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The cholesterol biosynthesis pathway, also known as the mevalonate (MVA) pathway, is an essential cellular
pathway that is involved in diverse cell functions. The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase (HMGCR) is the rate-limiting step in cholesterol biosynthesis and catalyzes the conversion
of HMG-CoA to MVA.
Given its role in cholesterol and isoprenoid biosynthesis, the regulation of HMGCR has been intensely investigat-
ed. Because all cells require a steady supply of MVA, both the sterol (i.e. cholesterol) and non-sterol (i.e. isopren-
oid) products of MVA metabolism exert coordinated feedback regulation on HMGCR through different
mechanisms. The proper functioning of HMGCR as the proximal enzyme in the MVA pathway is essential
under both normal physiologic conditions and inmany diseases given its role in cell cycle pathways and cell pro-
liferation, cholesterol biosynthesis and metabolism, cell cytoskeletal dynamics and stability, cell membrane
structure and fluidity, mitochondrial function, proliferation, and cell fate.
The blockbuster statin drugs (‘statins’) directly bind to and inhibit HMGCR, and their use for the past thirty years
has revolutionized the treatment of hypercholesterolemia and cardiovascular diseases, in particular coronary
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heart disease. Initially thought to exert their effects through cholesterol reduction, recent evidence indicates that
statins also have pleiotropic immunomodulatory properties independent of cholesterol lowering.
In this reviewwewill focus on the therapeutic applications andmechanisms involved in theMVA cascade includ-
ing Rho GTPase and Rho kinase (ROCK) signaling, statin inhibition of HMGCR, geranylgeranyltransferase
(GGTase) inhibition, and farnesyltransferase (FTase) inhibition in cardiovascular disease, pulmonary diseases
(e.g. asthma and chronic obstructive pulmonary disease (COPD)), and cancer.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Triacylglycerols (16%), phospholipids (30%), cholesterol (14%),
cholesteryl esters (36%) and unesterified long chain fatty acids (4%)
form the major component of plasma lipids. Cholesterol was extracted
from gallstones for the first time (cholestrine: solid bile) in ancient
Greece (Endo, 2010), yet the molecular formula of cholesterol was
first established only in 1888.

Cholesterol and cholesteryl esters are major constituents of plasma
lipids which are alsowidely distributed in all cells of the body especially
in nervous tissue (Vance, 2012). Cholesterol is a major component of
the cell plasma membrane and plasma lipoprotein structure. Cholester-
ol has significant effects on membrane fluidity and membrane ultra-
structure, and its unique structure is necessary for steroid biosynthesis
(Simons & Vaz, 2004).

Cellular cholesterol content is tightly regulated despite wide flu-
ctuations in extracellular serum concentrations (Simons & Ikonen,
2000). 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase (HMGCR) is the rate-limiting enzyme in cholesterol biosynthesis,
it catalyzes the conversion of HMG-CoA to MVA, and is ubiquitously
expressed in all cells (Goldstein & Brown, 1984, 1990).

The MVA pathway in humans is indispensable for de novo synthesis
of cholesterol and other molecules essential for many cellular functions
(Goldstein & Brown, 1990). The cholesterol molecule consists of 27
carbons, which is synthesized in 30 enzymatic reactions [with all of
the carbon atoms originally derived from acetate] (Goldstein & Brown,
1990; Gaylor, 2002; Kovacs et al., 2002). MVA itself is synthesized in
an irreversible step from the HMG-CoA and is then further metabolized
to the isoprenoids farnesyl diphosphate, a.k.a. farnesyl pyrophosphate
(FPP), and geranylgeranyl pyrophosphate (GGPP), precursors for a
number of important metabolites including the sterols, dolichols,
ubiquinones (Coenzyme Q), isoprenoids, and carotenoids. These
molecules are required for membrane formation (cholesterol), protein
N-glycosylation (dolichols),mitochondrial electron transport chain func-
tion (ubiquinone), protein–cell membrane anchoring (isoprenoids), and
free radical scavengers (carotenoids) (Goldstein & Brown, 1990).

A schematic of the cholesterol biosynthesis pathway is shown in
Fig. 1. Upstream of cholesterol in the MVA pathway, FPP and GGPP are
substrates for the post-translational modification (a.k.a. isoprenylation)
of proteins including the Ras and Rho family GTPases (i.e. monomeric,
small G proteins), which play a role in numerous cellular mechanisms
(Goldstein & Brown, 1990; Swanson & Hohl, 2006).

The MVA pathway and in particular cholesterol biosynthesis have
been extensively studied and found to be associated with several
diseases such as hypercholesterolemia, coronary artery disease, and
stroke. HMGCR is the most important and proximal enzyme in this
pathway, and serves as the rate-limiting step in cholesterol biosynthesis
(Goldstein & Brown, 1984, 1990). It is one of the most highly regulated
enzymes known and is located in the endoplasmic reticulum (Goldstein
& Brown, 1990).

The human HMGCR is composed of 888 amino acids (339
membrane-associated and 548 soluble catalytic residues) (Liscum
et al., 1985). Several studies have confirmed that both membrane and
catalytic domains are highly conserved in different species (Luskey,
1988).

HMGCR plays a central role in cholesterol biosynthesis regulation
and is regulated at different levels (Zammit & Easom, 1987) including
HMGCR mRNA synthesis (Osborne et al., 1985), mRNA translation
(Panini et al., 1989), HMGCR protein degradation (Gil et al., 1985),
and HMGCR enzyme activity (Alberts et al., 1980) via complex hormon-
al regulation (Simonet & Ness, 1988).

Cholesterol itself inhibits HMGCR gene expression via negative feed-
back mechanisms (Goldstein & Brown, 1990). Membrane fluidity of the
endoplasmic reticulum also regulates HMGCR activity (Goldstein &
Brown, 1990). HMGCR activitymay also be regulated via phosphorylation
(inactive form) or dephosphorylation (active form) mechanisms which
depend on the action of protein kinases (Goldstein & Brown, 1990).

A certain class of drugs, namely the statins, is capable of inhibiting
the synthesis of endogenous cholesterol via competitive inhibition of
HMGCR. Statins were originally discovered as Penicillium citrinum-
derivedmetaboliteswith extremely potent inhibitory properties against
HMGCR (Endo et al., 1976; Endo et al., 1985). From this discovery,
lovastatin was developed and used to reduce endogenous cholesterol
synthesis serving as a valuable pharmacologic treatment for patients
with hypercholesterolemia (Alberts, 1988; Shepherd et al., 1995; Zhou
& Liao, 2009; Montecucco et al., 2012; Raper et al., 2012).

Over the past decade it has become evident that the statins also
exhibit immunomodulatory, anti-inflammatory, (Steffens & Mach,
2004; Greenwood et al., 2006) and neuroprotective (Kivipelto et al.,
2005; Greenwood et al., 2006) effects.

Statins encompass a complex group of compounds, which differ
from each other in their chemical structure, physiochemical and
pharmacokinetic properties despite having similar biological activity.
Statins can occur naturally as fermentation products of microorganisms
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