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INTRODUCTION

ABSTRACT Worldwide, cardiovascular disease is the main cause of death, which ac-
cordingly increased by hyperlipidemia. Hyperlipidemia therapy can include lifestyle
changes and medications to control cholesterol levels. Statins are the medications
of the first choice for dealing with lipid abnormalities. Rosuvastatin founds to con-
trol high lipid levels by hindering liver production of cholesterol and to achieve the
targeted levels of low-density lipoprotein cholesterol, another lipid lowering agents
named ezetimibe may be used as an added therapy. Both rosuvastatin and ezetimibe
have low bioavailability which will stand as barrier to decrease cholesterol levels, be-
cause of such depictions, formulations of this combined therapy in nanotechnology
will be of a great assistance. Our study demonstrated preparations of nanoparticles
of this combined therapy, showing their physical characterizations, and examined
their behavior in laboratory conditions and vivo habitation. The mean particle size
was uniform, polydispersity index and zeta potential of formulations were found to
be in the ranges of (0.181-0.72) and (-13.4 to —-6.24), respectively. Acceptable limits
of entrapment efficiency were affirmed with appearance of spherical and uniform
nanoparticles. In vitro testing showed a sustained release of drug exceeded 90% over
24 h. In vivo study revealed an enhanced dissolution and bioavailability from loaded
nanoparticles, which was evidenced by calculated pharmacokinetic parameters us-
ing triton for hyperlipidemia induction. Stability studies were performed and assured
that the formulations are kept the same up to one month. Therefore, nano formula-
tions is a suitable transporter for combined therapy of rosuvastatin and ezetimibe
with improvement in their dissolution and bioavailability.

begin with therapeutic lifestyle changes, including weight loss,
increased physical activity, and dietary changes [2]. Hyperlipid-
emia is defined as an increase in cholesterol, cholesterol esters,

Cardiovascular disease remains among the leading causes of
death in many countries. A number of risk factors for cardiovas-
cular disease are caused by excess oxidative stress, including high
cholesterol, triglycerides, and low-density lipoprotein cholesterol
(LDL-C) levels, as well as reduced high-density lipoprotein cho-
lesterol (HDL-C) levels [1]. Treatment of high cholesterol should

phospholipids, or triglycerides. Treatment for hyperlipidemia
can include lifestyle changes, as well as medications with regular
monitoring of cholesterol levels [3]. The fundamental mechanism
in atherosclerosis physiopathology is recognized to be hyperlip-
idemia and LDL oxidation, which can be addressed with hypo-
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lipidemic and antioxidant therapies [4]. Triton induced hyper-
lipidemia is a well-known model to induce cholesterol-induced
hyperlipidemia [5]. It is a non-ionic detergent, that accelerates and
elevates cholesterol and triglycerides levels in serum and increases
intestinal lipid absorption by the emulsification process [6].

There are currently different classes of drugs available for low-
ering cholesterol levels. Cholesterol-lowering drugs include 3-Hy-
droxy-3-methylglutaryl coenzyme A reductase inhibitors (statins),
bile acid sequestrants, nicotinic acid, and fibric acids [7]. Statins
are one of the most widely used classes of drugs. A statin lowers
LDL levels by inhibiting hydroxy-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase activity. They are used to treat lipid disor-
ders and lower cholesterol levels [8].

Moreover, rosuvastatin is unique among statins because of
its highly hydrophilic nature, which enhances hepatic uptake at
the site of action, low bioavailability, and minimal metabolism
through Cytochrome P450 [9]. The highest binding interactions
between rosuvastatin and HMG-CoA reductase make it the most
effective inhibitor of cholesterol synthesis, compared to the other
statins. Some patients fail to achieve their target levels of LDL-C
due to statin intolerance or statin resistance. Hence, other lipid
lowering agents such as ezetimibe, fibrates, and nicotinic acid
may be preferred as an add-on therapy [10]. One such finding is
the development of the novel agent ezetimibe, for its outstanding
cholesterol-lowering effects. Hypercholesterolemia is treated with
it as the latest and subsequent treatment after statins [11]. Ezeti-
mibe is capable of blocking the production of bile and absorption
of cholesterol. Furthermore, it reduces the absorption of phyto-
sterols from the intestinal tract, making it the most effective lipid
lowering agent [12]. Recently, the Food and Drug Administration
recognized ezetimibe as a novel medicine for treating a wide
range of diseases, particularly cardiovascular diseases [13]. Ezeti-
mibe is classified as a class II drug based on the biopharmaceuti-
cal classification system. This is because of its low water solubility
and high permeability. Therefore, they often have low oral bio-
availability. In order to increase its oral bioavailability, it is crucial
to apply strategies that increase its dissolution and/or apparent
solubility [14].

Nanotechnology has an enormous role to play in advanced
drug formulations, targeting arenas, and their controlled deliv-
ery [15]. Nanotechnology bridges the barrier between biological
and physical sciences by applying nanophases to various fields
of science [16]. In medicine and pharmaceuticals, nanomateri-
als have been widely used for sensing key biological molecules,
imaging diseased tissues more precisely and safely, and develop-
ing novel therapeutics [17]. Regarding the use of nanomaterials
in drug delivery, the selection of the nanoparticle (NP) is based
on the physicochemical features of drugs [18]. As a result of the
use of nanotechnology in various areas of therapeutics, NPs of
dimensions ranging between 1 and 100 nanometers are used for
diagnostics, therapeutics and research purposes in medicine [18].
Conventional drugs suffer from major limitations as a result of
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their non-specificity and lack of efficacy. Designing drugs with
greater cell specificity improves efficacy and minimizes adverse
effects [19]. NPs increase the stability, solubility, and absorption of
therapeutic drugs, prolonging bioavailability [15]. In this work, we
will formulate these cholesterol lowering drugs into nanostruc-
tures and study their laboratory and vivo behaviors.

METHODS
Materials

Pluronic F-127 and poly (lactic-co-glycolic acid) (PLGA) were
received from BF Goodrich. Ezetimibe and rosuvastatin were
purchased from Sigma Aldrich Chemical Co. Chloroform was
supplied by El Nasr Pharmaceutical Chemicals Co.

Development of rosuvastatin and ezetimibe-loaded
NPs

An emulsion/solvent evaporation method was used to prepare
NPs by nanoprecitation with slight modifications [20]. In which,
different concentrations of PLGA (Table 1) and rosuvastatin
and ezetimibe were accurately weighted and dissolved in 15 ml
organic phase (chloroform). The organic phase was added under
magnetic stirring to a previously prepared aqueous solution of
pluronic F-127 acid polymer with different percentages (Table
1). Particle precipitation occurred immediately. After 10min, the
organic solvent was removed under vacuum at 30°C using a ro-
tavapor (Heizbad Hei-VAP; Heidolph). Empty NPs were prepared
according to the procedure previously described. When purified,
the samples were recovered from suspension by vacuum ultrafil-
tration.

Characterizations of rosuvastatin and ezetimibe-
loaded NPs

Particle size, polydispersity index (PDI) and zeta potential
analysis: Photon correlation spectroscopy was used to analyze
particle size, size distribution, and zeta potential for prepared
NPs [21,22]. Before analysis, NP suspensions were diluted 10-fold

Table 1. Different compositions of rosuvastatin and ezetimibe-
loaded nanoparticles

Trials PLGA Pluronic Rosuvastatin ~ Ezetimibe
(mg) F-127 (%) (mg) (mg)
Trial | 6.0 1 15.0 6.0
Trial 1l 18.0 1 15.0 6.0
Trial 11 30.0 0.5 15.0 6.0
Trial IV 30.0 1.5 15.0 6.0

PLGA, poly (lactic-co-glycolic acid).

https://doi.org/10.4196/kipp.2024.28.3.275



Combined nano delivery of rosuvastatin and ezetimibe

277

in deionized water. Observations were made at 25°C + 0.5°C in
triplicate, the particle size analysis was performed using a dy-
namic light scattering system (Zetasizer model ZS3600; Malvern
Panalytical Ltd) at a fixed angle of 173° at 25°C. A laser Doppler
Anemometer coupled with Zetasizer Nano was used to determine
the zeta potential of the prepared NPs in respect to electropho-
retic light scattering technology [23,24].

Transmission electron microscopy (TEM): By using TEM
(NanoTech), the surface structures and shapes of NPs were ana-
lyzed. At 100 kV, the experiment was conducted. Currently, an
NP droplet is positioned on a 300 mesh copper grid and stand
for 10 min for air dried. A TEM analysis was conducted after the
sample was attached to the carbon coating and negatively stained
with 2% w/v phosphotungstic acid solution. The images were cap-
tured and analyzed using Soft Imaging Viewer software [13].

Drug entrapment: An indirect method was used to determine
rosuvastatin and ezetimibe-loaded NPs dispersion drug entrap-
ment capability [25]. Initially, 1 ml of each sample was centri-
fuged at 15,000 rpm for 10 min. Next, the supernatant (20 ul) was
injected into the HPLC column C8 X terra 5.0 mm, 100 mm x
4.6 mm. In this experiment, Waters 2690 Alliance HPLC system
equipped with a Waters 996 photodiode array detector was used
with isocratic mode of elution. The mobile phase was made up of
0.1% phosphoric acid and acetonitrile in a ratio of 50:50, respec-
tively. Flow rate was kept at 1 ml/min, and sample analysis was
done at 230 nm at ambient temperature [11,26]. We calculated the
entrapment efficiency (EE) for both rosuvastatin and ezetimibe
by using the formula: %EE = (Ci-Cf)/Ci x 100, where "Ci" and
"Ct" are the total drug and unentrapped drug concentrations of
both rosuvastatin and ezetimibe in NPs dispersion.

In-vitro drug release study: The dissolution of rosuvastatin
and ezetimibe from prepared NPs was examined using dynamic
dialysis. This experiment was conducted with a dialysis mem-
brane (Spectrapore, ThermoScientific) with 20 kD cut-off, in
which 2.8 ml of each formulation was encorporated in. In all test
formulations, the amount of rosuvastatin and ezetimibe were
equal to 1 mg and 2.5 mg, respectively. Dialysis bags were sealed
properly both from the top and bottom and were inserted into
100 ml release buffere in the release cup (1 M phosphate buffere
pH 6.8 AT 37°C and 0.2% tween 80) inside a paddle type disso-
lution tester (RC-6; Nanbei) rotated at 75 rpm and 37°C for the
study [27,28]. At pre-designed sampling points, 2 ml of the dis-
solution medium were withdrawn and immediately replaced with
another 2 ml of equally warmed dissolution medium. The experi-
ment was carried out in triplicate and HPLC was used to test for
drug concentration in the filtrate [11].

In-vivo and pharmacokinetic study
Dose administration collection and treatment of blood: In

vivo study was reviewed and approved by ZU-IACUC commit-
tee (ZU-IACUC/1/F/352/2023) in which male albino fat rats were
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used, such that, twenty rats were divided into 4 groups. All the
rats were anesthetized using isoflurane, tied with thread on a
surgical board such that they were laying on their back. 1st group
was considered a negative control, while other groups received
100 mg of Triton WR-1339 for induction of hyperlipidemia via
intraperitoneal route with considering 2nd group is a positive
control. Rats in the 3rd group were given daily oral dose of rosu-
vastatin and ezetimibe loaded NPs, while rats in the 4th group
received powder of both drugs in a suspension at an equivalent
dose of 5 mg/kg/day for rosuvastatin and 1 mg/kg/day for ezeti-
mibe with the help of oral needle for a month. At specified time
intervals, blood samples were withdrawn at 0, 0.25, 0.75, 1, 2, 4,
6,8, 10, 12, and 24 h and allowed to thaw. After postthawing,
samples were vortexed to ensure complete mixing of the contents.
To 1.0 ml from all the vials, 1.0 ml of tertiary butyl methyl ether
was added and kept on the shaker for 15 min and centrifuged at
10,000 rpm at 20°C for 15 min. The supernatant organic layer was
transferred to pre-labeled vials. 1 ml of this layer was mixed with
0.5 ml of 40% acetonitrile in water for plasma samples. These
samples were vortexed and loaded in auto-injector vials. 100 ul
of samples was injected onto the HPLC system and compared
against pre-labeled vials of plasma blank with 50 pl each of rosu-
vastatin and ezetimibe (11.2 g/ml) and 40 pl of 60% acetonitrile
in water. In which, Luna C 18 column (4.6 mm x 150 mm, 5 um)
with a column oven temperature of 40.0°C was employed. The
mobile phase used was buffer (1.0 ml orthophosphoric into 1,000
ml water):acetonitrile:methanol (50:25:25, v/v). The flow rate
was 1.0 ml/min and injection volume was 100 pl with a total run
time of 20 min [29]. Additionally, the assessment of lipid profile
was measured at the day 15 and the day 30 (the end of the experi-
ment).

Pharmacokinetic data and statistical analysis: Several phar-
macokinetic parameters were manually determined, including
area under the curve (AUC), elimination constant (Kel), and
half-life (t1/2). Based on plasma concentration-time data, both
rosuvastatin and ezetimibe concentration-time statistics were cal-
culated for individual rats. p-value was calculated using one-way
ANOVA followed by Bonferroni as post-hoc test, and p < 0.05 was
considered as statistically significant. In the study, data was quan-
tified as the mean + SD without considering T,,,, as there was no
apparent difference in median (range) between formulations [30].

Stability studies: Samples of rosuvastatin and ezetimibe loaded
NPs were prepared and placed at a controlled temperature of
25°C for a month. Three samples were withdrawn and analyzed
for their drug content at 15 and 30 days. The results were noted in
triplicate.

RESULTS

Rosuvastatin and ezetimibe loaded NPs preparations were
prepared using different percentages of PLGA and pluronic F-127
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(Table 1). These percentages were optimized based on several
characterizations including particle size, zeta potential, PDI and
EE% as given in Table 2. The mean particle size was found to be
in a uniform nano-range. PDI was found in the range of (0.181-
0.72) with zeta potential from -13.4 to -6.24 (Fig. 1A, B). EE% of
rosuvastatin was found in the ranges of (80.68%- 65.67%), while
that of ezetimibe was found to be (89.17%-78.65%) in relationship
to percentage of drug content (Ct), which was found to be about
81.34 +2.63 and 91.32 + 1.8 mg/ml in rosuvastatin and ezetimibe,
respectively. The TEM images of loaded NPs (Fig. 1C) showed
the presence of spherical and uniform NPs, which were well dis-
persed and their surfaces were relatively smooth, correlating with
our results from particle size analysis (Table 2).

In order to determine the release kinetics of NP drug delivery
systems, dynamic dialysis is a commonly used technique [27]. An
assessment of the dissolution of loaded NPs was performed as
shown in Fig. 2. It was observed that not less than 60% of rosuvas-
tatin drug was released in 12 h, with trial 3 having the highest re-
lease percentage and trial 4 having the lowest release percentage.
Similarly, at least 45% of the ezetimibe drug was released from
the formulations after 12 h, with trials 1 and 3 releasing the most
and trial 4 releasing the least. Based on these results, both drugs
have an enhanced dissolution profile with a significant increase
in formulation 3 (2~ fold) in comparison with other formulations.

The bioavailability of prepared rosuvastatin and ezetimibe NPs
was evaluated and compared with the bioavailability profile of
the drugs suspension in vivo profile. Based on these findings (Fig.
3), NPs enhanced drugs’ bioavailability more than drugs’ suspen-
sion. Values of all pharmacokinetic parameters of in vivo study
are shown in Table 3. T,,,, was found to be about 60 min (1 h) for
coadministration of rosuvastatin and ezetimibe as shown in Fig.
3. The mean value of C,,, (ng/ml) was established to be almost a
threefold higher in rosuvastatin NPs (622.81 + 43.76) in compari-
son with rosuvastatin suspension (281.67 * 11.2). Also, there is a
threefold increase in the mean value of AUC (0-t) (ng.hr/ml) for
NPs of rosuvastatin in contrast to its suspension. K,, of rosuvas-
tatin NPs was found lower than its suspension and accordingly
half-life will be higher. On the other hand, value of C,,, and be
consequence AUC (0-t) of ezetimibe were found to be onefold
greater with nanoparticulate form than suspension, with a non-
significant difference in its k, and t,, readings. Table 4 showed
that loaded NPs is stable within different periods during a month.

Furthermore, the anti-hyperlipidemic activity of ezetimibe

and rosuvastatin combined drugs was evaluated by lipid lower-
ing studies using a triton-induced hyperlipidemic model. Table
5 shows that the lipid profiles of untreated rats (normal controls)
were not changed. As a result of triton treatment, 24 hour-old
animals had elevated cholesterol, triglycerides, LDL-C, non-
HDL-C, and low HDL-C. After 15 days of treatment, ezetimibe +
rosuvastatin and their loaded PLGA NPs significantly (p < 0.05)
suppressed lipid changes. Except for total cholesterol, this attenu-
ation continued for 30 days (Table 5).

DISSCUSION

The smaller particle size of formulations may be attributed to
the higher concentration of surfactant in the composition (up to
1%) [31]. PDI is a measure of the width of particle size distribution
[31], its ranges along with zeta potential indicating a polydisperse
system with a well poly dispersed and stable formulations. Usu-
ally, the zeta potential is used to determine the stability of nano
structure formulations performed by zetasizer, by imitating
electrostatic barriers, it protects NPs against aggregation and ag-
glomeration and that was assured with such ranges [32]. It was
observed that EE% of rosuvastatin was decreased with increasing
surfactant concentration whatever PLGA concentration. This
goes with what was conducted by Tefas et al. [33] and Kherad-
mandnia et al. [34] with a similar statin drug. Furthermore, sur-
factant concentration was found to have an inverse relationship
with the percent ezetimibe entrapment. This may be due to the
drug becoming more soluble in the aqueous phase as the amount
of surfactant increases, thereby preventing encapsulation in the
lipid phase [35]. Zetasizer results are usually further verified
with TEM. The TEM was used to validate the particles in nano-
size range, as well as to demonstrate the uniform distribution of
particles with round shapes, perfect boundaries, and polydisper-
sion. Observing the previous determined parameters, trial ITI was
observed to initiate better EE results with suitable particle size,
PDI and zeta potential readings, in addition to its composition in
which it contained the least incorporated surfactant concentra-
tion among other formulations (Table 1).

The enhanced dissolution of loaded NPs is probably due to their
nanometer size and amorphous nature which may be influenced
by structural difference of PLGA percentage, surfactant concen-
tration and production parameters [36,37]. For rosuvastatin, a bi-

Table 2. Physical characterization of rosuvastatin and ezetimibe-loaded nanoparticles

Trials PS (nm) PDI ZP (mV) EE% of Eze. EE% of Rosu.
Trial | 990.9 + 20.26 0.181 £ 0.02 -12.7 +1.28 83.57 £7.71 74.02 £ 5.69
Trial 11 969.2 +28.43 0.346 + 0.06 -6.24 + 0.6 88.38 +9.10 73.03 £ 5.42
Trial 1l 968.1 £ 19.86 0.352 + 0.05 -13.4 +0.98 89.17 + 6.89 80.68 + 6.88
Trial IV 998.9 + 30.51 0.72 + 0.06 -10.6 + 1.35 78.65 =+ 5.91 65.67 +5.78

Each value represents the mean + SD (n = 3). PS, particle size; PDI, polydisperse index; ZP, zeta potential; EE, entrapment efficiency;

Eze, ezetimibe; Rosu, rosuvastatin.
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A

Fig. 1. Loaded NPs shows a uniform size with suitable physical characterizations. Particle size and PDI (A); Zeta potential (B); transmission elec-
tron microscope (C) of rosuvastatin and ezetimibe encapsulated NPs. Each value represents the mean + SD (n = 3). NP, nanoparticle; PDI, polydisper-

sity index.

phasic drug release pattern was observed in all drug formulations
with a slight hasty release within the first 8 h (74.51%-43.49%)
and relatively sustained release up to 24 h (98.51%-80.18%). Pos-
sibly, the hasty release is caused by unentrapped drug adsorbed
on NP surfaces [38] while the sustained release is attributed to

www.kjpp.net

the drug-enriched cores which allow prolonged releases up to 24
h [39-42]. In case of ezetimibe, during the 24-h in-vitro release
study, it showed a typical release profile with a delayed started 4
h burst release (only 17.76%-12.7% was released at then) which
probably due to slow release of surface associated drug molecules

Korean J Physiol Pharmacol 2024;28(3):275-284
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as the burst effect is related to surface concentrations of drug in
solid formulations [43]. Then, release began to decelerate and was
sustained for 24 h (93.93%-70.99%), emphasizing the prolonged
effect of the formulations [35]. By comparing release profile of
nano formulations against Ezetrol drug dissolution [44], a shorter
duration of action was observed with branded drug with an early
rapid burst effect. Based on these results, the bioavailability of test
samples in animal models could be determined with confidence.
The selection of the equivalent dose of rosuvastatin (5 mg/kg)
was gone with which was tested by Li et al. [45] during his experi-
ments, while equivalent dose for ezetimibe (1 mg/kg) was chosen
based on investigations done by Yasim et al. [46] and Birnbaum
et al. [47]. In addition, group 3 received nano formulations pre-
pared with similar dosage of both rosuvastatin and ezetimibe,
in order to control the variables and measure the dependent one
more accurately. There are a number of factors that could con-
tribute to this improved bioavailability of loaded NPs, including
nanoscale particle size, EE%, and improved solubilization [48,49].
The elimination rate constant (k) of a drug specifies the propor-
tion of that drug that is cleared from the body and half-life is
inversely proportional to it [50]. Rousvastatin K, results showed
that elimination rate for rosuvastatin loaded NPs is lower than its
suspension, which means lesser clearance of the drug. This may
be attributed to greater hydrophilicity of statins when adminis-
tered as a suspension rather than nanoparticulate form, and that
they would exhibit low passive diffusion rates to all cell types and

Korean J Physiol Pharmacol 2024;28(3):275-284

solution rate in comparison to other
formulations. In vitro release of (A)
rosuvastatin and (B) ezetimibe from dif-
ferent nano-particles formulations. F1
to F4 are different formulations with dif-
ferent compositions of NPs. Each value
represents the mean + SD (n = 3). NPs,
nanoparticles.

20

exhibit high rates of uptake only in hepatocytes athwart the NPs,
therefore they would be metabolized and excreted sprightly show-
ing shorter half-life [51]. On the other hand, liver and intestines
metabolize more than 80% of ezetimibe into its pharmacologi-
cally active form, ezetimibe glucuronide with lower hydrophilic
characters [52]. This demonstrate the insignificant difference in
the elimination rate constant and half-life between ezetimibe sus-
pension and NP formulation with a slight deviation towards NP
formulation. Because of higher lipophilicity of ezetimibe and so
its permeability to membranes [53].

Over a month, loaded NPs formulations was found to have a
high level of stability due to their high shear rate, high pressure,
fine particles with identical sizes, and higher particle counts
[54,55).

The present study showed that triton treated rats had hyper-
lipidemia as demonstrated by their increased levels of serum
cholesterol, triglycerides, non-HDL, and LDL-C levels, along with
a decrease in HDL-C levels. The results have confirmed the effec-
tiveness of the triton method used in the induction of hyperlipid-
emia. Several studies confirmed the anti-hyperlipidemic effect of
ezetimibe in the literature [56-58]. Numerous methods have been
proposed for the anti-hyperlipidemic action of ezetimibe. These
encompass its ability to inhibit Niemann-Pick C1-Like 1, a choles-
terol transporter situated in the intestinal epithelial cells, thereby
reducing cholesterol absorption by the intestine [59]. Another
probable mechanism involves the reduction of cholesterol content
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Table 3. Pharmacokinetic parameters of both rosuvastatin and ezetimibe when administered together

Parameters Rosuvastatin loaded NPs Rosuvastatin suspension  Ezetimibe loaded NPs Ezetimibe suspension
AUC (ng.hr/ml) 1,858.64 + 59.44* 691.21 £ 11.81 438.2 + 46.36* 177 £12.37
Cinax (ng/ml) 622.81 £ 43.76* 281.67 £11.2 162.4 £ 16.52* 94 + 7.81
T, (hr) 2.04 + 0.096* 1.33 +0.02 2.56+1.26 2.29+0.29
Ka (hr ™) 0.34 £ 0.02* 0.52 £ 0.01 0.32+0.13 0.31 £0.04

Each value represents the mean + SD (n = 6). NPs, nanoparticles; AUC, area under the curve. *p < 0.05 compared to drugs suspension.

Table 4. Stability studies of nano loaded formulation of rosuvastatin
and ezetimibe

Time (days) 0 15 30

25°C 100 99.65 £0.81 98.23 + 0.46

Each value represents the mean = SD (n = 3).

in chylomicrons, subsequently diminishing the cholesterol supply
to the liver. This leads to an increase in LDL-receptor expression
and enhances the clearance of LDL [60]. Rosuvastatin stands out
as the most readily available potent statin, demonstrating supe-
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rior efficacy in lowering LDL-C compared to other statins [61].
Moreover, rosuvastatin acts as a selective drug for the liver and is
a hydrophilic inhibitor of HMG-CoA reductase, effectively lower-
ing triglycerides and LDL-C while increasing HDL-C levels [62].
The combined use of rosuvastatin and ezetimibe holds a promi-
nent place in therapeutic strategies [61]. Multiple studies have
highlighted the additive effects of the ezetimibe/statin combina-
tion in reducing triglycerides and LDL-C [44,63].

Although the combination of rosuvastatin/ezetimibe was al-
ready approved for clinical use under the name of Roszet tablets,
rosuvastatin’s bioavailability was determined to be around 20% in

Korean J Physiol Pharmacol 2024;28(3):275-284
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Table 5. Effect of triton, ezetimibe-rosuvastatin suspension form combination and ezetimibe-rosuvastatin nanoparticles combination on
lipid profile of adult male albino rats for different periods of treatment

Variables Control Triton Nano (RSV + EZE) EZE + RSV

A - Cholesterol (mg/dl)

24 h 77.2+2.22 109.2 + 4.24* 107 £ 7.64* 105.6 + 6.18*

Day-15 68.5 +1.43 77.25+2.5 60.75 + 3.83° 59.75 + 3.8

Day-30 70.5 = 5.02 71.75 +£2.87 69.26 £ 5.8 68 = 1.34
B - Triglycerides (mg/dl)

24 h 57.4 +5.94 106.4 + 7.5* 76 +3.74* 90.8 + 5.95*

Day-15 73.75 £ 3.55 97.5 + 5.82* 62.5+7.8 69.5 + 6.24

Day-30 65.25 £ 4.5 128 + 5.1* 80.7 + 0.66** 84.7 +3.17%
C - High-density lipoproteins (mg/dl)

24 h 54.4 +1.69 44.4 +2.158* 40.6 = 1.86* 44.8 £2.39*

Day-15 525+ 1.75 39.5 +3.478* 46 = 1.9* 43.25 + 4*

Day-30 56 +2.26 42.5+3.1* 51 +2.28° 49.67 + 0.365*"
D - Non-high-density lipoproteins (mg/dl)

24 h 22.8+£0.86 64.8 + 4.88* 66.4 + 6.23* 71.6 £ 5.15*

Day-15 16+0.7 37.75 + 3.44* 14.75 + 1.9° 16.5 + 1.02°

Day-30 14.5 £ 0.74 29.25 + 1.5* 18.3 + 1.02° 18.3 + 1.02°
E - Low-density lipoproteins (mg/dl)

24 h 11.32 +1.97 43.52 +3.4* 51.2 £2.63* 53.44 +2.76*

Day-15 1.25+0.16 18.25 +2.31* 2.25 +0.25° 2.6 +0.386°

Day-30 1.45+0.17 3.65+0.49 22«1 1.4 +0.46°

Variables were expressed as mean + SEM. ANOVA followed by Bonferroni as post-hoc test. EZE, ezetimibe; RSV, rosuvastatin. *p < 0.05

vs. Control; “p < 0.05 vs. Triton positive control.

such tablets with unapplicable determined degree of ezetimibe’s
bioavailability [64]. In addition, increasing dosage of Roszet in
order to enhance its bioavailability was not preferable, as it was
found to be associated with risks of myopathy [65]. While our
study showed a tangible improvement of rosuvastatin’s bioavail-
ability along with a remarkable bioavailability for ezetimibe.
Based on the above observations, it is indicated that nano drug
delivery systems will be more effective in delivering both ezeti-
mibe and rosuvastatin compared to their suspensions.

FUNDING

None to declare.

ACKNOWLEDGEMENTS

None.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Nelson RH. Hyperlipidemia as a risk factor for cardiovascular dis-

Korean J Physiol Pharmacol 2024;28(3):275-284

ease. Prim Care. 2013;40:195-211.

2. Skolnik N, Jaffa FM, Kalyani RR, Johnson E, Shubrook JH. Reduc-
ing CV risk in diabetes: an ADA update. ] Fam Pract. 2017;66:300-
308.

3. Meena K, Misra A, Vikram N, Ali S, Pandey RM, Luthra K. Cho-
lesterol ester transfer protein and apolipoprotein E gene polymor-
phisms in hyperlipidemic Asian Indians in North India. Mol Cell
Biochem. 2011;352:189-196.

4. Alissa EM, Ferns GA. Dietary fruits and vegetables and cardiovas-
cular diseases risk. Crit Rev Food Sci Nutr. 2017;57:1950-1962.

5. Keshetty V, Pabba S, Gudipati R, Kandukuri JM, Allenki V. Antihy-
perlipidemic activity of methanolic extract of Garlic (Alliumsativum
L.) in Triton X-100 induced hyperlipidemic rats. ] Pharm Res. 2009;
2:777-780.

6. Pushpa I, Jayachitra J. Hypolipidemic and antioxidant activity of
phoenix dactylifera L. in albino wistar rats. World ] Pharm Pharm
Sci. 2015;4:790-798.

7. Patel AY, Pillarisetti J, Marr J, Vacek JL. Ezetimibe in combination
with a statin does not reduce all-cause mortality. J Clin Med Res.
2013;5:275-280.

8. Feingold KR, Chait A. Approach to patients with elevated low-den-
sity lipoprotein cholesterol levels. Best Pract Res Clin Endocrinol
Metab. 2023;37:101658.

9. Kostapanos MS, Milionis HJ, Elisaf MS. Rosuvastatin-associated
adverse effects and drug-drug interactions in the clinical setting of
dyslipidemia. Am J Cardiovasc Drugs. 2010;10:11-28.

10. Ballantyne CM, Houri J, Notarbartolo A, Melani L, Lipka L], Suresh
R, Sun S, LeBeaut AP, Sager PT, Veltri EP; Ezetimibe Study Group.
Effect of ezetimibe coadministered with atorvastatin in 628 patients
with primary hypercholesterolemia: a prospective, randomized,
double-blind trial. Circulation. 2003;107:2409-2415.

11. Rashid R, Kim DW, Din FU, Mustapha O, Yousaf AM, Park JH,

https://doi.org/10.4196/kipp.2024.28.3.275



Combined nano delivery of rosuvastatin and ezetimibe

283

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kim JO, Yong CS, Choi HG. Effect of hydroxypropylcellulose and
Tween 80 on physicochemical properties and bioavailability of
ezetimibe-loaded solid dispersion. Carbohydr Polym. 2015;130:26-
31

Karanam SR, Katakam P, Chandu BR, Hwisa NT, Adiki SK. Simul-
taneous determination of ezetimibe and simvastatin in rat plasma
by stable-isotope dilution LC-ESI-MS/MS and its application to a
pharmacokinetic study. ] Pharm Anal. 2014;4:286-294.

Din FU, Zeb A, Shah KU, Rehman ZU. Development, in-vitro and
in-vivo evaluation of ezetimibe-loaded solid lipid nanoparticles and
their comparison with marketed product. ] Drug Deliv Sci Technol.
2019;51:583-590.

Suchy D, Labuzek K, Stadnicki A, Okopien B. Ezetimibe--a new
approach in hypercholesterolemia management. Pharmacol Rep.
2011;63:1335-1348.

Montelione N, Loreni F, Nenna A, Catanese V, Scurto L, Ferrisi C,
Jawabra M, Gabellini T, Codispoti FA, Spinelli F, Chello M, Stilo
F. Tissue engineering and targeted drug delivery in cardiovascular
disease: the role of polymer nanocarrier for statin therapy. Biomedi-
cines. 2023;11:798.

Orive G, Gascon AR, Hernandez RM, Dominguez-Gil A, Pedraz JL.
Techniques: new approaches to the delivery of biopharmaceuticals.
Trends Pharmacol Sci. 2004;25:382-387.

Cheng LC, Jiang X, Wang J, Chen C, Liu RS. Nano-bio effects: in-
teraction of nanomaterials with cells. Nanoscale. 2013;5:3547-3569.
Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP,
Acosta-Torres LS, Diaz-Torres LA, Grillo R, Swamy MK, Sharma
S, Habtemariam S, Shin HS. Nano based drug delivery systems:
recent developments and future prospects. ] Nanobiotechnology.
2018;16:71.

Surendiran A, Sandhiya S, Pradhan SC, Adithan C. Novel ap-
plications of nanotechnology in medicine. Indian | Med Res.
2009;130:689-701.

Fessi H, Puisieux F, Devissaguet JP, Ammoury N, Benita S. Nano-
capsule formation by interfacial polymer deposition following sol-
vent displacement. Int ] Pharm. 1989;55:R1-R4.

Kiani A, Fathi M, Ghasemi SM. Production of novel vitamin D;
loaded lipid nanocapsules for milk fortification. Int ] Food Prop.
2017;20:2466-2476.

Abdel-Mottaleb MM, Neumann D, Lamprecht A. In vitro drug
release mechanism from lipid nanocapsules (LNC). Int J Pharm.
2010;390:208-213.

Hussein A, Abdel-Mottaleb MMA, El-assal M, Sammour O. Novel
biocompatible essential oil-based lipid nanocapsules with antifungal
properties. ] Drug Deliv Sci Technol. 2020;56:101605.

Kakkar D, Dumoga S, Kumar R, Chuttani K, Mishra AK. PEGylated
solid lipid nanoparticles: design, methotrexate loading and biologi-
cal evaluation in animal models. Med Chem Commun. 2015;6:1452-
1463.

Din FU, Mustapha O, Kim DW, Rashid R, Park JH, Choi JY, Ku SK,
Yong CS, Kim JO, Choi HG. Novel dual-reverse thermosensitive
solid lipid nanoparticle-loaded hydrogel for rectal administration of
flurbiprofen with improved bioavailability and reduced initial burst
effect. Eur ] Pharm Biopharm. 2015;94:64-72.

Bae JW, Choi CI, Park SH, Jang CG, Lee SY. Analytical LC-MS/MS
method for ezetimibe and its application for pharmacokinetic study.

J Liq Chromatogr Relat Technol. 2012;35:141-152.

www.kjpp.net

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu Z, Zhang X, Wu H, Li J, Shu L, Liu R, Li L, Li N. Preparation
and evaluation of solid lipid nanoparticles of baicalin for ocular
drug delivery system in vitro and in vivo. Drug Dev Ind Pharm.
2011;37:475-481.

Cho JH, Kim YI, Kim DW, Yousaf AM, Kim JO, Woo JS, Yong CS,
Choi HG. Development of novel fast-dissolving tacrolimus solid dis-
persion-loaded prolonged release tablet. Eur ] Pharm Sci. 2014;54:1-
7.

Dudhipala NR, Ettireddy SR, Puchakayala GR. Attenuation of lipid
levels in triton induced hyperlipidemia rats through rosuvastatin
calcium nanoparticles: pharmacokinetic and pharmacodynamic
studies. Chem Phys Lipids. 2021;237:105081.

Kim JS, Park JH, Jeong SC, Kim DS, Yousaf AM, Din FU, Kim JO,
Yong CS, Youn YS, Oh KT, Jin SG, Choi HG. Novel revaprazan-
loaded gelatin microsphere with enhanced drug solubility and oral
bioavailability. ] Microencapsul. 2018;35:421-427.

Nekkanti V, Wang Z, Betageri GV. Pharmacokinetic evaluation
of improved oral bioavailability of valsartan: proliposomes versus
self-nanoemulsifying drug delivery system. AAPS PharmSciTech.
2016;17:851-862.

. Azhar Shekoufeh Bahari L, Hamishehkar H. The impact of vari-

ables on particle size of solid lipid nanoparticles and nanostructured
lipid carriers; a comparative literature review. Adv Pharm Bull.
2016;6:143-151.

Tefas LR, Tomuta I, Achim M, Vlase L. Development and optimi-
zation of quercetin-loaded PLGA nanoparticles by experimental
design. Clujul Med. 2015;88:214-223.

Kheradmandnia S, Vasheghani-Farahani E, Nosrati M, Atyabi
E. The effect of process variables on the properties of ketoprofen
loaded solid lipid nanoparticles of beeswax and carnauba wax. Iran
J Chem Chem Eng. 2010;29:181-187.

Agrawal YO, Mahajan UB, Agnihotri VV, Nilange MS, Mahajan
HS, Sharma C, Ojha S, Patil CR, Goyal SN. Ezetimibe-loaded
nanostructured lipid carrier based formulation ameliorates hyper-
lipidaemia in an experimental model of high fat diet. Molecules.
2021;26:1485.

Al-Heibshy FNS, Bagaran E, Arslan R, Oztiirk N, Erol K, Demirel M.
Physicochemical characterization and pharmacokinetic evaluation
of rosuvastatin calcium incorporated solid lipid nanoparticles. Int J
Pharm. 2020;578:119106.

Miiller RH, Miader K, Gohla S. Solid lipid nanoparticles (SLN)
for controlled drug delivery - a review of the state of the art. Eur J
Pharm Biopharm. 2000;50:161-177.

Das S, Suresh PK, Desmukh R. Design of Eudragit RL 100 nanopar-
ticles by nanoprecipitation method for ocular drug delivery. Nano-
medicine. 2010;6:318-823.

Kumar R, Singh A, Sharma K, Dhasmana D, Garg N, Siril PF. Prep-
aration, characterization and in vitro cytotoxicity of Fenofibrate
and Nabumetone loaded solid lipid nanoparticles. Mater Sci Eng C
Mater Biol Appl. 2020;106:110184.

Kumar PP, Gayatri P, Sunil R, Jaganmohan S, Rao YM. Atorvastatin
loaded solid lipid nanoparticles: formulation, optimization, and in
vitro characterization. IOSR J Pharm. 2012;2:23-32.

Sathali H, Abdul A, Nisha N. Development of solid lipid nanopar-
ticles of rosuvastatin calcium. J Pharm Res. 2013;6:536-548.

. Wissing SA, Kayser O, Miiller RH. Solid lipid nanoparticles for par-

enteral drug delivery. Adv Drug Deliv Rev. 2004;56:1257-1272.

Korean J Physiol Pharmacol 2024;28(3):275-284



284

Metwally MA et al

43.

44.

45.

46.

47.

~N

48.

49.

50.

5

—

52.

53.

54.

Brazel CS, Huang X. The cost of optimal drug delivery: reducing
and preventing the burst effect in matrix systems. In: Svenson §,
editor. Carrier-based drug delivery. American Chemical Society;
2004. p.267-282.

Hwang I, Park SI, Lee S, Lee B, Yu KS, Jeon JY, Kim MG. Pharma-
cokinetics of fixed-dose combination of rosuvastatin 20 mg and
ezetimibe 10 mg compared to concurrent administration of indi-
vidual tablets in healthy Korean subjects. Transl Clin Pharmacol.
2018;26:16-24.

Li J, Yang M, Xu W. Development of novel rosuvastatin nanostruc-
tured lipid carriers for oral delivery in an animal model. Drug Des
Devel Ther. 2018;12:2241-2248.

Yasim A, Ozbag D, Kilinc M, Ciralik H, Toru H, Giimiisalan Y. Ef-
fect of atorvastatin and ezetimibe treatment on serum lipid profile
and oxidative state in rats fed with a high-cholesterol diet. Am |
Med Sci. 2010;339:448-452.

Birnbaum Y, Lin Y, Ye Y, Merla R, Perez-Polo JR, Uretsky BE. Pre-
treatment with high-dose statin, but not low-dose statin, ezetimibe,
or the combination of low-dose statin and ezetimibe, limits infarct
size in the rat. ] Cardiovasc Pharmacol Ther. 2008;13:72-79.

Rashid R, Kim DW, Yousaf AM, Mustapha O, Fakhar Ud Din, Park
JH, Yong CS, Oh YK, Youn YS, Kim JO, Choi HG. Comparative
study on solid self-nanoemulsifying drug delivery and solid disper-
sion system for enhanced solubility and bioavailability of ezetimibe.
Int ] Nanomedicine. 2015;10:6147-6159.

Saadallah MS, Hamid OA. Eudragit® L100 nanoparticles for trans-
dermal delivery of rosuvastatin calcium. J Excipients Food Chem.
2022;13:80-93.

Proudfoot SG. Assessment of bioavailability. In: Aulton ME, editor.
Pharmaceutics, the science of dosage form design. Churchill Living-
stone Edinburgh; 1999. p. 174, 189.

. McTaggart F. Comparative pharmacology of rosuvastatin. Athero-

scler Suppl. 2003;4:9-14.

Kosoglou T, Statkevich P, Johnson-Levonas AO, Paolini JF, Bergman
AJ, Alton KB. Ezetimibe: a review of its metabolism, pharmacoki-
netics and drug interactions. Clin Pharmacokinet. 2005;44:467-494.
Alhayali A, Selo MA, Ehrhardt C, Velaga S. Investigation of super-
saturation and in vitro permeation of the poorly water soluble drug
ezetimibe. Eur ] Pharm Sci. 2018;117:147-153.

Din FU, Saleem S, Aleem F, Ahmed R, Huda NU, Ahmed S, Khale-

Korean J Physiol Pharmacol 2024;28(3):275-284

55.

56.

eq N, Shah KU, Ullah I, Zeb A, Aman W. Advanced colloidal tech-
nologies for the enhanced bioavailability of drugs. Cogent Medicine.
2018;5:1480572.

Verma R, Kaushik A, Almeer R, Rahman MH, Abdel-Daim MM,
Kaushik D. Improved pharmacodynamic potential of rosuvastatin
by self-nanoemulsifying drug delivery system: an in vitro and in
vivo evaluation. Int ] Nanomedicine. 2021;16:905-924.

Katsiki N, Theocharidou E, Karagiannis A, Athyros VG, Mikhaili-
dis DP. Ezetimibe therapy for dyslipidemia: an update. Curr Pharm
Des. 2013;19:3107-3114.

57. Morris S, Tiller R. Ezetimibe for hypercholesterolemia. Am Fam

58.

59.

60.

61.

62.

63.

64.

65.

Physician. 2003;68:1595-1596.

Miura S, Saku K. Beneficial effects of ezetimibe-based therapy in
patients with dyslipidemia. J Cardiol. 2008;52:1-6.

Garcia-Calvo M, Lisnock J, Bull HG, Hawes BE, Burnett DA, Braun
MP, Crona JH, Davis HR Jr, Dean DC, Detmers PA, Graziano MP,
Hughes M, Macintyre DE, Ogawa A, O'neill KA, Iyer SP, Shevell DE,
Smith MM, Tang YS, Makarewicz AM, et al. The target of ezetimibe
is Niemann-Pick C1-Like 1 (NPCILI). Proc Natl Acad Sci U S A.
2005;102:8132-8137.

Neal RC, Jones PH. Lipid-lowering: can ezetimibe help close the
treatment gap? Cleve Clin ] Med. 2003;70:777-783.

Boutari C, Karagiannis A, Athyros VG. Rosuvastatin and ezetimibe
for the treatment of dyslipidemia and hypercholesterolemia. Expert
Rev Cardiovasc Ther. 2021;19:575-580.

Rizzo M, Berneis K, Spinas GA, Rini GB, Kapur NK. Quantitative
and qualitative effects of rosuvastatin on LDL-cholesterol: what is
the clinical significance? Int J Clin Pract. 2009;63:478-485.

Pearson TA, Ballantyne CM, Veltri E, Shah A, Bird S, Lin J,
Rosenberg E, Tershakovec AM. Pooled analyses of effects on C-
reactive protein and low density lipoprotein cholesterol in placebo-
controlled trials of ezetimibe monotherapy or ezetimibe added to
baseline statin therapy. Am J Cardiol. 2009;103:369-374.

Min KL, Park MS, Jung J, Chang MJ, Kim CO. Comparison of phar-
macokinetics and safety of a fixed-dose combination of rosuvastatin
and ezetimibe versus separate tablets in healthy subjects. Clin Ther.
2017;39:1799-1810.

Wirfs MJ. The APRN and PA’s Complete Guide to Prescribing Drug
Therapy 2022. Springer Publishing Company; 2021.

https://doi.org/10.4196/kipp.2024.28.3.275





