161. [CrossRef] [PubMed]

Casadevall, A.; Pirofski, L.A. The Convalescent Sera Option for Containing COVID-19. |. Clin. Investig. 2020, 130, 1545-1548.
[CrossRef] [PubMed]

Garraud, O.; Heshmati, F.; Pozzetto, B.; Lefrere, F; Girot, R.; Saillol, A.; Laperche, S. Plasma Therapy against Infectious Pathogens,
as of Yesterday, Today and Tomorrow. Transfus. Clin. Biol. 2016, 23, 39-44. [CrossRef] [PubMed]

Marano, G.; Vaglio, S.; Pupella, S.; Facco, G.; Catalano, L.; Liumbruno, G.M.; Grazzini, G. Convalescent Plasma: New Evidence
for an Old Therapeutic Tool? Blood Transfus. 2016, 14, 152. [PubMed]

Cecil, R.L. Effects of Early Serum Treatment on Pneumococcus Type I Pneumonia. Trans. Am. Clin. Climatol. Assoc. 1936, 52, 52.
[CrossRef]

Sullivan, H.C.; Roback, ].D. Convalescent Plasma: Therapeutic Hope or Hopeless Strategy in the SARS-CoV-2 Pandemic. Transfus.
Med. Rev. 2020, 34, 145-150. [CrossRef] [PubMed]

Mair-Jenkins, J.; Saavedra-Campos, M.; Baillie, ] K.; Cleary, P.; Khaw, F-M.; Lim, W.S.; Makki, S.; Rooney, K.D.; Group, C.P.S,;
Nguyen-Van-Tam, J.S; et al. The Effectiveness of Convalescent Plasma and Hyperimmune Immunoglobulin for the Treatment of
Severe Acute Respiratory Infections of Viral Etiology: A Systematic Review and Exploratory Meta-Analysis. |. Infect. Dis. 2015,
211, 80-90. [CrossRef] [PubMed]

Ripoll, J.G.; van Helmond, N.; Senefeld, ].W.; Wiggins, C.C.; Klassen, S.A.; Baker, S.E.; Larson, K.F.; Murphy, B.M.; Andersen, K.J.;
Ford, S.K.; et al. Convalescent Plasma for Infectious Diseases: Historical Framework and Use in COVID-19. Clin. Microbiol. Newsl.
2021, 43, 23-32. [CrossRef] [PubMed]

Zhao, ].; Yuan, Q.; Wang, H.; Liu, W,; Liao, X.; Su, Y.; Wang, X; Yuan, J.; Li, T.; Li, ].; et al. Antibody Responses to SARS-CoV-2 in
Patients with Novel Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 71, 2027-2034. [CrossRef] [PubMed]

Wajnberg, A.; Amanat, F,; Firpo, A.; Altman, D.R.; Bailey, M.].; Mansour, M.; McMahon, M.; Meade, P.; Mendu, D.R.; Muellers,
K.; et al. Robust Neutralizing Antibodies to SARS-CoV-2 Infection Persist for Months. Science 2020, 370, 1227-1230. [CrossRef]
[PubMed]

Li, L.; Zhang, W.; Hu, Y.; Tong, X.; Zheng, S.; Yang, J.; Kong, Y.; Ren, L.; Wei, Q.; Mei, H.; et al. Effect of Convalescent Plasma
Therapy on Time to Clinical Improvement in Patients with Severe and Life-Threatening COVID-19: A Randomized Clinical Trial.
JAMA 2020, 324, 460-470. [CrossRef] [PubMed]

Rasheed, A.M.; Fatak, D.F; Hashim, H.A.; Maulood, M.F,; Kabah, K K.; Abdulamir, A.S. The Therapeutic Potential of Convalescent
Plasma Therapy on Treating Critically-Ill COVID-19 Patients Residing in Respiratory Care Units in Hospitals in Baghdad, Iraq.
medRxiv 2020. [CrossRef]

Agarwal, A.; Mukherjee, A.; Kumar, G.; Chatterjee, P.; Bhatnagar, T.; Malhotra, P. Convalescent Plasma in the Management of
Moderate Covid-19 in Adults in India: Open Label Phase II Multicentre Randomised Controlled Trial (PLACID Trial). BMJ 2020,
371, m3939. [CrossRef]

Klassen, S.A; Senefeld, ]. W.; Johnson, PW.; Carter, R.E.; Wiggins, C.C.; Shoham, S.; Grossman, B.J.; Henderson, ].P.; Musser, J.;
Salazar, E.; et al. Evidence Favoring the Efficacy of Convalescent Plasma for COVID-19 Therapy. medRxiv 2020. [CrossRef]
Song, S.-N.J.; Yoshizaki, K. Tocilizumab for Treating Rheumatoid Arthritis: An Evaluation of Pharmacokinetics/Pharmacodynamics
and Clinical Efficacy. Expert Opin. Drug Metab. Toxicol. 2015, 11, 307-316. [CrossRef]

Oldfield, V.; Dhillon, S.; Plosker, G.L. Tocilizumab. Drugs 2009, 69, 609-632. [CrossRef]


http://doi.org/10.1111/jth.14768
http://doi.org/10.1101/2020.02.24.963348
http://doi.org/10.1155/2014/689360
http://doi.org/10.1016/j.ejim.2020.04.037
http://www.ncbi.nlm.nih.gov/pubmed/32336612
http://doi.org/10.1128/JVI.02576-13
http://doi.org/10.1016/j.jacl.2020.04.008
http://doi.org/10.1016/j.metabol.2020.154243
http://www.ncbi.nlm.nih.gov/pubmed/32320740
http://doi.org/10.1007/s11904-016-0321-0
http://doi.org/10.7326/0003-4819-77-4-507
http://www.ncbi.nlm.nih.gov/pubmed/4642731
http://doi.org/10.1093/clinids/21.1.150
http://www.ncbi.nlm.nih.gov/pubmed/7578724
http://doi.org/10.1172/JCI138003
http://www.ncbi.nlm.nih.gov/pubmed/32167489
http://doi.org/10.1016/j.tracli.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26775794
http://www.ncbi.nlm.nih.gov/pubmed/26674811
http://doi.org/10.1001/jama.1937.02780090001001
http://doi.org/10.1016/j.tmrv.2020.04.001
http://www.ncbi.nlm.nih.gov/pubmed/32359788
http://doi.org/10.1093/infdis/jiu396
http://www.ncbi.nlm.nih.gov/pubmed/25030060
http://doi.org/10.1016/j.clinmicnews.2021.02.001
http://www.ncbi.nlm.nih.gov/pubmed/33564204
http://doi.org/10.1093/cid/ciaa344
http://www.ncbi.nlm.nih.gov/pubmed/32221519
http://doi.org/10.1126/science.abd7728
http://www.ncbi.nlm.nih.gov/pubmed/33115920
http://doi.org/10.1001/jama.2020.10044
http://www.ncbi.nlm.nih.gov/pubmed/32492084
http://doi.org/10.1101/2020.06.24.20121905
http://doi.org/10.1136/bmj.m3939
http://doi.org/10.1101/2020.07.29.20162917
http://doi.org/10.1517/17425255.2015.992779
http://doi.org/10.2165/00003495-200969050-00007

Life 2021, 11, 565 13 of 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; Yu, T.; et al. Clinical Course and Outcomes of Critically
11l Patients with SARS-CoV-2 Pneumonia in Wuhan, China: A Single-Centered, Retrospective, Observational Study. Lancet Respir.
Med. 2020, 8, 475-481. [CrossRef]

Zhou, F; Yu, T,; Du, R;; Fan, G,; Liu, Y,; Liu, Z,; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical Course and Risk Factors for
Mortality of Adult Inpatients with COVID-19 in Wuhan, China: A Retrospective Cohort Study. Lancet 2020, 395, 1054-1062.
[CrossRef]

Ruan, Q.; Yang, K.; Wang, W.,; Jiang, L.; Song, J. Clinical Predictors of Mortality Due to COVID-19 Based on an Analysis of Data of
150 Patients from Wuhan, China. Intensive Care Med. 2020, 46, 846-848. [CrossRef] [PubMed]

Coomes, E.A.; Haghbayan, H. Interleukin-6 in COVID-19: A Systematic Review and Meta-Analysis. Rev. Med. Virol. 2020, 30, 1-9.
[CrossRef]

Xu, X.; Han, M; Li, T,; Sun, W.; Wang, D.; Fu, B.; Zhou, Y.; Zheng, X; Yang, Y.; Li, X,; et al. Effective Treatment of Severe COVID-19
Patients with Tocilizumab. Proc. Natl. Acad. Sci. USA 2020, 117, 10970-10975. [CrossRef] [PubMed]

Stone, J.H.; Frigault, M.].; Serling-Boyd, N.]J.; Fernandes, A.D.; Harvey, L.; Foulkes, A.S.; Horick, N.K.; Healy, B.C.; Shah, R.;
Bensaci, A.M,; et al. Efficacy of Tocilizumab in Patients Hospitalized with Covid-19. N. Engl. J. Med. 2020, 383, 2333-2344.
[CrossRef]

Taylor, P.C.; Adams, A.C.; Hufford, M.M.; de la Torre, I.; Winthrop, K.; Gottlieb, R.L. Neutralizing Monoclonal Antibodies for
Treatment of COVID-19. Nat. Rev. Immunol. 2021, 21, 382-393. [CrossRef] [PubMed]

Malin, ].J.; Sudrez, I.; Priesner, V.; Fiatkenheuer, G.; Rybniker, J. Remdesivir against COVID-19 and Other Viral Diseases. Clin.
Microbiol. Rev. 2020, 34. [CrossRef] [PubMed]

Gordon, CJ.; Tchesnokov, E.P.; Woolner, E.; Perry, ].K.; Feng, ].Y.; Porter, D.P.; Gotte, M. Remdesivir Is a Direct-Acting Antiviral
That Inhibits RNA-Dependent RNA Polymerase from Severe Acute Respiratory Syndrome Coronavirus 2 with High Potency. J.
Biol. Chem. 2020, 295, 6785-6797. [CrossRef] [PubMed]

Beigel, ].H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.;
Kline, S.; et al. Remdesivir for the Treatment of Covid-19. N. Engl. J. Med. 2020, 383, 1813-1826. [CrossRef] [PubMed]
Alexander, P.E.; Piticaru, J.; Lewis, K.; Aryal, K.; Thomas, P.; Szczeklik, W.; Fronczek, J.; Polok, K.; Alhazzani, W.; Mammen,
M. Remdesivir Use in Patients with Coronavirus COVID-19 Disease: A Systematic Review and Meta-Analysis. MedRXiv 2020.
[CrossRef]

Kim, J.-W.,; Kim, E.J.; Kwon, H.H.; Jung, C.Y.; Kim, K.C.; Choe, ].-Y,; Hong, H.-L. Lopinavir-Ritonavir versus Hydroxychloroquine
for Viral Clearance and Clinical Improvement in Patients with Mild to Moderate Coronavirus Disease 2019. Korean J. Intern. Med.
2021, 36 (Suppl. 1), S253. [CrossRef]

Oldfield, V.; Plosker, G.L. Lopinavir/Ritonavir. Drugs 2006, 66, 1275-1299. [CrossRef]

Hull, M.W,; Montaner, ].S.G. Ritonavir-Boosted Protease Inhibitors in HIV Therapy. Ann. Med. 2011, 43, 375-388. [CrossRef]
Bhattacharyya, A.; Kumar, S.; Sarma, P.; Kaur, H.; Prajapat, M.; Shekhar, N.; Bansal, S.; Avti, P.; Hazarika, M.; Sharma, S.; et al.
Safety and Efficacy of Lopinavir/Ritonavir Combination in COVID-19: A Systematic Review, Meta-Analysis, and Meta-Regression
Analysis. Indian ]. Pharmacol. 2020, 52, 313.

Baranovich, T.; Wong, S.-S.; Armstrong, J.; Marjuki, H.; Webby, R.].; Webster, R.G.; Govorkova, E.A. T-705 (Favipiravir) Induces
Lethal Mutagenesis in Influenza A HIN1 Viruses in Vitro. J. Virol. 2013, 87, 3741-3751. [CrossRef] [PubMed]

Udwadia, Z.F; Singh, P.; Barkate, H.; Patil, S.; Rangwala, S.; Pendse, A.; Kadam, J.; Wu, W.; Caracta, C.F.; Tandon, M. Efficacy
and Safety of Favipiravir, an Oral RNA-Dependent RNA Polymerase Inhibitor, in Mild-to-Moderate COVID-19: A Randomized,
Comparative, Open-Label, Multicenter, Phase 3 Clinical Trial. Int. ]. Infect. Dis. 2021, 103, 62-71. [CrossRef] [PubMed]

Vincent, M.].; Bergeron, E.; Benjannet, S.; Erickson, B.R.; Rollin, PE.; Ksiazek, T.G.; Seidah, N.G.; Nichol, S.T. Chloroquine Is a
Potent Inhibitor of SARS Coronavirus Infection and Spread. Virol. J. 2005, 2, 69. [CrossRef] [PubMed]

Golden, E.B.; Cho, H.-Y,; Hofman, EM.; Louie, S.G.; Schénthal, A.H.; Chen, T.C. Quinoline-Based Antimalarial Drugs: A Novel
Class of Autophagy Inhibitors. Neurosurg. Focus 2015, 38, E12. [CrossRef] [PubMed]

Cavalcanti, A.B.; Zampieri, F.G.; Rosa, R.G.; Azevedo, L.C.P,; Veiga, V.C.; Avezum, A.; Damiani, L.P.; Marcadenti, A.; Kawano-
Dourado, L.; Lisboa, T.; et al. Hydroxychloroquine with or without Azithromycin in Mild-to-Moderate Covid-19. N. Engl. ]. Med.
2020, 383, 2041-2052. [CrossRef]

Scarsi, M.; Piantoni, S.; Colombo, E.; Airg, P,; Richini, D.; Miclini, M.; Bertasi, V.; Bianchi, M.; Bottone, D.; Civelli, P.; et al.
Association between Treatment with Colchicine and Improved Survival in a Single-Centre Cohort of Adult Hospitalised Patients
with COVID-19 Pneumonia and Acute Respiratory Distress Syndrome. Ann. Rheum. Dis. 2020, 79, 1286-1289. [CrossRef]
Lopes, M.L; Bonjorno, L.P,; Giannini, M.C.; Amaral, N.B.; Menezes, P1.; Dib, S.M.; Gigante, S.L.; Benatti, M.N.; Rezek, U.C,;
Emrich-Filho, L.L.; et al. Beneficial Effects of Colchicine for Moderate to Severe COVID-19: A Randomised, Double-Blinded,
Placebo-Controlled Clinical Trial. RMD Open 2021, 7, e001455. [CrossRef]

Deftereos, S.G.; Giannopoulos, G.; Vrachatis, D.A.; Siasos, G.D.; Giotaki, S.G.; Gargalianos, P.; Metallidis, S.; Sianos, G.;
Baltagiannis, S.; Panagopoulos, P.; et al. Effect of Colchicine vs Standard Care on Cardiac and Inflammatory Biomarkers and
Clinical Outcomes in Patients Hospitalized with Coronavirus Disease 2019: The GRECCO-19 Randomized Clinical Trial. JAMA
Netw. Open 2020, 3, €2013136. [CrossRef] [PubMed]

Patel, V.B.; Zhong, ].-C.; Grant, M.B.; Oudit, G.Y. Role of the ACE2/Angiotensin 1-7 Axis of the Renin—Angiotensin System in
Heart Failure. Circ. Res. 2016, 118, 1313-1326. [CrossRef]


http://doi.org/10.1016/S2213-2600(20)30079-5
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1007/s00134-020-05991-x
http://www.ncbi.nlm.nih.gov/pubmed/32125452
http://doi.org/10.1002/rmv.2141
http://doi.org/10.1073/pnas.2005615117
http://www.ncbi.nlm.nih.gov/pubmed/32350134
http://doi.org/10.1056/NEJMoa2028836
http://doi.org/10.1038/s41577-021-00542-x
http://www.ncbi.nlm.nih.gov/pubmed/33875867
http://doi.org/10.1128/CMR.00162-20
http://www.ncbi.nlm.nih.gov/pubmed/33055231
http://doi.org/10.1074/jbc.RA120.013679
http://www.ncbi.nlm.nih.gov/pubmed/32284326
http://doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
http://doi.org/10.1101/2020.05.23.20110932
http://doi.org/10.3904/kjim.2020.224
http://doi.org/10.2165/00003495-200666090-00012
http://doi.org/10.3109/07853890.2011.572905
http://doi.org/10.1128/JVI.02346-12
http://www.ncbi.nlm.nih.gov/pubmed/23325689
http://doi.org/10.1016/j.ijid.2020.11.142
http://www.ncbi.nlm.nih.gov/pubmed/33212256
http://doi.org/10.1186/1743-422X-2-69
http://www.ncbi.nlm.nih.gov/pubmed/16115318
http://doi.org/10.3171/2014.12.FOCUS14748
http://www.ncbi.nlm.nih.gov/pubmed/25727221
http://doi.org/10.1056/NEJMoa2019014
http://doi.org/10.1136/annrheumdis-2020-217712
http://doi.org/10.1136/rmdopen-2020-001455
http://doi.org/10.1001/jamanetworkopen.2020.13136
http://www.ncbi.nlm.nih.gov/pubmed/32579195
http://doi.org/10.1161/CIRCRESAHA.116.307708

Life 2021, 11, 565 14 of 15

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Cao, J.; Duan, S.; Zhang, H.; Chen, Y.; Guo, M. Zinc Deficiency Promoted Fibrosis via ROS and TIMP/MMPs in the Myocardium
of Mice. Biol. Trace Elem. Res. 2019, 196, 145-152. [CrossRef]

Celik, C.; Gencay, A.; Ocsoy, I. Can Food and Food Supplements Be Deployed in the Fight against the COVID 19 Pandemic?
Biochim. Biophys. Acta (BBA) Gen. Subj. 2020, 1865, 129801. [CrossRef] [PubMed]

Hoeger, J.; Simon, T.-P; Beeker, T.; Marx, G.; Haase, H.; Schuerholz, T. Persistent Low Serum Zinc Is Associated with Recurrent
Sepsis in Critically Ill Patients-A Pilot Study. PLoS ONE 2017, 12, e0176069. [CrossRef]

Mach, E; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.].; De Backer, G.G.; Delgado,
V.; Ference, B.A; et al. 2019 ESC/EAS Guidelines for the Management of Dyslipidaemias: Lipid Modification to Reduce
Cardiovascular Risk. Atherosclerosis 2019, 290, 140-205. [CrossRef]

Sadowitz, B.; Maier, K.G.; Gahtan, V. Basic Science Review: Statin Therapy-Part I: The Pleiotropic Effects of Statins in Cardiovas-
cular Disease. Vasc. Endovasc. Surg. 2010, 44, 241-251. [CrossRef]

Biedermann, J.S.; Kruip, M.J.H.A.; van der Meer, EJ.; Rosendaal, ER.; Leebeek, EW.G.; Cannegieter, 5.C.; Lijfering, W.M.
Rosuvastatin Use Improves Measures of Coagulation in Patients with Venous Thrombosis. Eur. Heart ]. 2018, 39, 1740-1747.
[CrossRef]

Biere-Rafi, S.; Hutten, B.A.; Squizzato, A.; Ageno, W.; Souverein, P.C.; de Boer, A.; Gerdes, V.E.A ; Biiller, H.R.; Kamphuisen, PW.
Statin Treatment and the Risk of Recurrent Pulmonary Embolism. Eur. Heart ]. 2013, 34, 1800-1806. [CrossRef] [PubMed]
Bauman, K.A.; Wettlaufer, S.H.; Okunishi, K.; Vannella, K.M.; Stoolman, ].S.; Huang, S.K.; Courey, A.].; White, E.S.; Hogaboam,
C.M.; Simon, R.H,; et al. The Antifibrotic Effects of Plasminogen Activation Occur via Prostaglandin E 2 Synthesis in Humans
and Mice. J. Clin. Investig. 2010, 120, 1950-1960. [CrossRef]

Bifulco, M.; Gazzerro, P. Statin Therapy in COVID-19 Infection: Much More than a Single Pathway. Eur. Heart ]. Cardiovasc.
Pharmacother. 2020. [CrossRef]

Palinski, W.; Tsimikas, S. Inmunomodulatory Effects of Statins: Mechanisms and Potential Impact on Arteriosclerosis. J. Am. Soc.
Nephrol. 2002, 13, 1673-1681. [CrossRef]

Reiner, Z.; Hatamipour, M.; Banach, M.; Pirro, M.; Al-Rasadi, K.; Jamialahmadi, T.; Radenkovic, D.; Montecucco, F.; Sahebkar, A.
Statins and the COVID-19 Main Protease: In Silico Evidence on Direct Interaction. Arch. Med. Sci. 2020, 16, 490. [CrossRef]
Williams, E.A.; Russo, V.; Ceraso, S.; Gupta, D.; Barrett-Jolley, R. Anti-Arrhythmic Properties of Non-Antiarrhythmic Medications.
Pharmacol. Res. 2020, 156, 104762. [CrossRef]

Mahboobipour, A.A.; Baniasadji, S. Clinically Important Drug-Drug Interactions in Patients Admitted to Hospital with COVID-19:
Drug Pairs, Risk Factors, and Management. Drug Metab. Pers. Ther. 2020, 1. ahead-of-print. [CrossRef]

Rezaee, H.; Pourkarim, F.; Pourtaghi-Anvarian, S.; Entezari-Maleki, T.; Asvadi-Kermani, T.; Nouri-Vaskeh, M. Drug-Drug
Interactions with Candidate Medications Used for COVID-19 Treatment: An Overview. Pharmacol. Res. Perspect. 2021, 9, €00705.
[CrossRef] [PubMed]

Villareal, V.A.; Rodgers, M. A ; Costello, D.A.; Yang, P.L. Targeting Host Lipid Synthesis and Metabolism to Inhibit Dengue and
Hepatitis C Viruses. Antivir. Res. 2015, 124, 110-121. [CrossRef]

Vandermeer, M.L.; Thomas, A.R.; Kamimoto, L.; Reingold, A.; Gershman, K.; Meek, J.; Farley, M.M.; Ryan, P.; Lynfield, R.;
Baumbach, J.; et al. Association between Use of Statins and Mortality among Patients Hospitalized with Laboratory-Confirmed
Influenza Virus Infections: A Multistate Study. J. Infect. Dis. 2012, 205, 13-19. [CrossRef] [PubMed]

Fedson, D.S. A Practical Treatment for Patients with Ebola Virus Disease. |. Infect. Dis. 2015, 211, 661-662. [CrossRef]
Terblanche, M.; Almog, Y.; Rosenson, R.S.; Smith, T.S.; Hackam, D.G. Statins: Panacea for Sepsis? Lancet Infect. Dis. 2006, 6,
242-248. [CrossRef]

Jacobson, ].R.; Barnard, ].W.; Grigoryev, D.N.; Ma, S.-F.,; Tuder, R.M.; Garcia, ].G.N. Simvastatin Attenuates Vascular Leak and
Inflammation in Murine Inflammatory Lung Injury. Am. J. Physiol. Cell. Mol. Physiol. 2005, 288, 1.1026-L1032. [CrossRef]
Episcopio, D.; Aminov, S.; Benjamin, S.; Germain, G.; Datan, E.; Landazuri, J.; Lockshin, R.A.; Zakeri, Z. Atorvastatin Restricts the
Ability of Influenza Virus to Generate Lipid Droplets and Severely Suppresses the Replication of the Virus. FASEB |. 2019, 33,
9516-9525. [CrossRef]

Rogers, A.].; Guan, ].; Trtchounian, A.; Hunninghake, G.M.; Kaimal, R.; Desai, M.; Kozikowski, L.-A.; DeSouza, L.; Mogan, S.; Liu,
K.D,; et al. Association of Elevated Plasma Interleukin 18 Level with Increased Mortality in a Clinical Trial of Statin Treatment for
ARDS. Crit. Care Med. 2019, 47, 1089. [CrossRef]

Patel, ].M.; Snaith, C.; Thickett, D.R.; Linhartova, L.; Melody, T.; Hawkey, P.; Barnett, A.H.; Jones, A.; Hong, T.; Cooke, M.W.; et al.
Randomized Double-Blind Placebo-Controlled Trial of 40 Mg/Day of Atorvastatin in Reducing the Severity of Sepsis in Ward
Patients (ASEPSIS Trial). Crit. Care 2012, 16, R231. [CrossRef] [PubMed]

McAuley, D.E; Laffey, ].G.; O'Kane, C.M.; Perkins, G.D.; Mullan, B.; Trinder, T.]J.; Johnston, P.; Hopkins, P.A.; Johnston, A.].;
McDowell, C.; et al. Simvastatin in the Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2014, 371, 1695-1703. [CrossRef]
Dinglas, V.D.; Hopkins, R.O.; Wozniak, A.-W.; Hough, C.L.; Morris, PE.; Jackson, J.C.; Mendez-Tellez, P.A.; Bienvenu, O.].; Ely,
E.W,; Colantuoni, E.; et al. One-Year Outcomes of Rosuvastatin versus Placebo in Sepsis-Associated Acute Respiratory Distress
Syndrome: Prospective Follow-up of SAILS Randomised Trial. Thorax 2016, 71, 401-410. [CrossRef]

Wu, Z.; McGoogan, ]. M. Characteristics of and Important Lessons from the Coronavirus Disease 2019 (COVID-19) Outbreak
in China: Summary of a Report of 72 314 Cases from the Chinese Center for Disease Control and Prevention. JAMA 2020, 323,
1239-1242. [CrossRef]


http://doi.org/10.1007/s12011-019-01902-4
http://doi.org/10.1016/j.bbagen.2020.129801
http://www.ncbi.nlm.nih.gov/pubmed/33238195
http://doi.org/10.1371/journal.pone.0176069
http://doi.org/10.1016/j.atherosclerosis.2019.08.014
http://doi.org/10.1177/1538574410362922
http://doi.org/10.1093/eurheartj/ehy014
http://doi.org/10.1093/eurheartj/eht046
http://www.ncbi.nlm.nih.gov/pubmed/23396492
http://doi.org/10.1172/JCI38369
http://doi.org/10.1093/ehjcvp/pvaa055
http://doi.org/10.1097/01.ASN.0000018400.39687.8C
http://doi.org/10.5114/aoms.2020.94655
http://doi.org/10.1016/j.phrs.2020.104762
http://doi.org/10.1515/dmpt-2020-0145
http://doi.org/10.1002/prp2.705
http://www.ncbi.nlm.nih.gov/pubmed/33421347
http://doi.org/10.1016/j.antiviral.2015.10.013
http://doi.org/10.1093/infdis/jir695
http://www.ncbi.nlm.nih.gov/pubmed/22170954
http://doi.org/10.1093/infdis/jiu474
http://doi.org/10.1016/S1473-3099(06)70439-X
http://doi.org/10.1152/ajplung.00354.2004
http://doi.org/10.1096/fj.201900428RR
http://doi.org/10.1097/CCM.0000000000003816
http://doi.org/10.1186/cc11895
http://www.ncbi.nlm.nih.gov/pubmed/23232151
http://doi.org/10.1056/NEJMoa1403285
http://doi.org/10.1136/thoraxjnl-2015-208017
http://doi.org/10.1001/jama.2020.2648

Life 2021, 11, 565 15 of 15

92.
93.

94.

95.

96.

97.

98.

99.

100.

Lee, K.C.H.; Sewa, D.W.; Phua, G.C. Potential Role of Statins in COVID-19. Int. J. Infect. Dis. 2020, 96, 615-617. [CrossRef]
Subir, R. Pros and Cons for Use of Statins in People with Coronavirus Disease-19 (COVID-19). Diabetes Metab. Syndr. Clin. Res.
Rev. 2020, 14, 1225-1229. [CrossRef] [PubMed]

Rizk, J.G.; Kalantar-Zadeh, K.; Mehra, M.R.; Lavie, C.J.; Rizk, Y.; Forthal, D.N. Pharmaco-Immunomodulatory Therapy in
COVID-19. Drugs 2020, 80, 1267-1292. [CrossRef]

Zhang, X.-J.; Qin, J.-].; Cheng, X.; Shen, L.; Zhao, Y.-C.; Yuan, Y.; Lei, F.; Chen, M.-M.; Yang, H.; Bai, L.; et al. In-Hospital Use
of Statins Is Associated with a Reduced Risk of Mortality among Individuals with COVID-19. Cell Metab. 2020, 32, 176-187.
[CrossRef]

Vahedian-Azimi, A.; Mohammadi, S.M.; Beni, EH.; Banach, M.; Guest, P.C.; Jamialahmadi, T.; Sahebkar, A. Improved COVID-19
ICU Admission and Mortality Outcomes Following Treatment with Statins: A Systematic Review and Meta-Analysis. Arch. Med.
Sci. 2021, 17, 579. [CrossRef]

Teoh, N.; Farrell, G. Statins as Early Therapy to Mitigate COVID-19 (SARS-CoV-2)-Associated ARDS and Cytokine Storm
Syndrome—Time Is of the Essence. J. Clin. Transl. Res. 2020, 5, 227. [CrossRef]

Bhaskar, S.; Sinha, A.; Banach, M.; Mittoo, S.; Weissert, R.; Kass, ].S.; Rajagopal, S.; Pai, A.R.; Kutty, S. Cytokine Storm in COVID-
19—Immunopathological Mechanisms, Clinical Considerations, and Therapeutic Approaches: The REPROGRAM Consortium
Position Paper. Front. Immunol. 2020, 11, 1648. [CrossRef]

Gorabi, A.M; Kiaie, N.; Bianconi, V.; Jamialahmadi, T.; Al-Rasadi, K.; Johnston, T.P.; Pirro, M.; Sahebkar, A. Antiviral Effects of
Statins. Prog. Lipid Res. 2020, 79, 101054. [CrossRef] [PubMed]

Ganjali, S.; Bianconi, V.; Penson, PE.; Pirro, M.; Banach, M.; Watts, G.F,; Sahebkar, A. Commentary: Statins, COVID-19, and
Coronary Artery Disease: Killing Two Birds with One Stone. Metab. Exp. 2020, 113, 154375. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijid.2020.05.115
http://doi.org/10.1016/j.dsx.2020.07.011
http://www.ncbi.nlm.nih.gov/pubmed/32683320
http://doi.org/10.1007/s40265-020-01367-z
http://doi.org/10.1016/j.cmet.2020.06.015
http://doi.org/10.5114/aoms/132950
http://doi.org/10.18053/jctres.05.202005.001
http://doi.org/10.3389/fimmu.2020.01648
http://doi.org/10.1016/j.plipres.2020.101054
http://www.ncbi.nlm.nih.gov/pubmed/32777243
http://doi.org/10.1016/j.metabol.2020.154375
http://www.ncbi.nlm.nih.gov/pubmed/32976855

	Introduction 
	Pathophysiology of SARS-CoV-2 Activity in Host Cells 
	Proposed COVID-19 Therapies 
	Pleiotropic Activity of Statins 
	Statins in Clinical Trials in Respiratory Infections 
	Statins in SARS-CoV-2 Infection 
	Conclusions and Future Directions 
	References

