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Abstract

Statins are a class of drugs widely used worldwide to manage hypercholesterolemia and

the prevention of secondary heart attacks. Currently, available statins vary in terms of their
pharmacokinetic and pharmacodynamic profiles. Although the primary target of statins is the
inhibition of HMG-CoA reductase (HMGR), the rate-limiting enzyme in cholesterol biosynthesis,
statins exhibit many pleiotropic effects downstream of the mevalonate pathway. These pleiotropic
effects include the ability to reduce myocardial fibrosis, pathologic cardiac disease states,
hypertension, promote bone differentiation, anti-inflammatory, and antitumor effects through
multiple mechanisms. Although these pleiotropic effects of statins may be a cause for enthusiasm,
there are many adverse effects that, for the most part, are unappreciated and need to be
highlighted. These adverse effects include myopathy, new-onset type 2 diabetes, renal and hepatic
dysfunction. Although these adverse effects may be relatively uncommon, considering the number
of people worldwide who use statins daily, the actual number of people affected becomes quite
large. Also, co-administration of statins with several other medications, herbal agents, and foods,
which interact through common enzymatic pathways, can have untoward clinical consequences. In
this review, we address these concerns.

Graphical Abstract

Lipid Lowering
Cardioprotection
Osteogenic

Anti-inflammatory
Anti-tumor and
Antifungal Properties

"Correspondence: Khosrow Kashfi, Ph.D., FRSC, FRSB, Department of Molecular, Cellular, and Biomedical Sciences, City
University of New York School of Medicine, 160 Convent Avenue, New York, NY 10031, Tel: (212) 650-6641, Fax: (212) 650-7692,
kashfi@med.cuny.edu.

Authorship Contributions

KK - formulated the general concept of this review; KKP, VSS, and KK researched the literature, wrote and edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest
The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Keywords

Page 2

Statins; Pleiotropy; Myopathy; Diabetes; Drug Interactions

1.

Introduction

Statins are currently the most effective medications at lowering cholesterol. They
competitively inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the
rate-limiting enzyme of the cholesterol biosynthetic pathway. Stains lower total serum
cholesterol, triglycerides (TG), and in particular, serum low-density lipoprotein cholesterol
(LDL-C), which is the main culprit in the development of atherosclerosis and cardiovascular
disease. Statins also upregulate hepatic low-density lipoprotein (LDL) receptors, which also
aid in removing and hence decreasing circulating cholesterol levels. Currently available
statins include atorvastatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and
simvastatin. These differ in their physicochemical, pharmacokinetic, and pharmacodynamic
properties, influencing their potential/ultimate clinical indications.

Although the primary action of statins is the lowering of cholesterol through inhibition

of HMG-CoA reductase, they have many other indirect pleiotropic effects. These include
the induction of the endothelial nitric oxide synthase (eNOS), an enzyme that produces
nitric oxide (NO), inhibition of arterial smooth muscle cell (SMC) proliferation, anti-
inflammatory, anticancer, and immunomodulatory properties, amongst others. In this
overview, we first discuss the properties of the statins that are currently available in clinical
practice, then elucidate their pleiotropic mechanisms of action, and then hone on their
potential adverse effects. Finally, we also discuss their dietary and drug-drug interactions,
which are of clinical consequence.

2. Physio-chemical properties of statin

Functionally, all statins have the same mechanism of action; however, structural differences
account for their various pharmacodynamic properties. Statins can be divided into two types
with a uniqgue HMG-like moiety that is either a lactone (type 1, e.g., lovastatin, simvastatin,
mevastatin) or a carboxylic acid (type 2, e.g., fluvastatin, atorvastatin, pitavastatin,
rosuvastatin) (Figure 1). These moieties, which represent the pharmacophore of the drugs,
interact with the active site of the HMG-CoA Reductase (HMGR) and are larger and more
hydrophobic than HMG-CoA (Istvan, 2003; Istvan, 2002). Of note, it is the carboxylic acid
form that binds to the enzyme; thus, the lactone moiety must first be converted to the acid
form before binding. Therefore, “lactone statins” may be viewed as prodrugs that need to
be activated before they can inhibit the enzyme (Istvan, 2002). The rest of the molecules
impart various degrees of lipophilicity, allowing maximum contact with the hydrophobic
pocket on the enzyme (Istvan, 2002). In this regard, we can also look at the hydrophobic
ring structure of these drugs, which also divides them into two groups. Type 1 statins have a
decalin ring structure, along with a butyryl group (Istvan, 2003). Type 2 statins have central
ring structures larger than the decalin ring, along with common fluorophenyl and methyl
ethyl groups replacing the butyryl group of type 1 statins (Istvan, 2003). These structural
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features can influence the biological function and the binding interactions at the active site
(Istvan, 2003). Lovastatin and pravastatin (type 1) are both fully natural statins that are
derived from fungi, while simvastatin is a semi-synthetic statin derived from lovastatin [2];
all other statins (type 2) are synthetic.

Hydrophilic statins may exhibit more hepatoselectivity than lipophilic ones, whereas
lipophilic statins can undergo passive diffusion through both hepatic and non-hepatic tissues;
hydrophilic statins undergo carrier-mediated uptake (Schachter, 2005). The increased
hepatoselectivity may confer some advantages to hydrophilic statins, as evidenced by an
observational cohort analysis, which found that hydrophilic statins were associated with a
modest risk reduction in heart failure incidents compared to lipophilic statins (Imran et al.,
2017).

2.1. Statin metabolism and excretion

Statins are active in their open-ring dihydroxy heptanoic acid form; they are considered
inactive in their closed-ring lactone form. However, these two isoforms are in equilibrium
with the equilibria favoring the hydroxy-acid form (Murphy et al., 2020) (Figure 1). The
hydroxy-acid form, which is more stable and therefore favored in the human body, can

be converted into the lactone form via glucuronidation by UGT enzymes, specifically by
UGT1AL, UGT1A3 and UGT2B7, found primarily in the endoplasmic reticulum of cells of
the liver, kidneys and intestines (Meech et al., 2019; Schirris et al., 2015); this can also be
achieved by CoASH-dependent metabolism, potentially mediated by microsomal long-chain
acyl-CoA synthetase (Li et al., 2006; Murphy et al., 2020). Conversely, the lactone form
can be converted into the hydroxy-acid form by hydrolysis mediated by carboxylesterases,
specifically by hCE1, found in the cytoplasm and endoplasmic reticulum of hepatocytes

in the liver (Casey Laizure et al., 2013; Murphy et al., 2020). hCE1 mediated conversion

is vital for lovastatin and simvastatin, which are administered in the lactone form (Casey
Laizure et al., 2013). Statin uptake by the hepatocytes is crucial for their metabolism

and eventual clearance. For many statins, this process is largely mediated by organic

anion transporting polypeptides (OATP), specifically OATP1B1; statins that are substrates
of OATP1B1 include atorvastatin, rosuvastatin, pravastatin, pitavastatin, and cerivastatin
(Murphy et al., 2020). In addition, although the lipophilic nature of lovastatin and
simvastatin allow for their uptake primarily through passive diffusion, their uptake is also
partially mediated by OATP1B1. Statins are metabolized by the cytochrome P450 (CYP450)
enzyme system found primarily in hepatocytes’ endoplasmic reticulum; the exception is
pravastatin, which is not a substrate of any of the CYP450s, discussed below. Atorvastatin,
lovastatin, and simvastatin are metabolized by CYP3A4 (Causevic-Ramosevac and Semiz,
2013). Fluvastatin is metabolized primarily by CYP2C9 (Causevic-Ramosevac and Semiz,
2013) but also metabolized in part by CYP3A4 and CYP2CS8, although in a minor role.
Both rosuvastatin and pitavastatin undergo negligible metabolism by the CYP450s (Murphy
et al., 2020). Although pitavastatin metabolism is mainly accomplished by glucuronidation,
CYP2C9 plays a minor role in its metabolism. Pravastatin is metabolized by sulfation in
cytosolic hepatocytes. Statins are excreted primarily through the bile by active transport
using multiple ATP-binding cassette (ABC) transporters, specifically multidrug resistant-
associated protein (MRP2), breast cancer resistance protein (BCRP), and P-glycoprotein
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(Pg-P) (Murphy et al., 2020). Polymorphisms or drug-interactions involving any of these
metabolic or excretory pathways can influence active drug concentration, leading to
potential toxic effects or decreased efficacy.

3. Targets of statins beyond HMG-CoA reductase

Statins have pleiotropic effects beyond decreasing serum cholesterol, LDL-C, and
triglyceride levels. These effects are downstream of the mevalonate pathway. These
pleiotropic effects are discussed here.

3.1. Protein prenylation

One of the major mechanisms by which statins exert pleiotropic effects is by decreasing
protein prenylation due to reduced production of the isoprenoid molecules farnesyl
pyrophosphate and geranylgeranyl pyrophosphate (Figure 2). In the process of prenylation,
the enzymes farnesyltransferase (FTase) and geranylgeranyltransferases | and Il (GGTase

I, GGTase Il) catalyze the transfer of farnesyl or geranylgeranyl units from each of

these molecules to post-translational proteins (Xu et al., 2015). Proteins with the CAAX
motif on their C-terminal are targeted for prenylation by either FTase or GGTase I. The
amino acid at the X position determines whether the protein is specifically targeted for
farnesylation geranylgeranylation or both (Xu et al., 2015). The primary targets of protein
prenylation are small GTPases. Proteins prenylated by FTase include members of the Ras
family, including K-Ras, H-Ras, N-Ras, RhoE, Rheb, and RhoB. GGTase | prenylates other
GTPases, including Racl, Rac2, RalA, RaplB, RhoA, RhoB, RhoC, Cdc42, Rab8, Rab11
and Rab13. Finally, GGTase Il recognizes several specific motifs and prenylated proteins

of the Rab family (Xu et al., 2015). Small GTPases require prenylation as a means of
increasing their hydrophobic nature, allowing them to interact with cellular membranes;

this is the site at which they can become activated and ultimately play a role in signal
transduction pathways in many systems (Xu et al., 2015). The ability of statins to reduce the
production of these isoprenoid molecules, which ultimately mediate this prenylation process,
allows them to exert many pleiotropic effects.

3.1.1. Statins and Rho-associated kinases (ROCK)—Rho kinases (ROCK), of
which there are two isoforms, are serine/threonine kinases found downstream in the Rho
GTPase signal transduction pathway (Hartmann et al., 2015). The two isoforms are termed
ROCK1 and ROCK2, they have a similar biological function, share 65% identity in their
amino acid sequences and 92% identity in their kinase domain, but they have different
subcellular distributions and binding preferences to cellular lipids (Hartmann et al., 2015;
Nakamura et al., 1999; Yoneda et al., 2005). ROCK activation is modulated by RhoA
GTPase, which in turn is activated through upstream signaling by a diverse group of proteins
including angiotensin Il, endothelin-1, fibroblast growth factor (FGF), and transforming
growth factor-beta (TGF-f), amongst others (Seccia et al., 2020). ROCKSs have regulatory
properties in multiple tissues, including the vascular smooth muscle cells, endothelial cells,
inflammatory cells, fibroblasts, and cardiac myocytes (Oesterle et al., 2017). ROCK1 has
roles in inducing apoptosis in cardiomyocytes (Chang et al., 2006; Del Re et al., 2007;
Seccia et al., 2020), but it may also induce cardiac fibrosis (Zhang et al., 2006) or impaired
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contractile function and subsequent cardiac dilation (Shi et al., 2008) in situations of
pathologic hypertrophy, as demonstrated by in vivo mice experiments. In addition, ROCK1
plays a role in neointima formation by recruiting leukocytes following vascular injury
(Noma et al., 2008). ROCK?2, meanwhile, promotes cardiomyocyte hypertrophy along with
fibrosis in pathologic conditions (Shimizu and Liao, 2016).

In endothelial cells, ROCK phosphorylation of phosphatase and tensin homology

(PTEN) inhibits the pro-survival PI3K/Akt pathway and decreases eNOS expression. NO
bioavailability is also decreased by ROCK through induction of NADPH oxidase, which
generates reactive oxidative species (ROS) (Seccia et al., 2020). Furthermore, the Rho/
ROCK pathway promotes thrombogenesis through various mechanisms; these include
increases in intercellular adhesion molecule-1 (ICAM-1), tissue factor, and endothelial
plasminogen activator inhibitor-1 (Eto et al., 2002; Nakakuki et al., 2005). In smooth
muscle cells, ROCK activity leads to phosphorylation and inactivation of myosin light-chain
phosphatase (MLCP), which causes sensitization of smooth muscle cells to calcium and
contraction (Seccia et al., 2020). ROCK also promotes smooth muscle cell proliferation

and migration at the genetic level via activation of the myocyte enhancer factor-2 (MEF-2)
(Pagiatakis et al., 2012; Seccia et al., 2020). Altogether, leukocyte ROCK activity has been
demonstrated to be elevated in patients with cardiovascular diseases such as hypertension,
metabolic syndrome, dyslipidemia, coronary artery diseases, and atherosclerosis (Hata et al.,
2011; Liu et al., 2007; Nohria et al., 2006; Nohria et al., 2009), as reviewed in (Shimizu

and Liao, 2016). Statins can decrease ROCK activation and its downstream effects by
inhibiting the formation of FTase, thereby interfering with the prenylation and activation of
Rho proteins. In multiple studies, statins have been shown to decrease ROCK activity in
patients with cardiac diseases, such as atherosclerosis, congestive heart failure, hypertension,
coronary artery disease, and others (Liu et al., 2009; Nohria et al., 2009; Rawlings et

al., 2009). Of note, this pleiotropic effect is not correlated with decreases in serum LDL
cholesterol levels (Rawlings et al., 2009), thus indicating cholesterol-independent effects. In
addition, this decreased ROCK activation can manifest multiple cellular effects, including
reduced intimal smooth muscle cell thickening and cellular proliferation, as well as reduced
myocardial fibrosis and left ventricular hypertrophy (Oesterle et al., 2017).

Statin can also improve cardiac function by inducing eNOS expression and activity (Oesterle
et al., 2017). eNOS induction is due to increases in eNOS mRNA half-life, which is

reversed through GGPP addition; this explains how statins increase NO production (Rikitake
and Liao, 2005). Thus, RhoA/Rock inhibition is generally thought to be the driving
mechanism behind eNOS induction (Margaritis et al., 2014). This mechanism also decreases
miRNA-155 expression, a micro-RNA that inhibits eNOS expression (Margaritis et al.,
2014).

3.1.2. Statins and Racl—Racl is another Rho GTPase protein that statins can

target. This GTPase protein has been implicated in cardiac disease, specifically cardiac
hypertrophy. Mechanistically, Rac1 activates the enzyme NADPH oxidase. During its
activation and migration to the membrane, Racl translocates to the membrane alongside
the rest of the enzyme complex and binds guanosine triphosphate (GTP) (Mital and Liao,
2004). Once again, inhibition of isoprenylation by statins can inhibit the activation of Racl
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and thus improve cardiac hypertrophy (Mital and Liao, 2004; Oesterle et al., 2017). As
mentioned earlier, inhibition of NADPH oxidase can also increase the availability of NO.

3.2. The role of statins in osteogenesis

Statins may also promote bone differentiation and protect against bone resorption through
multiple mechanisms, demonstrated in many animal studies and clinical trials (Chamani

et al., 2021; Chuengsamarn et al., 2010; Duan and Bonewald, 2016; Mundy et al., 1999;
Sugiyama et al., 2000). In a clinical trial that compared any statin use to control patients
with hyperlipidemia and osteopenia, patients in the statin arm demonstrated increased neck
bone mineral density (Chamani et al., 2021; Chuengsamarn et al., 2010). In in vitro studies
using mice calvarium and in vivo rat studies, simvastatin and lovastatin increased bone
formation and bone volume, respectively (Mundy et al., 1999). Simvastatin, at doses of
1-200 nM, increased the expression of osteogenic transcription factors such as Runx2 and
osterix (Osx) using mouse embryonal stem cells (Chamani et al., 2021; Qiao et al., 2011).
Runx2is a key gene for bone formation, increasing protein expression of osteocalcin, type
I collagen, and osteopontin, to prime the differentiation of osteochondroprogenitor cells
into precursor osteoblasts (Jang et al., 2012; Sinha and Zhou, 2013). Osx is subsequently
important in completing the differentiation of these cells into mature osteoblasts (Sinha
and Zhou, 2013). This is likely induced by the induction of the bone morphogenetic
protein 2 (BMP-2) gene, upstream of these transcription factors. Statins such as simvastatin,
mevastatin, and fluvastatin can promote bone formation by inducing BMP-2, which is
responsible for promoting osteoblast differentiation; this effect was not observed with
pravastatin at equivalent doses (Mundy et al., 1999; Sugiyama et al., 2000). Elimination

of this effect upon supplementing mevalonate, FPP and GGPP suggests that this effect is
downstream of HMG-CoA reductase, by decreased expressions of FPP and GGPP (Chamani
et al., 2021; Ohnaka et al., 2001; Sugiyama et al., 2000; Weivoda and Hohl, 2011; Yoshida
et al., 2006). Specifically, these osteogenic effects of statins may be induced by upstream
activation of the Wnt/B-catenin pathway (Chamani et al., 2021). 3-catenin is an essential
protein for bone formation and allows pluripotent mesenchymal stem cells to differentiate
into either osteoblasts or chondrocytes; therapy that activates the B-catenin pathway has
improved bone formation and healing (Duan and Bonewald, 2016).

In addition, because osteoblasts and adipocytes are both derived from the same
mesenchymal stem cells, the administration of different agents can favor the formation of
one over the other (Chamani et al., 2021). In the case of statins, both simvastatin (0.1-2.0
uM) and lovastatin (0.5-10 uM) have demonstrated the ability to inhibit differentiation

into adipocytes and shunt mesenchymal formation into osteoblasts by decreasing the
expression of pro-adipocyte transcription factor (PPAR-y2) and increasing the expression of
pro-osteablast transcription factors (runx2 and osteocalcin promoter) (Li et al., 2003; Song
et al., 2003). These effects may also occur secondary to statin inhibition of the Rho-kinase
pathways, potentially negatively regulating bone formation (Ohnaka et al., 2001).

Statins simultaneously protect against bone resorption by preventing differentiation and
activation of osteoclasts (Figure 3). In animal models, statin-induced the production of
osteoprotegerin, an anti-osteoclastic protein (Kaji et al., 2005). Although the production of
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RANKL, an osteoclast activating ligand, was also increased by statins, they also inhibited
downstream activation of NF-xB required for osteoclast activation (Kaji et al., 2005). In
addition, Simvastatin induced the estrogen receptor a; estrogen has a protective role in bone
resorption by inhibiting osteoclast activity (Li et al., 2011).

As observed with simvastatin and atorvastatin (at doses of 1079-106 M), bone cells are
dose-dependently affected by statins, which inhibited osteoblast proliferation in MG-63 cells
(Ruiz-Gaspa et al., 2007). Furthermore, a micromolar dose of simvastatin enhanced the
MRNA expression of osteocalcin — a protein hormone that primarily modulates glucose
homeostasis and has a minor effect on bone mineralization (Figure 3) (Baek et al., 2005).
However, simvastatin has also been shown to reduce the proliferation of human bone
marrow stromal cells at micromolar to sub-nanomolar concentrations (Baek et al., 2005).

3.3. Statins and the immune response

3.3.1. Statins target several molecules of the inflammatory response—The
anti-inflammatory effects of statins have been well documented (Altaf et al., 2015; Davaro
etal., 2014; Koushki et al., 2021; Lim and Staudt, 2013; Pinal-Fernandez et al., 2018). In
addition, there is a good correlation between statin use and decreased levels of patients’
serum inflammatory markers such as C-reactive protein (CRP) and serum amyloid A (SAA),
which are often elevated in inflammatory states (Pinal-Fernandez et al., 2018). Below we
discuss the anti-inflammatory mechanisms through which statins act.

Statins may influence the inflammatory response by either inhibiting or stimulating the
Nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome or toll-like
receptors 2 and 4 (TL receptor 2, TL receptor 4) (Koushki et al., 2021). Both NLRP3

and TL receptors are components of the innate immune response; these receptors detect
ligands that are released during inflammatory states as byproducts of cellular stress or tissue
damage (Koushki et al., 2021). TL receptors are activated by damage-associated molecular
patterns (DAMPS) and pathogen-associated molecular patterns (PAMPS); activation of these
TL receptors can lead to downstream activation of several different signaling pathways,
including NF-xB and MAPK (Lim and Staudt, 2013). NLRP3 activation occurs in two steps:
(i) activation of the NF-xB pathway either through TL receptors or other receptors; this
leads to the transcription of NLRP3 as well as pro-1L-1; (ii) activated NLRP3 oligomerizes
and creates an inflammasome which can lead to the proteolytic activation of inflammatory
cytokines such as IL-1p and IL-18, this process is also aided by caspase-1 (Koushki et al.,
2021).

Statins may act on multiple targets in the inflammasome activation pathway to exert
anti-inflammatory effects. First, statins may be able to decrease the expression or the
downstream signaling pathways of DAMP and PAMP molecules which would trigger
NLRP3 activation; these molecules include oxidized LDL (ox-LDL) or TNF-a via the
induction of pregnane X receptors (Wang et al., 2017), a nuclear receptor which acts as a
transcription factor for the drug-inducible expression of several genes, and the high mobility
group box 1 (HMGB1) protein. This chromatin-associated protein has been associated

with several hematologic malignancies (Lv et al., 2017). Second, statins may also decrease
the expression of TL receptor 2 and TL receptor 4, thereby decreasing activation of the
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inflammasome (Moutzouri et al., 2012; Yang et al., 2012). This has been demonstrated

both in vitro studies using the THP-1 cell line treated with atorvastatin (0.1-20 uM), as
well as in randomized blind endpoint clinical studies in hypercholesterolemia patients using
simvastatin (40 mg) or simvastatin/ezetimibe (10/10 mg) (Moutzouri et al., 2012; Yang et
al., 2012). The mechanisms of these reductions are not well described; however, the findings
of in vitro studies suggest that these effects are not mediated simply by reduced cholesterol
levels. Finally, statins can also inhibit NF-xB, which is responsible for transcription of

the inflammasome (Dichtl et al., 2003; Hernandez-Presa et al., 2002; Ortego et al., 1999).
This process is through increased production of nitric oxide (NO), by previously discussed
mechanisms, causing the induction and stabilization of the NF-xB inhibiting protein, IxB-
a (Figure 3) (Peng et al., 1995). In addition, PX receptor activation by statins inhibits
activation of NLRP3 by NF-xB (Koushki et al., 2021). However, the effect of statins on

the activation of the NLRP3 is controversial since some studies suggest that statins inhibit
NLRP3 (Altaf et al., 2015; Davaro et al., 2014; Koushki et al., 2021), while others suggest
activation (Henriksbo et al., 2014).

Regulation of the anti-inflammatory effects of statins may also occur through induction of
the peroxisome proliferator-activated receptor alpha (PPA receptor-a). Statins can increase
PPA receptor-a and PPA receptor-y activity by increasing the production of endogenous
ligands such as 15-deoxy-A12.14-prostaglandin J2 (15d-PJ2); these ligands are produced
downstream of cyclooxygenase-2 (COX-2) by the ERK/MAPK pathways (Yano et al.,
2007). Statins can also induce the expression of the PPA receptor-a. gene (Landrier et al.,
2004). Statin administration in HUVEC cell culture decreased IL-1p and IL-6 mRNA and
protein expression via PPA receptor-a and PPA receptor-y (Inoue et al., 2000).

The endothelial adhesion and transendothelial migration of leukocytes are early events

in the inflammatory process. The most comprehensive model of leukocyte adhesion and
transmigration at sites of inflammation involves five steps. The first step in this process
involves the reversible adhesion of leukocytes to the vascular endothelium by interactions
between E-selectin and P-selectin on the endothelial vasculature to one of several ligands
on leukocytes (Leick et al., 2014). This reversible adhesion, also termed “leukocyte
rolling,” is subsequently strengthened by the secretion of chemokines by the endothelium,
which induces the expression of the integrins VLA4, LFA-1, and Mac-1 on endothelial
vasculature (Leick et al., 2014). These integrins can bind to the molecules intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) on
leukocytes, causing a stronger adhesion, termed “leukocyte arrest” (Leick et al., 2014).
Statins, except for pravastatin, interfere with leukocyte adhesion by allosteric inhibition of
the LFA-1 integrin, independent of their inhibition of HMG-CoA reductase, lovastatin and
simvastatin are the most potent in this effect. Statins can also prevent leukocyte adhesion
by decreasing the expression of both chemokine molecules and receptors via inhibition of
the geranylgerany! isoprenoid pathway (Veillard et al., 2006). Inhibition of the Rho GTPase
signaling pathways by statins may also play a role in blocking leukocyte adhesion (Ghittoni
et al., 2007). Rho GTPases appear to have roles in inducing E-selectin expression and
localization; these effects have been characterized in clinical studies (Cernuda-Morollon and
Ridley, 2006; Romano et al., 2000; van Haelst et al., 2001).
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The anti-inflammatory effects of statins appear to allow them to exert beneficial effects

in treatment of atherosclerosis, independent of their lipid-lowering properties. In vitro
studies in non-human primates, with treatment arms consisting of pravastatin (40 mg/kg/
day) or simvastatin (20 mg/kg/day) demonstrated decreased recruitment of macrophages
to sites of atherosclerotic lesions, with accordant decreases in the expression of active
matrix metalloproteinases (MMPs) (Sukhova et al., 2002). This was also observed in cell
cultures of mouse and human macrophages, using fluvastatin (5-100 umol/L), which led
to a dose-dependent reduction of up to 40% in MMP-9 expression (Bellosta et al., 1998).
The overexpression of MMPs is correlated with decreased plaque stability, with increased
risk of fatal events, due to decreased integrity of the collagenous extracellular matrix of
the plaque’s fibrous cap (Libby et al., 1996). A proposed mechanism by which statins
may influence macrophage accumulation is by reducing expression of histone mRNA, a
marker of cell proliferation, on macrophages as determined by an in vivo rabbit study using
cerivastatin (0.6 mg/kg/day) (Aikawa et al., 2001). Pravastatin treatment demonstrated the
added benefit of decreasing expression of the pro-coagulant tissue factor (TF) (Sukhova
et al., 2002). These findings suggest statins influence outcomes in hypercholesterolemic
patients independent of their ability to reduce serum cholesterol levels.

3.3.2 Statins impair mast cell degranulation—Inhibition of mast cell activity by
statins also contributes to their anti-inflammatory properties. Mast cells are components
of the innate immune system which have a role in wound healing, inflammation, tumor
growth, and parasitic infection (Bachelet et al., 2006). Upon binding IgE to the FceRI
receptor, mast cells are degranulated to release several inflammatory mediators, including
histamine. Statins, particularly fluvastatin, have shown to be effective in inhibiting mast
cell degranulation (Figure 3) (Kolawole et al., 2016). Furthermore, lovastatin (20 uM),
atorvastatin (1-50 uM), and cerivastatin (1-50 uM) have all demonstrated the ability to
inhibit histamine release in vivo in human HMC-1 and rat peritoneal mast cells (Krauth
et al., 2006; Roche et al., 1995). Statins also have variable effects on the release of pro-
inflammatory cytokines; atorvastatin and lovastatin decrease TNF-a and IL-6 production
from mast cells, whereas fluvastatin increases their production (Kouhpeikar et al., 2020).

3.3.3. Statins interfere with T-lymphocyte migration—T-lymphocytes have a vital
role in the immune response as effectors of the adaptive immune system. T-lymphocyte
activation begins with presenting foreign antigens as peptides on the heterodimer major
histocompatibility complexes (MHC) located on the plasma membrane of antigen-presenting
cells (APCs). The recognition of a foreign antigen allows T-cells to proliferate and mature to
either CD4+ helper T-lymphocytes or CD8+ cytotoxic T-lymphocytes, acquiring additional
functions which will enable them to exact one of several immune responses (Fabbri et al.,
2003).

Statins can impact the migration of T-lymphocytes to sites of inflammation by decreasing
the expression of T-lymphocyte attractant chemokines. For example, atorvastatin inhibits
the expression of IL-8, a chemokine produced by the endothelial cells, which attracts
T-lymphocytes towards sites of infection (Ghittoni et al., 2005; Tunon and Egido, 2004;
Weitz-Schmidt, 2002). Simvastatin can also block both chemokine and chemokine receptor
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expression in human vascular endothelial cells and macrophages without affecting its
capacity to inhibit cholesterol production (Weitz-Schmidt, 2002). The effects of statins in
preventing leukocyte adhesion and transmigration, described in section 3.3.1, also apply to
T-cell migration processes. In particular, inhibition of the LFA-1 integrin by statins is vital,
as it normally provides a co-stimulatory signal for T-cell activation (Weitz-Schmidt et al.,
2001).

Statins can impact T-lymphocyte activation and proliferation by exerting an inhibitory
influence over APCs and MHCs, as demonstrated in cell culture studies as well as clinical
studies. While statins have not been shown to affect mature MHCs, simvastatin (20 pM)
inhibits the upregulation of IFN-y-inducible MHC Il molecules on APCs, thus reducing
antigen presentation to CD4 T-lymphocytes (Ghittoni et al., 2006). This effect is likely
achieved due to the downstream impacts of Rho GTPase inhibition (Weitz-Schmidt, 2002).
Statin treatment can also inhibit the maturation of cytokine-stimulated dendritic cells,
leading to reduced T-lymphocyte proliferation (Yilmaz et al., 2004). In addition, statins
also impede the antigen processing and presentation functions of APCs. Simvastatin was
found to significantly diminish the processing and presentation of tetanus toxoid to CD4
T-lymphocytes by preventing protein antigen uptake via receptor-mediated endocytosis and
macropinocytosis, again secondary to defective prenylation by Rab and Rho GTPases
(Ghittoni et al., 2006). Statins can also impact intrinsic T-cell activation processes.
Simvastatin was shown to block the expression of markers of T-cell activation, CD69, and
CD25. This was mediated by interruption of the T-cell receptor (TCR) signaling cascade at
steps involving Ras-like GTPases (Ghittoni et al., 2005).

3.4. Statins and cancer

Multiple studies have reported that statins can be used to prevent various types of cancers,
including that of the colon (Jung et al., 2016; Pikoulis et al., 2016; Poynter et al., 2005),
breast (Ji et al., 2016; Koyuturk et al., 2007; Muck et al., 2004), ovarian, pancreatic,

lung, and lymphomas, reviewed in (Kashfi, 2018; Vallianou et al., 2014). Statins such

as simvastatin, fluvastatin, lovastatin, and pravastatin inhibit cancer growth by inhibiting
the Rho and Ras GTPases, both of which activate downstream signaling pathways that

are deregulated in tumors (Figure 3). Rho GTPases upregulate the INK and p38 MAPK
pathways, which regulate cell proliferation, differentiation, survival, and migration (Ahmadi
et al., 2017; Wagner and Nebreda, 2009). In addition, Rho GTPase activation upregulates
the expression of several proteins in the cell cycle, including Cyclin D1, p21WAF1, and
p27kipl (Ahmadi et al., 2017). Furthermore, Ras GTPases activate the oncogenic pathways
PI13K/Akt, MEK/MAPK, and MEKK/SEK/INK in a broad spectrum of cancers (Ahmadi
etal., 2017; Hoxhaj and Manning, 2020). Most statins inhibit proliferation and induce
apoptosis in cell culture and animal studies. The pro-apoptotic effects are mediated through
activation of caspase 3, caspase 8, caspase 9, and Bax (Ahmadi et al., 2017; Yanae et al.,
2011), as well as downregulation of the anti-apoptotic Bcl-2 protein (Kato and Honda, 2020;
Spampanato et al., 2012). Statins may also cause the inactivation of the mTOR protein

and induce AMP-activated protein kinase (Gorabi et al., 2019; Pisanti et al., 2014; Sanli et
al., 2011). Statins inhibit tumor growth at clinically relevant doses and diminish metastasis
in animal models (Kusama et al., 2002; Paragh et al., 2003). Statins can also lead to the
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degradation of mutant p53 enzymes in cancer cells while preserving normal p53 expression
in non-cancer cells, likely via influencing the stability of mutant p53; this effect is dependent
on the inhibition of the mevalonate pathway (Freed-Pastor et al., 2012; Parrales et al., 2016).

The ability of statins to induce eNOS activation and otherwise increase NO can be useful

in cancer management. eNOS expression may be induced by inhibiting the RhoA/ROCK
GTPase signaling pathway, which primarily leads to induced stability of eNOS mRNA
(Margaritis et al., 2014; Rikitake and Liao, 2005). This induction is also potentially aided

by the PI3K/Akt pathway, which activates eNOS post-translationally (Margaritis et al.,
2014); however, there are also suggestions that statins may inhibit the PI3K/Akt pathway
(Beckwitt et al., 2018; Yanae et al., 2011). NO has a dichotomous role in cancer biology,
with some reports suggesting that NO possesses antitumor and anti-inflammatory properties,
while others implicate NO in tumor promotion and inflammation (Kashfi, 2018; Kashfi and
Vannini, 2019). These paradoxes have been explained in terms of a dual or biphasic effect
dependent on the local flux of NO (Kashfi, 2018; Kashfi and Vannini, 2019; Ridnour et

al., 2006). Statins dose-dependently can either increase angiogenesis or have angiostatic
properties (Urbich et al., 2002). These effects may be due to levels of eNOS expression, with
low concentrations favoring angiogenesis and higher levels having inhibitory effects.

Statins may also trigger cancer cell death by inducing ferroptosis. Ferroptosis is a form

of cell death which occurs due to accumulation of lipid peroxidation products (Stockwell

et al., 2017). One mechanism by which this accumulation occurs is through inhibition of
endogenous antioxidant systems such as glutathione peroxidase 4 (GPX4), and ferroptosis
suppressor protein 1 (FSP1), which degrade peroxidation products (Stockwell et al., 2017).
FSP1 acts to inhibit ferroptosis through reduction of coenzyme Q10 (CoQ210) which is
NADH-dependent; the reduced CoQ10 acts as a radical-trapping antioxidant, preventing
accumulation of these peroxidation products (Bersuker et al., 2019). Statins can likely
induce ferroptosis by depleting CoQ10, a derivative of the mevalonate pathway (Zhu et

al., 2021). Another mechanism by which statins may contribute to ferroptosis is inhibition
of the selenoprotein enzyme GPX4, limiting selenocysteine production (Stockwell et al.,
2017; Viswanathan et al., 2017). This effect is indirect; statins inhibit selenocysteine
synthesis by inhibition of isopentenylation of selenocysteyl tRNA (Warner et al., 2000).
Induction of ferroptosis has been investigated as a novel target for cancer therapy, although
ferroptosis inducing therapy has not yet been approved clinically, due to in vivo cytotoxicity
(Viswanathan et al., 2017; Ye et al., 2021). There is a lack of current literature exploring
the effects of statins on cancer cell death from the perspective of ferroptosis, although these
effects may be significant.

The lipophilicity of statins may impact their efficacy in treating extrahepatic tumors.
Hydrophilic statins may be less effective as cancer therapeutics because of their inability
to cross extrahepatic cellular membranes (Ahmadi et al., 2017; Beckwitt et al., 2018;
Kato et al., 2010). Some reports also suggest that hydrophilic statins may promote tumor
progression due to total reductions in cholesterol burden, which has an anti-oxidant role.
As a result, there may be compensatory increases in the mevalonate pathway within the
extrahepatic tissues, leading to increases in the local milieu of cholesterol, which could
promote carcinogenesis (Ahmadi et al., 2017).
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The activation of the Wnt/p-catenin signaling pathway has been implicated in several

types of tumors and hematologic malignancies (Zhang and Wang, 2020). As mentioned in
section 3.2., statins’ positive effects in osteogenesis are mediated by activation of the Wnt/p-
catenin signaling pathway leading to increased differentiation of mesenchymal stem cells to
osteoblasts. It appears that statins have the opposite effect on the Wnt/g-catenin signaling
pathway using tumor cell lines. Simvastatin and atorvastatin administration in lung cancer
(Calu-1) and melanoma (A375) cell lines both led to decreased B-catenin phosphorylation

in a dose-dependent manner (up to 10 uM) (Lim et al., 2021). Other in vitro studies using
gastric cancer cells and uterine meiolyomas corroborate these effects (El Sabeh et al., 2021;
Liu et al., 2020).

3.5. Antifungal effects of statins

Fungi are a significant cause of global mortality, responsible for 1.5 million deaths each
year (Tavakkoli et al., 2020). In addition, fungi are developing resistance to antimicrobial
medication at an alarming rate, necessitating novel therapies (Fisher et al., 2018). Statins can
be added to the small repertoire of antifungal agents. Statins express antifungal activity
against Candiada spp., Aspergillus spp., and zygomycetes, in addition to a myriad of

other pathogenic yeasts and molds (Lefebvre et al., 2010). The primary mechanism by
which statins are thought to exert anti-fungal effects is by inhibiting the production of
ergosterol (Tavakkoli et al., 2020), the most abundant sterol in fungal cell membranes.
Analogous to cholesterol in eukaryotic membranes, ergosterol mediates cell membrane
fluidity and permeability in fungi and is the end product of the mevalonate pathway

in fungi, not cholesterol. Therefore HMG-CoA reductase inhibition can also decrease
ergosterol production in fungi (Tavakkoli et al., 2020). Many of the other mechanisms

of statins’ antifungal effects stem from inhibition of FPP production. Inhibition of Ras
GTPases mediated by FPP inhibition allows statins to induce apoptosis and impair fungal
cell morphogenesis. Inhibition of heme A synthesis as another downstream product

of the mevalonate pathway also causes reductions in cytochrome C levels, impairing
mitochondrial oxidative phosphorylation (Tavakkoli et al., 2020). While it is possible that
all statins possess antifungal activity, cerivastatin and pitavastatin do not have documented
antifungal activity (Tavakkoli et al., 2020). The synthetic statins, atorvastatin, fluvastatin,
and rosuvastatin, have been reported as more potent anti-fungal agents than the fungal-
derived statins, lovastatin, and pravastatin. These synthetic statins are effective against a
broader range of species and are effective at lower concentrations than fungal-derived statins
(Natesan et al., 2008; Nyilasi et al., 2009; Tavakkoli et al., 2020). Specifically, fluvastatin
and simvastatin appeared to be the most potent antifungal statin, while pravastatin exhibited
the least anti-fungal properties (Cabral et al., 2013; Nyilasi et al., 2014; Tavakkoli et al.,
2020). Statins may also have a role as adjuvant therapy to current antifungal medications.
Fluvastatin, lovastatin, atorvastatin, rosuvastatin, and atorvastatin potentiated the efficacy of
azole, polyene, allylamine, and echinocandin antifungals in a synergistic manner (Cabral

et al., 2013; Campoy and Adrio, 2017; Chin et al., 1997; Nyilasi et al., 2010a; Nyilasi et
al., 2014; Nyilasi et al., 2010b; Nyilasi et al., 2009; Tavakkoli et al., 2020; Venturini et

al., 2011). Fluvastatin also displayed lower MIC than several designated antifungal agents,
which bodes well for translation of antifungal effects to clinical practice (Tavakkoli et al.,
2020).
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4. Adverse events of statins: Not all that glitter is gold

4.1.

While statins are significantly used in managing hypercholesterolemia and have many
pleiotropic effects, they also have many dose-dependent adverse effects that necessitate
caution in their widespread use. These include muscle myopathies, new-onset type 2
diabetes, cognitive, renal, and hepatic dysfunctions. There are also drug-drug interactions
that one must consider when using statins, as this is an underappreciated concern for most
part. In the following sections, we aim to underscore these potential effects, some of which
can be life-threatening.

Myopathy

Myopathy is a common dose-dependent side effect associated with statins. It is characterized
by stiffness, cramps, weakness, or loss of strength during exertion (Istvan, 2003; Rosenbaum
et al., 2013). Myopathy can be classified as myalgia, myositis, or rhabdomyolysis,
depending on the presenting symptoms and levels of creatine kinase (CK). Symptoms such
as muscle pain and stiffness are the most common side effects of statin, but rhabdomyolysis
is the most severe and rarest (Bitzur et al., 2013; Ramkumar et al., 2016). Asymptomatic
CK elevation up to 4 times the upper limit of normal (ULN) is observed in up to 26% of
patients (Turner and Pirmohamed, 2019). Myalgias are events in which patients experience
muscle pain, tenderness, or weakness with normal or slightly elevated CK levels; these
occur in an estimated 2-7% of patients (Tomaszewski et al., 2011; Turner and Pirmohamed,
2019). Myopathy is defined as symptomatic muscle pain in which CK is elevated to greater
than 4 times the ULN, while severe myopathy is classified as muscle symptoms with

CK between 10-50 times ULN. Muscle-related symptoms are generally lower (1.5-5%)

in randomized controlled trials than in clinical practice. It demonstrates that statin use on
its own is associated with an insignificantly greater risk of developing muscle toxicity
(Tomaszewski et al., 2011). This can reflect the significant risk factors of myopathies,
which can include oversight of drug-drug interactions of statins in clinical practice or
external factors such as heavy exercise. Rhabdomyolysis is the most feared complication

of statin use and is associated with renal failure and a high mortality rate reported as 0.3
per 100,000 person-years. However, the risk of statin-induced rhabdomyolysis increases

in those taking other medications such as fibrates (Tomaszewski et al., 2011). Of note,

in 2001, cerivastatin was withdrawn from the market due to a much higher incidence of
rhabdomyolysis compared to any other statin. Statins metabolized by the CYP3A4 enzyme
are much more likely to cause myotoxicity and/or rhabdomyolysis due to greater chances
of drug-drug interactions (Tomaszewski et al., 2011). Other risk factors that increase the
likelihood and severity of statin-induced myotoxicity include female gender, age over 80,
other underlying neuromuscular diseases, and alcohol abuse (Thompson et al., 2016). In
many patients, mild muscle symptoms and slight rises in creatinine kinase are observed even
with low doses of statins. Unfortunately, in some cases, the myopathy is not relieved by the
termination of statin therapy, which alludes to the possibility of statin-induced necrotizing
autoimmune myopathy (SINAM) (Thompson et al., 2016).

There are several theories regarding the mechanisms behind statin-induced muscle
symptoms (Bitzur et al., 2013). Statins can reduce levels of coQ10, altering calcium
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channel function in skeletal muscles, leading to cell injury and apoptosis (Figure 4)(Yokote
etal., 2011). CoQ10 is also a cofactor in the mitochondrial electron transport chain;

thus, deficiencies in CoQ10 may impair mitochondrial oxidative phosphorylation (Crane,
2001; Fragaki et al., 2016). Meta-analysis of 12 studies looking at patients with statin-
associated myopathy indicated that CoQ10 supplementation ameliorated statin-associated
muscle symptoms (Qu et al., 2018). This strongly suggests that Co-Q10 supplementation
may be a complementary approach in managing statin-induced myopathy (Qu et al., 2018).
Lactone forms of statin can inhibit complex Il of the mitochondrial electron transport

chain by binding to an allosteric site, the Qg of the complex (Figure 4). Some statins

may impact the electron transport chain at other sites as well; simvastatin in its lactone
form, for example, has been shown to impair mitochondrial complex I. Any mitochondrial
impairment can lead to ATP deficiency of the muscle, which could play a role in inducing
apoptosis (Turner and Pirmohamed, 2019). Calcium channel defects may also have a

role in statin myopathy, as statin treatment has been shown to reduce the stability of the
ryanodine receptor 1 channel by inducing dissociation of the FKBP12 stabilizing protein;
this can cause excess calcium release from the sarcoplasmic reticulum (Figure 4). Increased
calcium release induces excess muscle contraction, which may trigger myopathy (Turner
and Pirmohamed, 2019). Calcium release may also lead to the upregulation of pro-apoptotic
proteins such as caspase 3 (Turner and Pirmohamed, 2019). Mutations in ryanodine receptor
1 have been linked to statin-associated myopathy (Isackson et al., 2018), although this
alone is not likely to trigger myopathy. Another mechanism by which statins can induce
myopathy is disrupting the protein prenylation and activation of small GTPases. Specifically,
statin-mediated PI3K/AKkt inhibition may play a role in myopathy, inducing muscle atrophy
via the forkhead box class O (FOXO) activation. FOXO activates the two ubiquitin ligase
molecules, atrogin-1, and muscle-specific ring finger-1, which degrade protein molecules.
The resultant protein deficient state can potentially lead to muscular atrophy (Hoffman and
Nader, 2004; Thompson et al., 2016). Akt phosphorylation typically causes phosphorylation
of FOXO, preventing it from entering the nucleus. However, with statin therapy inhibiting
the phosphorylation of the Akt molecule, unphosphorylated FOXO can enter the nucleus and
cause muscular atrophy (Cao et al., 2009). In the nucleus, FOXO can also activate pyruvate
dehydrogenase kinase (PDK) transcription; increased activity of PDK inactivates muscle
pyruvate dehydrogenase complex (Mallinson et al., 2009). The resultant inhibition of the
tricarboxylic acid cycle leading to decreased ATP production could also be a mechanism of
statin-induced myopathy.

Diabetes

The first indication that statins may precipitate new-onset diabetes was reported in 2008
(JUPITER study) when the beneficial effects of rosuvastatin were evaluated in people with
elevated high-sensitivity C-reactive protein levels but without hyperlipidemia (Ridker et

al., 2008). This study indicated that rosuvastatin did not cause a significant increase in
myopathy or cancer but did cause a higher incidence of diabetes (Ridker et al., 2008). Meta-
analyses of 13 clinical trials evaluating 91,140 participants using statins for high cholesterol
management over a mean period of 4 years indicated that statins dose-dependently increased
the risk of new-onset diabetes by 9% (Sattar et al., 2010). This analysis did not distinguish
between type 1 and type 2 diabetes. Despite this, statins are still widely prescribed because
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they offer a significant reduction in overall cardiovascular risk (Robinson, 2015). There

are two general mechanisms by which statins may cause type 2 diabetes, (i) pancreatic
R-cell dysfunction and (ii) insulin resistance in peripheral tissue (Mach et al., 2018). By
suppressing GLUT-2 transporter expression on the pancreatic 8 cells, statins can impair
insulin release. GLUT-2 transporters on the B cells allow for glucose influx which then sets
off a cascade of cellular changes culminating in the release of insulin (Fu et al., 2013).
Simvastatin, atorvastatin, and pravastatin have all been shown to inhibit GLUT-2 expression
in a dose-dependent manner (up to 100 pM), in vivo in human pancreatic g cells and in

the mouse MING cell line (Zhao and Zhao, 2015; Zhou et al., 2014a). Another mechanism
by which statins may impair insulin release is by direct inhibition of calcium channels of
the pancreatic 8 islet cells. Insulin release from these cells is directly stimulated by rising
concentrations of cytoplasmic calcium (Fu et al., 2013). As such, inhibition of these calcium
channels can induce impaired insulin release. In an animal model, simvastatin disrupted
membrane lipid rafts which caused a conformation change in L-type calcium channels
leading to its inhibition (Paseban et al., 2019; Xia et al., 2008). Statins can also upregulate
low-density lipoprotein receptors (LDLR) on the pancreatic B cells, leading to cholesterol
accumulation intracellularly (Perego et al., 2019). This can lead to reduced ATP production
by the mitochondria following glucose metabolism and reduced trafficking of secretory
insulin granules (Perego et al., 2019). Finally, high-dose statin treatment can induce R-cell
apoptosis and reduce the B-cell survival rate (Zhao and Zhao, 2015).

Apart from impaired insulin release, insulin resistance can also account for the diabetogenic
effects of statins. The two mechanisms by which statins may increase insulin resistance
are via downregulating GLUT4 transporter translocation and inhibiting insulin receptor
substrate (IRS-1), diminishing the downstream signaling pathways (Robinson, 2015;
Takaguri et al., 2008). Caveolins are cholesterol-enriched proteins that can aggregate to
form microdomains called caveolae; these caveolae can serve as signaling platforms for
many signaling cascades. Insulin signaling causes translocation of GLUT4 transporters to
caveolin platforms (Cohen et al., 2003), allowing these GLUT4 transporters to facilitate
glucose influx. In animal models, atorvastatin and lovastatin caused reductions in GLUT4
translocation (Robinson, 2015). Atorvastatin also decreased levels of caveolin-1 and
simvastatin demonstrated inhibition of caveolar vesicle docking (Figure 4) (Khan et al.,
2009; Nakata et al., 2006). Furthermore, in the insulin receptor cascade, insulin binding
to its receptor causes phosphorylation of IRS-1, leading to further downstream signaling
(Mardilovich et al., 2009), which is in part is modulated by the GTPases RhoA and Rab4
(Paseban et al., 2019). Statin treatment can thus induce insulin resistance by inhibiting the
activity of these GTPases, as seen by atorvastatin (Takaguri et al., 2008).

Though statin use does have an association with an increased risk of type 2 diabetes, not
all statins display this effect. For example, pitavastatin and pravastatin do not affect glucose
levels in patients with and without diabetes (Mach et al., 2018; Yokote et al., 2011).

4.3. Cognitive function

The effects of statins on cognitive function are controversial. Although there is evidence
supporting the neuroprotective effects of statins, there are also reports suggesting that statins

Eur J Pharmacol. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al.

Page 16

may adversely affect cognitive function. Several epidemiological studies and meta-analyses
have reported a lower risk of dementia in statin users (Jick et al., 2000; Wolozin et al.,
2000; Wong et al., 2013). Other case studies have also documented reports of reversible
cognitive impairment, manifesting in restlessness, mental confusion, and short-term memory
loss after beginning statin therapy or increasing the dosage (Elias et al., 2005; Mach et

al., 2018; Wagstaff et al., 2003). Decreased serum cholesterol has also been associated

with poor cognitive function (Elias et al., 2005). Adverse effects are thought to result from
CNS exposure to higher doses of lipophilic statins that can effectively cross the blood-brain
barrier (BBB) and lower cholesterol levels in the CNS. In this context, cholesterol has
many important functions in the brain, including myelin sheath formation, neuro signaling
processes, and mitochondrial function (Schultz et al., 2018). However, several systematic
reviews have shown that the effects of statins on cognitive dysfunction are negligible

(Ott et al., 2015; Song et al., 2013; Suraweera et al., 2016). In perspective, the FDA has

put a neurological side effect warning label on statins due to the possibility of increased
dementia, mild cognitive impairment, or cognitive performance decline (Vahabzadeh and
Mohammadpour, 2015). The cognitive effects of statins have thus not been fully elucidated.

4.4. Renal Function

Statins have generally been recognized for their renal protective functions in patients with
chronic kidney disease (CKD) and are recommended in non-dialysis patients with stage 3
CKD (Esmeijer et al., 2019). A network meta-analysis of 43 RCTSs revealed that statins
slowed the progressive decline of eGFR and reduced proteinuria in patients (Esmeijer et
al., 2019). Although the effects of statins on renal function in these patients are generally
positive, there are some adverse effects with regards to the kidneys to keep in mind.
Rhabdomyolysis can classically induce renal failure due to the release of myoglobin

from muscle tissues. Myoglobin can cause renal dysfunction due to induction of renal
vasoconstriction, the formation of intratubular casts, and toxic effects on tubular cells
mediated by reactive oxygen species (Petejova and Martinek, 2014). This adverse effect,
however, is exceedingly uncommon in the general population. There is also an increased
risk of hospital admission with acute kidney injury in patients taking high-intensity statins
compared to low-intensity statins (Dormuth et al., 2013; Tonelli et al., 2019), with the
strongest effect observed within the first 4 months of starting statin therapy (Dormuth et
al., 2013). There are also reports indicating that high-dose statin therapy is associated with
proteinuria (Agarwal, 2004). This may suggest a dose-dependent injurious effect of statin
therapy on renal function.

4.5. Hepatic function

Current guidelines recommend determining liver function and creatine levels at baseline,
and then 6-8 weeks after starting or adjusting the medication/dose, and after that annually
or as needed (Lowe et al., 2013). Statins can cause transaminitis, at an incidence of

0.5% to 3%, generally within the first 3 months of starting statin therapy, which is rarely
significant at the clinical level (Bhardwaj and Chalasani, 2007; Jose, 2016). These elevations
are dose-dependent and generally short-term; they subside with continued statin use or

can be managed by reducing the dose (Bitzur et al., 2013; Chitturi and George, 2002;

Mach et al., 2018; Yokote et al., 2011). There is no distinction between statin type and
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the incidence of transaminitis. Transaminitis may be related to changes in the hepatocyte
cellular membrane (Calderon et al., 2010). When the hepatocyte cellular membrane’s lipid
concentration decreases, the membrane subsequently becomes more permeable and allows
lipophilic enzymes to leak (Dujovne, 2002; Tolman, 2000).

Autoimmune hepatitis is the most common statin-induced liver injury; statins can initiate
idiopathic inflammatory myositis or immune-mediated necrotizing myopathy by stimulating
the production of autoantibodies against HMG-CoA reductase (Mammen et al., 2011).

The mechanisms underlying the statin-induced liver injury can vary depending on the

type of statin. Atorvastatin-associated liver injury has decreased biliary flow from the

liver to the duodenum, whereas simvastatin has been associated with hepatocellular injury
(Bjornsson et al., 2012). Combining statin therapy with other hepatotoxic substances such as
alcohol, calcium channel blockers, and fibrates may increase the tendency of statin-induced
hepatotoxicity (Mancini et al., 2011; Tolman, 2002).

5. Xenobiotic interactions of statins

5.1.

Several CYP450s metabolize statins; thus, other xenobiotics that are also metabolized by
the same enzyme systems could potentially have profound clinical consequences. In this
respect, dietary components and over-the-counter medications should also be considered
when statins are used. These interactions are discussed in the following sections.

Dietary interactions

5.1.1. Grapefruit—The current guidelines for statin use are to refrain from consuming
any form of grapefruit during statin therapy. Two prominent furanocoumarins in the juice,
6,7 -dihydroxybergamottin (DHB) and bergamottin (BG), are important contributors to
grapefruit juice-drug interactions (He et al., 1998; Paine et al., 2005). Small intestinal
CYP3A4 is responsible for metabolizing atorvastatin, lovastatin, and simvastatin (Kolars
et al., 1992); this enzyme is inhibited by BG and DHB, causing an increase in the
bioavailability of these statins.

Not all interactions between grapefruit and statins have adverse effects. For example,
grapefruit also contains hydroxy methyl glutaryl flavonoids (HMGF), which can inhibit
HMG-CoA reductase and acyl-CoA-cholesterol acyltransferase (ACAT) (Bok et al., 1999).
Inhibition of these two enzymes reduces the formation of cholesterol esters (Wilcox et al.,
2001), thus affecting lipoprotein formation.

In addition, naringin, another naturally occurring flavonoid present in grapefruit, prevents
cholesterol from oxidizing while also activating AMPK, which decreases cholesterol levels
(Li et al., 2019). Furthermore, naringin increases fecal cholesterol excretion, reducing its
absorption from the small intestine (Jeon et al., 2007; Jeon et al., 2004).

5.1.2. St. John’s Wort—Hypericum perforartum (St. John’s Wort) is a flowering plant
primarily used to treat mental health conditions such as obsessive-compulsive disorder and
somatic symptom disorder, especially in Europe (Linde, 2009). In the US, it is available

over-the-counter, and because it has not received FDA approval, it is marketed as a dietary
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supplement. St. John’s Wort may induce the activation of the enzymes P-glycoprotein/
MDR1, which excretes statins into the bile (Murphy et al., 2020), and CYP3A4 (Markowitz
et al., 2003). Concomitant use of St. John’s Wort with statins will elicit a decrease in statin
bioavailability. In a study of 24 hypercholesterolemic patients on simvastatin who also used
a St. John’s Wort product, total cholesterol levels and LDL-cholesterol were significantly
increased, without any changes in HDL-cholesterol levels (Eggertsen et al., 2007).

5.2. Drug-drug interactions

All statins, except pravastatin, are metabolized by the CYP450 superfamily of enzymes,
primarily by either CYP3A4 or CYP2C9. Therefore, any xenobiotic which inhibits these
enzymes could significantly increase statin plasma concentrations. On the other hand,

any xenobiotic which induces these enzymes could significantly decrease statin plasma
levels (Causevic-Ramosevac and Semiz, 2013). Many medications inhibit the CYP3A4
system, thus interfering with simvastatin, lovastatin, and atorvastatin metabolism. For
example, desethylamiodarone a hepatic metabolite of amiodarone, is a key noncompetitive
inhibitor of CYP3A4 (Causevic-Ramosevac and Semiz, 2013). Concomitant administration
of amiodarone and lovastatin leads to a 1.8-fold increase in lovastatin levels, with the

same holding true for simvastatin (Wiggins et al., 2016), Table 1. Other key drug-drug
interactions involving inhibition of CYP3A4 are with the dihydropyridine calcium channel
blockers (benidipine, azelnidipine, nifedipine), the benzene acetonitrile calcium channel
blocker (verapamil), and the benzodiazepine calcium channel blocker (diltiazem) (Causevic-
Ramosevac and Semiz, 2013), Table 1. Other drug classes which inhibit the CYP3A4
system include the protease inhibitors (lopinavir, ritonavir), azole antifungals (itraconazole,
ketoconazole), and macrolide antibiotics (erythromycin, clarithromycin, troleandomycin,
telithromycin) (Causevic-Ramosevac and Semiz, 2013), Table 1. The primary consequence
of CYP3A4 inhibition is statin toxicity, leading to myopathies.

Another target of drug-drug interactions is the OATP transporter proteins which regulate
the hepatic uptake of statins and other medications. Inhibitors of the OATP1B1 transporter
can also lead to statin toxicity (Shitara, 2011). Cyclosporine and gemfibrozil are the key
medications that inhibit the OATP1B1 transporter (Causevic-Ramosevac and Semiz, 2013).
Macrolide antibiotics also increase the concentrations of statin drugs by inhibiting the

P-gp efflux pump and OATP1B1, in addition to CYP3A4 (Causevic-Ramosevac and Semiz,
2013).

Induction of CYP3A4 by medications would decrease statin concentrations and thus efficacy
at a given dose; rifampicin and phenytoin are strong inducers of the CYP3A4 system
(Causevic-Ramosevac and Semiz, 2013).

6. Conclusion and perspectives

Statins have many pleiotropic effects which extend beyond their ability to lower

cholesterol synthesis. Many of these effects relate to decreased production intermediates and
downstream products of the cholesterol synthesis pathway. For example, many pleiotropic
effects result from lower amounts of FPP and GGPP, which have a major role in post-
translational modification of proteins by prenylation. Decreases in protein prenylation allow
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statins to exert cardioprotective, anti-oxidant, anti-inflammatory, and anticancer effects.

In addition, statins increase NO production by inducting eNOS expression and activity
through RhoA/ROCK GTPase inhibition (Rikitake and Liao, 2005). Other pleiotropic effects
of statins include stimulation of osteogenesis and potential anti-fungal effects through
several mechanisms. Although statins have demonstrated the ability to exert many positive
pleiotropic effects, not all that glitters is gold. For example, statin therapy is associated with
several adverse events that can be chronic or even fatal. The most recognized adverse event
related to statins is myopathy, which ranges from myalgia to rhabdomyolysis. Statin-induced
myopathic effects appear to stem from other pleiotropic effects, including inhibition of the
mitochondrial electron transport chain. These effects are also exacerbated by many other risk
factors; interactions with other xenobiotics, including many different medications. Another
notable adverse event is a potential increase in new-onset type 2 diabetes. Thus, careful
monitoring of patients is needed when statins are prescribed, as they are not necessarily
without adverse effects themselves.

There are several potential applications of statins that are secondary to their use as
cholesterol-lowering agents. Perhaps some of the pleiotropic properties of statins can be
made use of in combination with other agents. However, in this regard, one has to be aware
of potential adverse effects.

In general, a current limitation of mechanistic analyses of statin use are that the
hydrophilicity of different statins is not generally considered when claiming the pleiotropic
effects that the class of drugs may exert. Lipid solubility plays an important role in allowing
diffusion to several tissues and likely plays a significant role in determining the efficacy of
each individual statin in exerting its pleiotropic effects. Lipophilic statins may be able to
exert stronger pleiotropic effects due to their increased ability to diffuse extrahepatic tissues.
However, these characteristics should be directly assessed in future experimental designs
when comparing the effects of hydrophilic and lipophilic statins. In addition, it is important
to consider the doses of statins that can be safely administered therapeutically when
designing in vitro and animal model studies (Bjérkhem-Bergman et al., 2011). Although
many of the papers cited in this review used therapeutically feasible concentrations of
statins, there were several studies which used statin dosages that were above those of
clinical relevance. Although these pleiotropic effects may still exist, as evidenced by results
of clinical trials, caution should be exercised when in vitro and animal models are being
designed. It is important to use clinically achievable dosages in order to assure the validity of
any derived conclusions.
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Figure 1.

Chemical structures of statin medications. Statins exist in an equilibrium between their
inactive lactone forms and their active dihydroxy-heptanoic acid forms, with equilibrium
favoring the active form. Lovastatin, simvastatin, and mevastatin are administered in the
lactone form, whereas all other statins are administered in their active acid form. The open
acid form represents its pharmacophore and competitively inhibits HMGR. The R group
determines lipophilicity, hepatic/myocyte selectivity. Type 1 statins have a decalin ring
(naphthalene) structure. Type 2 statins have central ring structures larger than the decalin
ring, along with common fluorophenyl and methyl ethyl groups replacing the butyryl group
of type 1 statins. The structure of HMG-CoA is shown in the inset.

Eur J Pharmacol. Author manuscript; available in PMC 2023 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Patel et al. Page 35

Acetyl-CoA + Acetyl-CoA

Thiolase l\> CoA

Acetoacetyl-CoA
Acetyl-CoA

HMG-CoA
Synthase
* CoA
3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA)
2 NADPH
Rate limiting —

CoA + 2 NADP*

Glucagon, AMP  —,

HMG-CoA

Insulin — \ Reductase

Statins
Mevalonate

3 ATP
CO, + P 3 ADP
Dimethylallyl

pyrophosphate <+ Isopentenyl pyrophosphate (IPP)
(DMAPP) DMAPP |~ PP,
Geranyl pyrophosphate (GPP)

IPP
PP;
Geranylgeranyl |

PP
pyrophosphate (GGPP) <+— Farnesyl pyrophosphate (FPP)

! R NADPH
Prenylated Proteins 2 PP, X NADP*

(Rho, Rab, Rac1, Lamin A,B)
Squalene

l i NADPH
ROCK  NAD(P)H Oxidase NADP*
Lanosterol
veNOS 4ROS ' 19 reactions
v
Cholesterol —— Oxysterol
— Induction . ¢ * . . ‘ .
o Bile acids Steroid Vitamin D
— Inhibition hormones

Figure 2.
The cholesterol synthesis pathway. Cholesterol synthesis begins with two molecules of

acetyl-CoA, which are converted to one molecule of acetoacetyl-CoA by the enzyme
thiolase. Acetoacetyl-CoA and another molecule of acetyl-CoA are used to synthesize
HMG-CoA by the enzyme HMG-CoA synthase. The rate-limiting enzyme of the pathway
is HMGR. HMGR activity is stimulated or activated by several endogenous molecules,
including insulin, AMP, and glucagon. Statins competitively inhibit HMGR, resulting in
decreased concentrations of all downstream products. Protein prenylation is mediated by
intermediate products of the cholesterol synthesis pathway, FPP and GGPP. Decreased
protein prenylation decreases the activity of downstream signaling pathways such as ROCK
and NADPH oxidases, accounting for many of the pleiotropic effects of statins.
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Figure 3.

Pleiotropic effects of statins. Statins’ impact extends beyond cholesterol reduction.
Inhibition of FPP and GGPP mediated protein prenylation can be the root of many
pleiotropic effects. Inhibition of the Rho/ROCK pathway is responsible for many of these
effects. Statin use is associated with increased induction of eNOS, increased bioavailability
of NO, decreased induction of NADPH oxidase, reduced incidence of thrombogenesis,
cardioprotective effects arising from decreased cardiomyocyte apoptosis, and cardiac
fibrosis, and anticancer effects. Statins can induce ferroptosis by decreasing CoQ10 levels.
Anti-inflammatory mechanisms of statins include inhibition of the NLRP3 inflammasome,
induction of PPA receptor-a and PPA receptor-v, inhibition of mast cell degranulation, and
inhibition of chemokine and integrin expression. Statins also have potential implications

in osteogenesis, inducing the differentiation of osteoblasts while simultaneously inhibiting
osteoclast activation. Statins also have antifungal properties secondary to FPP inhibition.
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Figure 4.
Adverse effects of statins. The two most common adverse effects associated with statins are

myopathy and new-onset type 2 diabetes; the mechanisms of this pathology are described
above. Myopathy is primarily due to reduced coQZ10 production following statin treatment.
Reduced levels of coQ10 can decrease mitochondrial respiration, leading to less ATP
production in skeletal muscle cells. In a similar mechanism, lactone statins have also been
shown to inhibit complex 111 of the electron transport chain by offsite binding to the Qg
site. Myopathy can also be triggered by destabilized activation of RYR1, leading to excess
calcium release in a pathology similar to malignant hyperthermia. PI3K/Akt inhibition

by statins leads to activation of the FOXO protein, which can then increase the nuclear
expression of ubiquitin ligases and PDK, both of which can lead to muscle atrophy. There
are multiple mechanisms of statin-induced diabetes. Insulin release from pancreatic 3-cells
may be impaired by statin-mediated downregulation of GLUT-2 transporter. Inhibition

of L-type calcium channels in pancreatic 3-cells (due to cholesterol depletion-associated
membrane alteration) can lead to impaired insulin release from the pancreas. Several
mechanisms may also lead to insulin resistance. Inhibition of prenylation of RhoA and Rab4
GTPases can lead to inhibition of IRS-1 phosphorylation and thus inhibition of downstream
insulin signaling pathways. Downregulation of caveolin-1 expression can lead to decreased
GLUT4 translocation to cellular membranes.
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Table 1:
Interactions of statins with other medications.
Target Medication Statin Effect on statin levels Ref
| CYP3A4 Amiodarone Lovastatin 1.8 x AUC

Simvastatin 1.8 x AUC

(Wiggins et al., 2016)

I CYP3A4 Amlodipine Simvastatin 1.8 x AUC
Lovastatin Minor magnitude
Azelnidipine Simvastatin 1.9 x AUC (Zhou et al., 2014b)
Lercanidipine Simvastatin 56% Increased bioavailability
Lercanidipine Fluvastatin 1.13x AUC
I CYP3A4 Diltiazem Lovastatin 4.6 x AUC

Simvastatin 3.6 x AUC

Atorvastatin 1.51 x AUC

(Wiggins et al., 2016)

I CYP3A4 Verapamil Lovastatin 3.6 x AUC

Simvastatin 2.5x AUC

(Wiggins et al., 2016)

1 OATP1B1 Cyclosporine Lovastatin 5-20 x AUC

Atorvastatin | 6-15x AUC

Pravastatin 5-10 x AUC

Simvastatin 6-8 x AUC

Rosuvastatin | 7 x AUC

Pitavastatin 5x AUC

Fluvastatin 2-4 x AUC

(Wiggins et al., 2016)

| OATP1B1 Gemfibrozil Lovastatin 2-3x AUC

Simvastatin 2-3 x AUC

Pravastatin 2 x AUC

Rosuvastatin | 1.6-1.9 x AUC

Pitavastatin 1.5 x AUC

Atorvastatin 1.4 x AUC

(Wiggins et al., 2016)

No known interaction Fenofibrate/ Fluvastatin Magnitude likely to be minor
Fenofebric Acid

Lovastatin

Atorvastatin 1.0 x AUC

Rosuvastatin | 1.1 x AUC

Simvastatin 1.1 x AUC

Pitavastatin 1.2 x AUC

(Wiggins et al., 2016)

| OATP1B1,  p-gp and ¥ Clarithromycin Simvastatin 10-11 x AUC
CYP3A4

(Abu Mellal et al., 2019;
Eljaaly and Alshehri, 2017)

Atorvastatin | 3.2-4.4 x AUC

Pravastatin 2 x AUC

(Eljaaly and Alshehri, 2017)

Erithromycin Pitavastatin 2.8 x AUC

Telithromycin Simvastatin 4.0 x AUC

(Kellick et al., 2014)
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Target Medication Statin Effect on statin levels Ref
I CYP3A4 Itroconazole Simvastatin 19 x AUC
Lovastatin 15 x AUC (Eljaaly and Alshehri, 2017)
Atorvastatin | 2.5-3.3 x AUC
Fluconazole Fluvastatin 1.7 x AUC (Kellick et al., 2014)
Posaconazole Simvastatin 4.0 x AUC
1 CYP3A4 Rifampin Simvastatin 0.13 x AUC (Kyrklund et al., 2000)
| OAT1B1, | CYP3A4 Lopinavir/Ritonavir Atorvastatin | 2.9 x AUC (Kellick et al., 2014)
Rosuvastatin | 2.1 x AUC
Tipranavir/Ritonavir Atorvastatin | 9.4 x AUC
Telepravir 7.88 x AUC
Saquinavir/Ritonavir 3.9x AUC
Darunavir/Ritonavir 3.9x AUC
Fosamprenavir/ 2.53 x AUC
Ritonavir
Nelfinavir 1.74 x AUC
Atazanavir/Ritonavir | Rosuvastatin | 3.1 x AUC
Not fully understood Digoxin Atorvastatin | 1.2 x AUC (Wiggins et al., 2016)
I p-gp Dronedarone Simvastatin 3.9 x AUC (Wiggins et al., 2016)
Lovastatin annown_, likely similar to
simvastatin
I CYP3A4, | p-gp Ranolazine Simvastatin 1.9 x AUC
Lovastatin Unknown_, likely similar to
simvastatin
I CYP3A4, | p-gp Conivaptan Lovastatin 3x AUC (Wiggins et al., 2016)
Simvastatin 3x AUC
I CYP3A4, | p-gp Ticagrelor Simvastatin 2-3 x AUC (Wiggins et al., 2016)
Lovastatin annown_, likely similar to
simvastatin
Atorvastatin | 1.4 x AUC
L CYP2C9 Warfarin Simvastatin Increase in simvastatin exposure (Wiggins et al., 2016)
is unlikely to be significant;
Fluvastatin effects may include increase in
L ovastatin INR due to increased warfarin
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