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Hyperlipidemia is defined as an elevated level of lipids and lipoproteins in the blood and is considered to
be a significant risk factor for accelerating the process of atherosclerosis and, consequently,
cardiovascular disease. The level of cholesterol, especially low-density lipoprotein cholesterol (LDL-C), is
commonly elevated in hyperlipidemia and represents the primary therapeutic target. Statins are a group
of drugs that function by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase and
are extremely efficacious in reducing elevated LDL-C in the serum and preventing atherosclerotic
cardiovascular disease. However, statins have some limitations, such as poor aqueous solubility, low oral
absorption, and, consequently, limited bioavailability when administered by the oral route. The field of
nanotechnology is now well developed and some of these newer nanotechnology strategies offer systems
with enhanced aqueous solubility of the statin, increased absorption, bioavailability, and controlled
release of the statin at the site of administration. Here, we discuss nano-sized drug delivery systems to
enhance the therapeutic potential of statins.

Introduction

Cardiovascular disease is a major cause of death, worldwide.
Hyperlipidemia is one of the most important risk factors in the
development and progression of cardiovascular disease and is
characterized by elevated plasma lipoproteins, including LDL-C
and triglycerides (TGs) [1]. Statins are the most common medica-
tion prescribed to lower plasma lipids and decrease the risk of
developing cardiovascular disease. Statins primarily target LDL-C
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and the degree to which statins lower LDL-C generally ranges from
~10% to ~40% [2].

However, statins have low oral bioavailability primarily because
of their limited aqueous solubility and some have a considerable
molecular weight. Additionally, significant numbers of patients
develop drug-related adverse effects. Improved bioavailability of
statins has potential to reduce the adverse effects and toxicity
associated with higher statin plasma concentrations [3], and effi-
cient delivery systems may improve this bioavailability. Here, we
summarize novel drug delivery systems and their therapeutic
utility for statin delivery.
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Properties of statins

Statins inhibit HMG-CoA reductase, thereby lowering elevated
LDL-C and reducing the incidence of cardiovascular disease [4].
Statins also moderate the plasma concentrations of other lipids,
including TG and high-density-lipoprotein cholesterol (HDL-C)
[5].

Interactions between HMG-CoA and HMG-CoA reductase cause
conversion of HMG-CoA to L-mevalonate, the rate-limiting step in
cholesterol synthesis. Competitive inhibition of HMG-CoA reduc-
tase by statins reduces cholesterol synthesis in the hepatocyte,
upregulation of hepatocyte LDL-receptor expression, and reduced
circulating plasma LDL-C levels [6].

Natural statins, such as lovastatin (LOV), pravastatin, and sim-
vastatin (SIM), are closely related in chemical structure, whereas
the structural features of artificial statins allow more interactions
with HMG-CoA reductase, thereby altering their lipophilicity and
function [7]. The major challenge in formulating a therapeutic
statin derivative is to obtain a stable formulation with enhanced
bioavailability following oral administration [8].

Atorvastatin, fluvastatin, LOV, and SIM are comparatively lipo-
philic molecules, whereas rosuvastatin is more hydrophilic [9].
Statin absorption from the small and large intestine is impacted by
the dose and dissolution rate in the intestinal lumen, transit time,
and permeability across the intestinal mucosal membrane. All

TABLE 1

statins are absorbed in the range of 30-98% following oral admin-
istration, reaching peak plasma concentration (Ty,ax) at ~4 h [10].

Newer statins demonstrate poor systemic bioavailability, exhi-
biting increased first-pass metabolism [7]. Given that the liver is
the target organ for statins, an effective first-pass uptake into
hepatocytes can be therapeutically beneficial. The systemic bio-
availability of cerivastatin is >60%, whereas for fluvastatin it is 19—
29% [9].

All statins are hepato-selective for HMG-CoA reductase inhi-
bition, which is a benefit given that the liver is the greatest
contributor to endogenous cholesterol production. Lipophilic
statins enter endothelial cells by passive diffusion more efficient-
ly than do hydrophilic statins because of extensive first-pass
uptake. Possible pathways for permeation of hydrophilic statins
into extrahepatic cells, such as endothelial cells, is the organic
anion transporter (OATP-C), which also allows hydrophilic sta-
tins to enter hepatocytes [11]. Pravastatin, cerivastatin, pitavas-
tatin, rosuvastatin, and atorvastatin are some human OATP1B1
substrates belonging to the OATP group [12]. In hepatocytes,
other drug carriers, including multidrug resistance protein,
breast cancer resistance protein (BCRP), and the bile salt export
pump, can result in efflux of the parent drug or the metabolite
[13] and represent crucial mechanisms for statin clearance and
metabolism [14].

Pharmacokinetic properties of statins

Property Statin

Atorvastatin  Cerivastatin Fluvastatin Lovastatin Pitavastatin  Pravastatin Rosuvastatin  Simvastatin
Dose (mg) 40 0.3 20-40 40 2 40 20-80 40-60
Dose form Open acid Open acid  Open acid Lactone Open acid Open acid Open acid Lactone
Optimal time  Any time Evening Bedtime With meals Any time Bed time Any time of day Evening
of during day morning and during day
consumption evening
Absorption 30 98 98 31 80 37 50 65-85
(%)
Tmax (h) 2-4 2.5-3.0 0.5-1.5 2-4 1.0-1.8 0.9-1.6 3-4 13-24
Bioavailability 12 60 10-35 <5 >60 18 20 <5
(%)
Solubility Lipophilic Lipophilic Lipophilic Lipophilic Lipophilic Hydrophilic Hydrophilic Lipophilic
Main CYP3A4 CYP3A4 CYP2C9 CYP3A4 CYP2C9 CYP3A4 CYP2C9 CYP3A4
metabolic
pathway
Lipid- Active Active Mainly inactive Active No Mainly inactive No Active
lowering
metabolites
1C50 (NM) 15.2 13.1 17.9 2.7-11.1 6.8 55.1 12 18.1
Hepatic >70 - >68 >70 - 46-66 90 78-97
excretion (%)
Renal 2 <30 6 30 <2 60 10 13
excretion (%)
Clearance (1 h 0.25 0.20 0.97 0.26-1.10 - 0.81 - 0.45
kg™
Half-life ()  11-30 2-3 0.5-2.3 2.5-3.0 n 0.8-3.0 20 1.9-3.0
Production Synthetic Synthetic Synthetic Fungal Synthetic Fungal fermentation Synthetic Fungal fermentation
method fermentation
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Statin metabolism occurs largely via cytochrome P450 (CYP450)
enzymes [12]. The CYP3A4 isoenzyme metabolizes most drugs,
including LOV, SIM, and atorvastatin [12].

CYP2C9 metabolizes fluvastatin, whereas CYP2C19 metabolizes
rosuvastatin. By contrast, pravastatin, pitavastatin, and rosuvastatin
are not metabolized by CYP450 [15]. In general, lipophilic drugs are
more susceptible to oxidative metabolism using CYP450 [16].

Most statins are eliminated in the bile after being metabolized in
the liver [11]. Hepatic clearance of statins is controlled through
carriers located on the basolateral membrane of liver tissue. Can-
alicular efflux carriers P-glycoprotein (P-gp) and multidrug resis-
tance-related protein 2 are two major ATP-dependent efflux
pumps for secreting statins into the bile.

Urinary excretion of statins is minimal, with the exception of
pravastatin, where up to 60% of intravenously administered prav-
astatin is excreted in the urine [17]; tubular secretion, primarily
mediated by the OAT3 carrier, is the major pathway responsible for
the renal elimination of pravastatin. Except for atorvastatin and
pitavastatin, statins have very short elimination half-lives (0.5—
3 h) (Table 1).

Absorption and bioavailability

Statins have recently been evaluated in the prevention of a variety of
diseases, including osteoporosis, Alzheimer’s disease, stroke, cardiac
diseases, and diabetes, as well as offering benefit post organ trans-
plantation [18]. Statins have potential neuroprotective and neuror-
estorative effects on cerebrovascular disease, such as ischemic stroke,
and in neurodegenerative diseases such as Parkinson’s disease. The
beneficial effect appears to be mediated through a reduction in

cholesterol level and enhanced anti-inflammatory, anti-thrombotic
and antioxidant functions [19-24|. Moreover, statins can contribute
to the management of multiple sclerosis (MS) through immune
modulation and anti-inflammatory functions [25]. Adverse effects,
including myopathies, neuropathies, memory impairment, raised
liver enzymes, lightheadedness, and depression, were observed with
high-dose statins [3]. Statins are most frequently administered orally,
oncedaily. However, oral administration presents several challenges;
bioavailability is typically low because of first-pass metabolism by the
liver and clearance within the gastrointestinal tract.

Reasons for the low oral bioavailability of statins also include
limited cell permeability and limited aqueous solubility [26]; thus,
the dose must be increased to compensate, creating risk for adverse
drug effects [3]. Current studies have focused upon improving
bioavailability and increasing efficacy, often utilizing novel deliv-
ery methods [3]

Low water solubility has been overcome through the develop-
ment of new formulations [27]. Controlled-release statin formula-
tions improve absorption, allowing increased accessibility of the
statin to hepatocytes and reducing exposure of peripheral tissues
to the statin, thereby reducing adverse effects.

Nanotechnology to enhance statin bioavailability

Nanotechnology has enabled the production of nano-sized systems
and functional nanomaterials with diverse applications. Nano-sized
drug delivery systems optimize the delivery of drugs with challeng-
ing pharmaceutical properties [28], and include nanocrystals, poly-
meric nanoparticles (NPs), solid lipid NPs (SLNs), liposomes, and
micelles (nano-sized drug delivery systems or nanocarriers) (Fig. 1).
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FIGURE 1

Formulation approaches for enhancing the delivery of statins. Abbreviations: NP, nanoparticle; PLGA, Poly(p,.-lactide-co-glycolide) acid; SLN, solid lipid

nanoparticle.
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Nanotechnology enhances the oral bioavailability of statins by
increasing their uptake by absorptive endocytosis. The controlled
release of drug helps to reduce fluctuations in the plasma concen-
tration, minimizing adverse effects. Drug incorporated into NPs
can diffuse through a cell membrane, increasing drug efficacy by
enabling access to receptors in the target tissue [29]. Nanotech-
nology can also improve drug effectiveness, safety, and patient
adherence, and reduce treatment costs.

Nanocarriers can be biodegradable and/or biocompatible, en-
able site-specific drug delivery, and can provide stimulus-sensitive
release in response to triggers such as pH and temperature. Carriers
and/or formulations include liposomes, nanofabricated materials,
metals, and polymeric-based systems.

Nanopatrticles

NP technology is a well-accepted formulation method for poorly
water-soluble drugs. Being <1 mm in size, the intracellular locali-
zation of NPs is augmented, an advantage over microparticles.

Most nanotechnology-based techniques aim to increase the oral
bioavailability of poorly water-soluble drugs [30]. NPs have been
formulated with SIM using a novel evaporation technique in
which volatile solvents were evaporated from an oil-in-water
microemulsion. Resulting NPs can be incorporated into solid
dosage forms (tablets). X-ray diffraction showed that the formula-
tion, initially amorphous, was partially converted to crystalline
form after storage at room temperature (RT) These tablets dis-
played remarkable improvement in dissolution profile compared
with conventional tablets [31].

Lipid NPs in the form of SIM-tocotrienol lipid NPs were prepared
by the incorporation of a tocotrienol-rich fraction (TRF) into the
NPs, entrapping SIM within nano-compartments; the in vitro SIM
release profile exhibited 20% release over 10 h followed by a
plateau. Particle size was unchanged despite storage at RT for 6
months, efficacy remained intact and the NPs showed anticancer
activity following verification of their antiproliferative impacts on
malignant +SA mammary epithelial cells (a cell line taken from an
adenocarcinoma of a BALB/c female mouse) [32].

Kouhi et al. formulated SIM nanocomposite nanofibers with
poly-(g-caprolactone)-loaded (PCL) bioactive glass (BG) NPs using
an electrospinning technique. The BG NPs in the compound
improved the crystallinity amount of PCL nanofibers; in addition,
the results of differential scanning calorimetry revealed that SIM
was scattered in the molecular situation via the PCL matrix. SIM
release rate in PBS and nanofiber biodegradation were affected by
BG concentration. The SIM nanocomposite nanofibers were used
for treatment of degenerative disorders and showed controlled
drug delivery, with formation of a glass-tissue interface on the
nanofiber surface in the biological fluid, which is beneficial for
bone regeneration [33].

Using a NP-mediated pitavastatin delivery system, Oda et al.
reported improvement in collateral arterial circulation in an exer-
cise-induced rabbit model of chronic hind limb ischemia, a plat-
form potentially beneficial for treating severe organ ischemia [34].
Solid lipid nanoparticles
SLNs provide a favorable method for the delivery of poorly water-
soluble drugs, such as statins. SLNs are spherical with a drug-lipid
solid core stabilized using surfactants or stabilizers, allowing for
long-term storage. Preparation includes emulsification by homog-

enization of the molten solid lipid containing the drug at elevated
temperature. SLNs provide prolonged drug release, increased oral
bioavailability of lipophilic medications, improved biocompatibil-
ity, lower toxicity, increased biodegradation, and increased drug
encapsulation efficiency [35], making them an attractive sus-
tained-release drug-targeting system for statin administration.
SLNs administered orally can bypass first-pass metabolism by
taking advantage of intestinal lymphatic drainage.

SIM-loaded SLNs were produced by hot melt emulsification and
optimized based on the levels of surfactant, lipid, and SIM load;
optimized formulations, prepared from solid lipids such as glyceryl
behenate and glyceryl palmitostearate with Tween 80 as the
surfactant, exhibited >96% SIM entrapment efficiency with aver-
age particle size <200 nm.

Pharmacodynamic studies of SIM-containing SLNs showed
significant reduction of serum total cholesterol plus increased
bioavailability [36]. Bioavailability of LOV was enhanced by oral
administration in SLNs. LOV-incorporated SLNs, prepared using
ultrasonication followed by homogenization at elevated tem-
perature, produced particles of size range 60-119 nm with nega-
tive zeta potential and increased oral bioavailability compared
with LOV suspension. Following intraduodenal administration
in rats, the relative bioavailability of LOV was increased 173%
and the hydroxyacid form of LOV contained in the SLN formu-
lation was increased 324% compared with the reference LOV
suspension [37].

SIM-loaded SLNs demonstrated high encapsulation efficiency
(>95%). Absorption of SLNs after oral administration was site
specific and occurred by clathrin-mediated endocytosis in enter-
ocytes. The bioavailability of SIM increased when incorporated
into SLNs, being 3.37-fold and 2.55-fold greater for SLNIs and
SLNIIs, respectively, supporting the concept that formulated SLNs
deliver drugs (SIM) effectively. SLNIs comprised Solutol (HS-15) to
evaluate the impact of this molecule on increasing the oral bio-
availability of SV, whereas SLNIIs comprised Tween 20 and oleic
acid (OA) to assess the oral delivery of SV, given that previous
studies had shown that these molecules are able to inhibit the
activity of the CYP3A enzyme [38].

Nanostructured lipid carriers

‘Second-generation’ nanostructured lipid carriers (NCLs), a com-
bination of solid and liquid lipids, showed improved bioavailabil-
ity over traditional SLNs that utilize only solid lipids [39]. A SIM
NLC suspension attained sustained and higher release as well as
bioavailability of SIM. This NLC was a suspension of nanosized
particles with extreme entrapment efficacy and downward recrys-
tallization properties.

Oral administration of SIM-loaded NCLs in mice demonstrated
a 4.8-fold increase in bioavailability compared with a SIM suspen-
sion and a 2.3-fold increase compared with SIM-loaded SLNs.
Biodistribution studies showed enhanced accumulation of NLCs
in liver [40].

NLCs and lipid emulsions (LEs) have also been used to deliver
LOV. More than 70% LOV was incorporated into NLCs and LEs, a
significantly greater loading capacity versus SLNs. In vitro release
kinetics proved that LOV release could be decreased by 60% using
lipid NPs incorporating Myverol as the lipophilic emulsifier. LOV
release could be further reduced by also incorporating soybean
phosphatidylcholine (SPC), with NLCs and SLNs exhibiting the
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most protracted release of LOV. Rank order for LOV release from
these formulations was NLCs > LEs > SLNs [41].

Lipid nanocapsules

Lipid nanocapsules (LNCs) show promise as a drug delivery sys-
tem, their structure sharing features of both polymeric NPs and
liposomes [42]. They comprise less toxic biomimetic substances
and have a size range allowing absorption across fenestrated
endothelium.

Incorporation of a PEGylated surfactant (solutol) into the LNC
structure imparts special properties to these NPs, such as targeting
tumor cells, with fewer adverse reactions and bypassing uptake by
the mononuclear-phagocytic system. Nanocapsules formulated by
the phase-inversion process have a spherical and homogenous
morphology and showed improved stability, particle size, polydis-
persity, and drug release profiles. Passive targeting of breast cancer
cells was accomplished using SIM-loaded lipid LNCs [43].
Chitosan nanoparticles
Chitosan (CTS) is a naturally occurring aminopolysaccharide that
is widely used to improve the biodegradability of pharmaceutical
formulations [44]. CTS NPs (CSNPs) are promising drug delivery
vehicles or platforms, because of their low immunogenicity, low
toxicity, biodegradability, and favorable biocompatibility. There is
great interest in utilizing CSNPs to deliver anticancer agents. The
anticancer properties of CSNPs loaded with anticancer compounds
appear to be related to their interference in cancer cell metabolism,
thereby curtailing tumor growth [45], disrupting tumor cell mem-
branes, and stimulating apoptosis [46]. Pravastatin (PRV) was
packed onto CSNPs (PRV/CSNPs) that were formulated by an ionic
gelation process and assayed by FTIR and XRD. This revealed the
spherical shape of the NPs, with an average size of 129.8 + 10.5-
270.4 + 23.3 nm. These NPs used PRV in CSNPs, because PRV
promoted anti-tumorgenicity against hepatocellular carcinoma
(HCC) cell lines more effectively than did other statins [47].

Glycyrrheytinic acid (GA)-CSNPs have been produced to target
liver cells, where they provide controlled release of incorporated
atorvastatin upon reaching the liver, demonstrating significant
reduction in hepatotoxicity compared with unformulated ator-
vastatin. The GA-CTS conjugate has great affinity for hepatocytes,
which it specifically targets, providing continued release of the
drug and decreasing hepatotoxicity compared with CSNPs [44].

In one study, CSNPs and PR-loaded CSNPs (PR-CSNPs) were
prepared by ionic gelation. The prepared PR-CSNPs had acceptable
NP size dimensions, excellent entrapment efficiency, and excel-
lent temporal release kinetics of PR in vitro. CSNPs and PR-CSNPs
are spherical with dimensions ~90 nm, a positive zeta potential,
and sustained PR release in vitro. Additionally, the erythrocyte
incorporates more PR when delivered from PR-CSNPs than from
PR in solution. The impact of CSNPs and PR-CSNPs on the redox
status of erythrocytes was more evident than with free drugs;
consequently, PR-CSNPs are favorable drug carriers for delivery
of PR into erythrocytes and, furthermore, have favorable charac-
teristics for treatment of hypercholesterolemia [48].
Poly(p,1-lactide-co-glycolide) acid nanoparticles
Poly(p,1-lactide-co-glycolide) acid (PLGA) poly(esters), which con-
tain poly(lactic acid), poly(glycolic acid), and their co-polymers,
are the most studied polymers used in drug delivery because of
their biocompatibility and biodegradability [49]. The physico-
chemical features, morphological properties, and in vitro release

kinetics of drug-loaded PLGA-based NPs have also been extensive-
ly investigated.

PLGA is frequently used for the delivery of anticancer drugs [50].
Linear PLGA had several obstacles associated with, for example its
biomedical application, hydrophobicity, and poor entrapment
efficiency of drugs [51]. Therefore, to enhance the biological,
chemical, and physical properties of linear PGLAs, formulation
scientists introduced branched, dendritic, and star-shaped ver-
sions of PGLAs [52]. Wu and coworkers used cholic acid (CA) as
the steroidal nucleus to develop star-shaped CA-PLGA polymers.
SIM-loaded, star-shaped CA-PLGA NPs significantly decreased the
viability of triple-negative breast cancer MDA-MB-231 cells (a
human epithelial breast cancer cell line) and MDA-MB-468 cells
(a triple-negative human breast cancer (TNBC) cell line) after 24 h
by 65.35% compared with SIM solution (58.99% decrease) or SIM-
loaded, linear PLGA NPs (52.66% decrease). After 48 h, cell viabili-
ty was significantly reduced (particularly for SIM-loaded, star-
shaped CA-PLGA NPs), and a constant (zero-order) rate of SIM
release was achieved [53].

Chen et al. prepared a formulation of pitavastatin NPs using a
PLGA with a MW of 20 000 and a copolymer fraction ratio of
lactide to glycolide of 75:25 for the NP. PLGA-NPs including
pitavastatin was formulated by using an emulsion solvent diffu-
sion method in filtered water. Briefly, 15,16 PLGA was dissolved in
a mixture of acetone and methanol, and pitavastatin was added.
The subsequent PLGA-statin solution was emulsified in a polyvinyl
alcohol (PVA) solution. Pitavastatin-loaded PLGA-NPs included
13% (wt/vol) pitavastatin. The pitavastatin-NP formulation was
superior to both oral pitavastatin alone (oral administration) or
pitavastatin administered systemically for the treatment of pul-
monary artery hypertension (PAH) [54].

Chitosan nanogels

Nanogels are modified NPs that comprise hydrogels. They have a
hydrophilic polymer structure formed by crosslinking of their
components [19]. Nanogels represent intelligent drug delivery
systems that are biologically compatible, degradable, and enhance
absorption. However, their almost immediate removal from blood
by the reticuloendothelial system (RES) impacts their function
[55]. Thus, the combination of CTS nanogels and erythrocytes
enhances biocompatibility, biodegradation, and extends the cir-
culating half-life. Currently, numerous formulation techniques for
improved drug loading into erythrocyte (ER) exist.

Harisa et al. examined the antitumor properties of PR in hepa-
tocellular carcinoma cell lines. CTS nanogels were prepared by an
ionic gelation process. The CTS nanogel system comprised CTS
(3% w/w) and sodium tripolyphosphate (1% w/w). An improved
hypotonic preswelling was used for loading of PR-CTS nanogels
and free PR into human ER. ER-loaded, PR-containing CTS nano-
gels (PR-CNG-ER) exhibited suitable entrapment efficacy, drug
loading capacity, and a constant release profile of PR over 48 h
in vitro with antitumor effects against HepG2 cells; cell viability
was reduced by 28%, whereas PR-ER and CNG-ER decreased cell
viability by 18% and 13%, respectively [56].

Nanoliposomes

Liposomes are closed phospholipid bilayer vesicles that incorpo-
rate an aqueous phase. During the 1960s, Bangham prepared
liposomes as an analytical device to examine the dynamics of
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biomembranes. Different types of molecule can be loaded into the
liposomal aqueous space or injected into their membranes. Given
their chemical structure, liposomes are efficient delivery systems
for pharmacologically active substances, including water- and
lipid-soluble drugs. Depending on the composition and dimen-
sions of the phospholipid bilayer, liposomes are categorized as
either unilamellar (UV) or multilamellar vesicles (MLV) [42].

Intravenous injection of SIM liposomes suppressed neointima
formation and inhibited the growth of monocytes/macrophages
cell lines. Nano liposomes were prepared by a thin film and free-
zethaw method. Cerivastatin was incorporated into liposomes
with a mean diameter of 98 + 27 nm. The encapsulated cerivas-
tatin demonstrated prolonged release, which reduced the prolif-
eration of pulmonary artery smooth muscle cells in vitro with less
cellular cytotoxicity compared with free cerivastatin. Liposomal
cerivastatin was shown to be highly effective in the recovery of
cardiac and lung function in PAH models. Metabolic and phar-
macokinetic studies suggest that inhaled delivery of the cerivas-
tatin nanoliposome for patients with PAH could be therapeutically
advantageous compared with oral administration [57].

Beretta et al. administered both lipophilic SIM lactone and
hydrophilic SIM acid by intravascular infusion for ischemia in
guinea pig brains; SIM lactone delayed ischemia onset and im-
proved the antioxidant capacity of the brain compared with SIM
acid. The effect of intravascularly delivered SIM was associated
with SIM lipophilicity during the initial stage of cerebral ischemia
[58].

Nanocrystals

Nanocrystallization was the first process utilized to decrease drug
particle size to a nanoscale, with a particle dimension of 1-
1000 nm. Nanocrystals, as pure solid drug particles, enhance
the solubility of a drug in three ways: (i) increasing surface area;
(ii) increasing solubility; and (iii) producing high-energy solid-
state particles, most of which exist in the amorphous state [59]
Statins in the form of nanocrystals have been investigated with the
goal of increasing both their water solubility and rate and extent of
dissolution.

Athul et al. prepared a promising SIM nanosuspension using a
high-pressure homogenization strategy. The SIM formulation pre-
pared by this method appeared to exhibit increased stability,
dissolution, solubility, and permeability compared with unformu-
lated SIM. The enhancement in these properties resulted in an
increase in the rate and extent of SIM absorption in vivo, with a
significant increase in oral bioavailability. In vitro drug release data
demonstrated a maximum cumulative percentage of dissolved
drug of 98.7% within 1 h, compared with 45.9% for unformulated
SIM [60]. Nanocrystals of atorvastatin were developed using the
same method and complete drug dissolution occurred within
30 min [61].

SIM nanocrystals (300 nm) have also been prepared by nano-
precipitation in the presence of surface stabilizers, such as poly-
vinylpyrrolidone K-30 and sodium lauryl sulfate. The SIM
nanocrystals produced by nanoprecipitation exhibited a similar
enhancement in the dissolution rate in vitro compared with com-
mercially available crystalline SIM [62].

Recently, SIM nanocrystals were synthesized using a sonopre-
cipitation technique in the presence of Pluronic F-68, the resulting

formulation showing a fourfold increase in the dissolution rate,
faster absorption (tyax reduced from 2.88 h to 1.99 h), and a 1.5-
fold increase in bioavailability following oral administration in
rats compared with unformulated SIM [63].

Nanosuspensions

Nanosuspensions comprise nanocrystal drug particles, liquid dis-
persion in the liquid state, and stabilizers (surfactants and polymer
stabilizers). They normally include the poorly water-soluble drug
(active) suspended without matrix and exhibit improved solubility
for drugs with low water and lipid solubility [64]. This improved
solubility results in faster C,,x attainment following oral admin-
istration. This method is suitable for substances with low solubility
and/or low permeability. Nanosuspension particles are <1 wm,
allowing intravenous administration of poorly water-soluble drugs
without the need to cross a biological membrane, such as the
gastrointestinal tract or capillary wall following intramuscular
injection. Nanosuspensions are formulated as liquids but can be
lyophilized into a solid matrix [64].

Arunkumar and coworkers prepared atorvastatin calcium NPs
using nanosuspension technology (high-pressure homogeniza-
tion) and assessed the solid-state properties of the formulation.
Crystalline atorvastatin was converted to the amorphous form
and showed increased dissolution and greater solubility, sug-
gesting that enhanced drug dissolution plus increased solubility
increases the oral bioavailability of atorvastatin, although this
was not tested in vivo. Their study demonstrated the effective-
ness of high-pressure homogenization for improving the disso-
lution rate of poorly water-soluble drugs such as atorvastatin
calcium [61].

Concluding remarks

Nanotechnology provides advantages for the delivery of statins,
most importantly in oral bioavailability. At least two mechanisms
should be considered to enhance the oral bioavailability of statins:
(i) increasing their dissolution in the gastrointestinal tract; and (ii)
reducing and/or eliminating first-pass metabolism following oral
absorption, which can prevent some statins from attaining desired
systemic concentrations.

Given that oral administration of statins is preferable, improv-
ing dissolution and bioavailability is key to enabling lower effec-
tive doses. Micelles, nanocrystals, and lipid-based NPs (NLCs and
SLNs) are drug delivery systems and/or formulations that have
positive impacts on drug solubilization in the gastrointestinal tract
because of the decreased particle size of the entrapped statin.
Liposomes, as polymeric NPs, could be considered for other-
than-oral administration routes, especially when the goal involves
site-specific drug delivery and sustained release. When selecting
among polymeric NPs and liposomes, biocompatibility, formula-
tion stability, and temporal release properties become crucial.
Given that sustained and/or controlled drug release at the site
of action is paramount for the success of an injected nanocarrier
formulation, polymeric NPs could serve as the ‘gold standard’ to
achieve a depot effect. Additionally, because statins might be
therapeutically beneficial for the treatment of neurological dis-
eases, such as Alzheimer’s disease, SLNs are the most attractive
nanocarrier to date for achieving suitable central nervous system
penetration.
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In conclusion, nanocarriers, for the safe and effective delivery of
statins or any other drug, can meet the biopharmaceutical chal-
lenges that oftentimes limit the full therapeutic potential of a
drug. By judicious selection of a nanocarrier system, challenges
such as poor solubility, inadequate dissolution, chemical instabil-

References

1 Shattat, G.F. (2015) A review article on hyperlipidemia: types, treatments and new
drug targets. Biomed. Pharm. ]. 7, 399-409
2 Lim, S.Y. (2013) Role of statins in coronary artery disease. Chonnam Med. J. 49, 1-6
3 Petyaev, .M. (2015) Improvement of hepatic bioavailability as a new step for the
future of statin. Arch. Med. Sci. 11, 406
4 Gazzerro, P. etal. (2012) Pharmacological actions of statins: a critical appraisal in the
management of cancer. Pharm. Rev. 64, 102-146
5 Rauf, A.A. etal. (2018) The role of serum triglyceride and non high-density lipoprotein
cholesterol levels in predicting cardiovascular risk. Atheroscler. Suppl. 32, 48-49
6 Schonewille, M. et al. (2016) Statins increase hepatic cholesterol synthesis and
stimulate fecal cholesterol elimination in mice. J. Lipid Res. 57, 1455-1464
7 Sirtori, C.R. (2014) The pharmacology of statins. Pharm. Res. 88, 3-11
8 Kumar, N. et al. (2017) Atorvastatin calcium encapsulated eudragit nanoparticles
with enhanced oral bioavailability, safety and efficacy profile. Pharma. Dev. Technol.
22, 156-167
9 Meor, M.A.S. et al. (2017) Effects of different types of statins on lipid profile: a
perspective on Asians. Int. J. Endocrinol. Metab. 15 e43319-e43319
10 Cilla, D.D. et al. (1996) Pharmacodynamic effects and pharmacokinetics of
atorvastatin after administration to normocholesterolemic subjects in the morning
and evening. J. Clin. Pharmacol. 36, 604-609
11 Schachter, M. (2005) Chemical, pharmacokinetic and pharmacodynamic properties
of statins: an update. Fundament. Clin. Pharmacol. 19, 117-125
12 Cauevi¢-Ramosevac, A. and Semiz, S. (2013) Drug interactions with statins. Acta
Pharm. 63, 277-293
13 Nigam, S.K. (2015) What do drug transporters really do? Nat. Rev. Drug Discov. 14, 29
14 Patel, M. et al. (2016) Importance of hepatic transporters in clinical disposition of
drugs and their metabolites. J. Clin. Pharmacol. 56 (Suppl. 7), $23-S39
15 Hirota, T. and Ieiri, I. (2015) Drug-drug interactions that interfere with statin
metabolism. Expert Opin. Drug Metab. Toxicol. 11, 1435-1447
16 Zanger, U.M. and Schwab, M. (2013) Cytochrome P450 enzymes in drug
metabolism: regulation of gene expression, enzyme activities, and impact of genetic
variation. Pharmacol. Ther. 138, 103-141
17 Hatanaka, T. (2000) Clinical pharmacokinetics of pravastatin. Clin. Pharmacokinet.
39, 397-412
18 Oesterle, A. et al. (2017) Pleiotropic effects of statins on the cardiovascular system.
Circulat. Res. 120, 229-243
19 Serban, C., Sahebkar, A., Ursoniu, S., Mikhailidis, D.P., Rizzo, M., Lip, G.Y.H. , Kees
Hovingh, G., Kastelein, J.J.P. , Kalinowski, L. , Rysz, J. and Banach, M. (2015) A
systematic review and meta-analysis of the effect of statins on plasma asymmetric
dimethylarginine concentrations, Sci. Rep. 5 http://dx.doi.org/10.1038/srep09902
art. no. 09902
20 Parizadeh, SM.R. , Azarpazhooh, M.R. , Moohebati, M. , Nematy, M. , Ghayour-
Mobarhan, M. , Tavallaie, S. , Rahsepar, A.A. , Amini, M. , Sahebkar, A. ,
Mohammadi, M. and Ferns, G.A.A. (2011) Simvastatin therapy reduces prooxidant-
antioxidant balance: Results of a placebo-controlled cross-over trial. Lipids 46, 333—
340
Sahebkar, A. , Kotani, K., Serban, C., Ursoniu, S., Mikhailidis, D.P., Jones, S.R., Ray,
K.K., Blaha, M.]., Rysz, J., Toth, P.P., Muntner, P., Lip, G.Y.H. and Banach, M.
(2015) Statin therapy reduces plasma endothelin-1 concentrations: A meta-analysis
of 15 randomized controlled trials. Atherosclerosis 241, 433-442
22 Sahebkar, A., Serban, C., Mikhailidis, D.P. , Undas, A., Lip, G.Y.H. , Muntner, P.,
Bittner, V., Ray, K.K. , Watts, G.F. , Hovingh, G.K. , Rysz, J., Kastelein, J.J.P. and
Banach, M. (2015) Association between statin use and plasma d-dimer levels: A

2

—

systematic review and meta-analysis of randomised controlled trials. Thrombosis

Haemostasis 114, 546-557

Sahebkar, A. , Serban, C., Ursoniu, S. , Mikhailidis, D.P. , Undas, A., Lip, G.Y.H.,

Bittner, V., Ray, K.K. , Watts, G.F. , Kees Hovingh, G., Rysz, J., Kastelein, J.J.P. and

Banach, M. (2016) The impact of statin therapy on plasma levels of von Willebrand

factor antigen: Systematic review and meta-analysis of Randomised placebo-

controlled trials. Thrombosis Haemostasis 115, 520-532

24 Mohajeri, M. , Banach, M. , Atkin, S.L., Butler, A.E., Ruscica, M. , Watts, G.F. and
Sahebkar, A. (2018) MicroRNAs: Novel molecular targets and response modulators
of statin therapy, Trends Pharmacol. Sci http://dx.doi.org/10.1016/j.

2

w

ity, limited oral bioavailability, compromised site-specific drug
delivery, and inadequate sustained and/or controlled release of
the active, can be overcome. This makes nanocarriers a diverse set
of drug carriers or platforms with which to target diseases, such as
diabetes, neurodegenerative diseases, and atherosclerosis.

tips.2018.09.005 pii: $0165-6147(18)30160-3, PMID: 30249403, [Epub ahead of
print]

25 Sonvico, F. et al. (2017) Drug delivery to the brain: how can nanoencapsulated
statins be used in the clinic? Ther. Deliv. 8, 625-631

26 Tiwari, R. and Pathak, K. (2011) Statins therapy: a review on conventional and novel
formulation approaches. J. Pharm. Pharmacol. 63, 983-998

27 Riekes, M.K. et al. (2016) New perspectives for fixed dose combinations of poorly
water-soluble compounds: a case study with ezetimibe and lovastatin. Pharm. Res.
33, 1259-1275

28 Bose, S. (2015) Nano drug delivery system in pharmacy and chemistry review article.
IOSR ]. Pharm. Biol. Sci. 10, 1-6

29 Zhang, Y. etal. (2013) Advanced materials and processing for drug delivery: the past
and the future. Adv. Drug Deliv. Rev. 65, 104-120

30 Kalepu, S. and Nekkanti, V. (2015) Insoluble drug delivery strategies: review of
recent advances and business prospects. Acta Pharm. Sin. B 5, 442-453

31 Margulis-Goshen, K. and Magdassi, S. (2009) Formation of simvastatin
nanoparticles from microemulsion. Nanomedicine 5, 274-281

32 Ali, H. et al. (2010) Preparation, characterization, and anticancer effects of
simvastatin—tocotrienol lipid nanoparticles. Int. J. Pharm. 389, 223-231

33 Kouhi, M. et al. (2013) Poly (e-caprolactone) incorporated bioactive glass
nanoparticles and simvastatin nanocomposite nanofibers: preparation,
characterization and in vitro drug release for bone regeneration applications. Chem.
Eng. ]. 228, 1057-1065

34 Oda, S. et al. (2010) Nanoparticle-mediated endothelial cell-selective delivery of
pitavastatin induces functional collateral arteries (therapeutic arteriogenesis) in a
rabbit model of chronic hind limb ischemia. J. Vasc. Surg. 52, 412-420

35 Wang, J. et al. (2012) Absorption, pharmacokinetics and disposition properties of
solid lipid nanoparticles (SLNs). Curr. Drug Metab. 13, 447-456

36 Padhye, S. and Nagarsenker, M.S. (2013) Simvastatin solid lipid nanoparticles for oral
delivery: formulation development and in vivo evaluation. Indian . Pharm. Sci. 75, 591

37 Suresh, G. et al. (2007) Preparation, characterization, and in vitro and in vivo
evaluation of lovastatin solid lipid nanoparticles. AAPS PharmSciTech 8, E162-E170

38 Krishnam Raju, K. et al. (2014) Factorial design studies and biopharmaceutical
evaluation of simvastatin loaded solid lipid nanoparticles for improving the oral
bioavailability. ISRN Nanotechnol. 2014, 951016

39 Shah, M. and Pathak, K. (2010) Development and statistical optimization of solid
lipid nanoparticles of simvastatin by using 2 3 full-factorial design. AAPS
PharmSciTech 11, 489-496

40 Tiwari, R. and Pathak, K. (2011) Nanostructured lipid carrier versus solid lipid
nanoparticles of simvastatin: comparative analysis of characteristics,
pharmacokinetics and tissue uptake. Int. J. Pharm. 415, 232-243

41 Zhou, J. and Zhou, D. (2015) Improvement of oral bioavailability of lovastatin by
using nanostructured lipid carriers. Drug Design Dev. Ther. 9, 5269

42 Safwat, S. et al. (2017) Statins anticancer targeted delivery systems: re-purposing an
old molecule. J. Pharm. Pharmacol. 69, 613-624

43 Safwat, S. et al. (2017) Augmented simvastatin cytotoxicity using optimized lipid
nanocapsules: a potential for breast cancer treatment. J. Liposome Res. 27, 1-10

44 Rohilla, R. et al. (2016) Development, optimization and characterization of
glycyrrhetinic acid—-chitosan nanoparticles of atorvastatin for liver targeting. Drug
Deliv. 23, 2290-2297

45 Anitha, A. et al. (2014) Chitin and chitosan in selected biomedical applications.
Progr. Polym. Sci. 39, 1644-1667

46 Prabaharan, M. (2015) Chitosan-based nanoparticles for tumor-targeted drug
delivery. Int. ]. Biol. Macromol. 72, 1313-1322

47 Badran, M.M. et al. (2016) Pravastatin-loaded chitosan nanoparticles: formulation,
characterization and cytotoxicity studies. J. Drug Deliv. Sci. Technol. 32, 1-9

48 Harisa, G.I. et al. (2015) Influence of pravastatin chitosan nanoparticles on
erythrocytes cholesterol and redox homeostasis: an in vitro study. Arab. ]. Chem.
Published online November 14, 201S5. https://doi.org/10.1016/j.arabjc.2015.10.016

49 Sun, X. et al. (2017) Poly (lactic-co-glycolic acid): applications and future prospects
for periodontal tissue regeneration. Polymers 9, 189

50 Alimohammadi, Y.H. and Joo, S.W. (2014) PLGA-based nanoparticles as cancer drug
delivery systems. Asian Pac. ]. Cancer Prev. 15, 517-535

www.drugdiscoverytoday.com 573

=
w
w
o
v
(%]
-
(%]
]
-9

o

wv

=
)

>

(<)
oc



http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0010
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0035
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0045
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0045
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0080
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0080
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0080
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0085
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0085
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0090
http://dx.doi.org/10.1038/srep09902
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0115
http://dx.doi.org/10.1016/j.tips.2018.09.005
http://dx.doi.org/10.1016/j.tips.2018.09.005
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0160
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0160
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0205
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0205
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0210
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0210
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0230
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0230
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0235
https://doi.org/10.1016/j.arabjc.2015.10.016
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0250

Pl
D)

<.
D)

=

wv

o
(©]
w0
-
(%)
(a)
X
m
m
2

REVIEWS

Drug Discovery Today * Volume 24, Number 2« February 2019

51 Park, W. etal. (2012) Multi-arm histidine copolymer for controlled release of insulin
from poly (lactide-co-glycolide) microsphere. Biomaterials 33, 8848-8857

52 Cao, J. et al. (2013) Novel pH-sensitive micelles generated by star-shape copolymers
containing zwitterionic sulfobetaine for efficient cellular internalization. J. Biomed.
Nanotechnol. 9, 1847-1861

53 Wu, Y. etal. (2015) Novel simvastatin-loaded nanoparticles based on cholic acid-core
star-shaped PLGA for breast cancer treatment. /. Biomed. Nanotechnol. 11, 1247-1260

54 Chen, L. et al. (2011) Nanoparticle-mediated delivery of pitavastatin into lungs
ameliorates the development and induces regression of monocrotaline-induced
pulmonary artery hypertension. Hypertension 57, 343-350

55 Li, Y. et al. (2018) One-step preparation of pH-responsive polymeric nanogels as
intelligent drug delivery systems for tumor therapy. Biomacromolecules 19, 2062—
2070

56 Harisa, G.I. et al. (2016) Pravastatin chitosan nanogels-loaded erythrocytes as a new
delivery strategy for targeting liver cancer. Saudi Pharm. J. 24, 74-81

57 Lee, Y. et al. (2018) Cerivastatin nanoliposome as a potential disease modifying
approach for the treatment of pulmonary arterial hypertension. J. Pharmacol. Exp.
Ther. 366, 66-74

58 Beretta, S. etal. (2011) Acute lipophilicity-dependent effect of intravascular simvastatin in
the early phase of focal cerebral ischemia. Neuropharmacology 60, 878-885

59 Romana, B. et al. (2014) Expanding the therapeutic potential of statins by means of
nanotechnology enabled drug delivery systems. Curr. Top. Med. Chem. 14,1182-1193

60 Athul, P. (2013) Preparation and characterization of simvastatin nanosuspension by
homogenization method. Int. J. Pharm. Tech. Res. 5, 193-197

61 Arunkumar, N. et al. (2009) Preparation and solid state characterization of
atorvastatin nanosuspensions for enhanced solubility and dissolution. Int. . Pharm.
Tech. Res. 1, 1725-1730

62 Pandya, V.M. et al. (2011) Formulation, optimization and characterization of
simvastatin nanosuspension prepared by nanoprecipitation technique. Pharmacia
Lett. 3, 129-140

63 Jiang, T. ef al. (2012) Enhanced dissolution rate and oral bioavailability of
simvastatin nanocrystal prepared by sonoprecipitation. Drug Dev. Ind. Pharm. 38,
1230-1239

64 Dizaj, S.M. et al. (2015) Nanosizing of drugs: effect on dissolution rate. Res. Pharm.
Sci. 10, 95

574 www.drugdiscoverytoday.com


http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0295
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0295
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0300
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0300
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0320
http://refhub.elsevier.com/S1359-6446(18)30324-6/sbref0320

	Application of nanotechnology to improve the therapeutic benefits of statins
	Introduction
	Properties of statins
	Absorption and bioavailability
	Nanotechnology to enhance statin bioavailability
	Nanoparticles
	Solid lipid nanoparticles
	Nanostructured lipid carriers
	Lipid nanocapsules
	Chitosan nanoparticles
	Poly(d,l-lactide-co-glycolide) acid nanoparticles
	Chitosan nanogels

	Nanoliposomes
	Nanocrystals
	Nanosuspensions

	Concluding remarks
	References


