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Abstract. This study aimed to enhance the dissolution of simvastatin (SMV) through its
formulation in liquisolid tablets (LSTs) to improve its bioavailability and hypolipidemic activity
after oral administration. SMV-LSTs were optimized using Box-Behnken design to maximize the
rate and extent of SMVdissolution. The optimized SMV-LSTwas evaluated for pharmacokinetic
parameters and potential hypolipidemic activity on induced hyperlipidemic rats. The dissolution
parameters revealed a shortening of mean dissolution time from 10.99 to 6.82 min, increasing of
dissolution rate during the first 10 min from 1253.15 to 1667.31 μg/min, and enhancing of
dissolution efficiency after 60 min from 71.92 to 86.93% for SMV-LSTs versus the commercial
SMV tablets. The obtained data reflected an improvement in the relative bioavailability of SMV
with 148.232% which was confirmed by the significant reduction of the levels of circulating total
cholesterol, triglycerides that reached the normal level after 12 h. In particular, the optimized
SMV-LSTs reduced serum low-density lipoproteins (LDL) by 44.6% which was significantly
different from the commercial SMV tablets. In contrast, the level of serum high-density
lipoprotein (HDL) was significantly augmented after 4 h in rats treated with the optimized SMV-
LSTs by 47.6%. Finally, the optimized SMV-LSTs showed a significant lower atherosclerotic
index value which could maximize its potential in decreasing the risk of coronary disease and
atherosclerosis. Overall enhancement in pharmacokinetics and pharmacodynamics in compar-
ison with the commercial tablets confers the potential of the liquisolid approach as a promising
alternative for improved oral bioavailability, hypolipidemic, and cardioprotective effects of SMV.

KEY WORDS: bioavailability; Box-Behnken design; hyperlipidemia; in vitro release; liquisolid;
simvastatin; atherosclerotic index.

INTRODUCTION

A great number of the newly developed active pharma-
ceutical ingredients (APIs), whatever their origin (natural,
synthetic, or semi-synthetic), are hydrophobic. Accordingly,
these APIs are of limited solubility and dissolution rate [1–3].
Many formulation strategies have been reported to enhance the
solubility and dissolution rate of poorly water-soluble APIs such
as solid dispersion, inclusion complexation, nanosuspension
formation, micronization, self-nanoemulsions, polymeric, and
lipid-based nanoparticles [4–12].

SMV faced limited bioavailability (5%) after oral admin-
istration due to its poor aqueous solubility (≈ 0.03 g/L), slow
dissolution rate, and extensive hepatic metabolism [13, 14].
Consequently, it is necessary to propose effective strategies to
improve the solubility of SMV that could enhance the drug
bioavailability and hypolipidemic effect. From these strategies,
development of self-microemulsifying delivery system [15], self-
nanoemulsifying granules [16], transdermal delivery system [17–
19], nanostructured lipid carrier [13], nanosuspension [20],
spherical mesocellular foam [21], encapsulation in polymeric
micelles of HPMC [22], and complexation with hydroxypropyl
b-cyclodextrin [23] have been reported.

Most of these approaches require sophisticated prepara-
tion methods and/or advanced equipment and so high
production costs. Recently, the liquisolid technique has been
introduced to improve the dissolution and to overcome
drawbacks of the aforementioned approaches [24, 25]. In this
method, liquid drug(s), solution, or suspension of water-
insoluble APIs are converted into non-adherent, free-flowing,
and easy compressible dry powder mixtures by mixing with
proper excipients (carriers and coating materials). The
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obtained dry powder mixtures are finally formulated into fast
release solid dosage form [26, 27]. Drugs formulated into the
liquisolid system are present in a complete or partial
molecular dispersion state that improves the dissolution rate
by enhancing their aqueous solubility, improving the wetting
properties, or increasing the surface area accessible for
dissolution medium [28–32]. Liquisolid technique reveals
several benefits such as simple processing, low production
costs in comparison with the soft gelatin capsules, and
superior release of its drug content. The key advantage is
the greater bioavailability of the liquid drug produced by its
loading on silica which maximizes the surface area available
for absorption. Enhancement in the drug bioavailability is
expected to have a direct effect on reducing the drug dose
and side effect. Other advantages of the liquisolid technique
include decreasing the influence of pH variation on drug
dissolution profile [33], enhancing drug photostability [34],
and recently this technique has been examined in drug
release enhancement or modification [35–39].

SMV like other statin drugs exerts its hypolipidemic
effect by inhibiting the enzyme 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase (HMG-CoA) leading to decrease the
synthesis of cholesterol and increase the removal of LDL
circulating in the body [40, 41]. It has been reported that the
cardioprotective property of SMV may not only achieved by
inhibition of HMG CoA activity thereby reducing endoge-
nous cholesterol biosynthesis but may also include induction
of lecithin:cholesterol acyltransferase (LCAT) activity that
promote the esterification of free cholesterol.

SMV possesses high permeability through biological
body membranes, but due to its very low aqueous solubility,
its absorption after oral administration is restricted by its low
dissolution rate. Therefore, the use of the liquisolid technique
was chosen to improve the dissolution behavior of SMV and
consequently enhancing its oral bioavailability, hypolipid-
emic, and cardioprotective effects.

MATERIALS AND METHODS

Materials

Simvastatin (SMV) was kindly donated by the Saudi
Arabian Japanese Pharmaceutical Company (Jeddah, Saudi
Arabia). Propylene glycol (PG) was obtained from Fluka
(Steinheim, Germany). Span 80, Tween 20, Tween 60, Tween
80, and triacetin were procured from Sigma-Aldrich (St. Louis,
MO, USA). Glycerin was purchased from Crescent Diagnostics
(Jeddah, Saudi Arabia). Methanol and polyethylene glycol
(PEG) 400 were supplied from BDH laboratory reagents
(Poole, England). PEG 200 was obtained from Merck-
Schuchardt (Hohenbrunn, Germany). Polyvinylpyrrolidone/
vinyl acetate copolymer (PVP/VA 50/50 w/w) 73 and 64 all
PVP/VAs were gifted from Shanghai Yuking Water Soluble
Material Tech. Co. Ltd. (Shanghai, China). Talc powder was
purchased from Whittaker Clark & Daniels (South Plainfield,
NJ, USA). Microcrystalline cellulose (Avicel PH 101) was
procured from Fluka (Hach Lange, Ireland). Polyvinylpyrroli-
done, average M.W. 8.000, K16-18 was obtained from Acros
Organics (Fair Lawn, NJ, USA). Croscarmellose sodium (Ac-
Di-Sol) was purchased from FMC BioPolymer (Philadelphia,
PA, USA). Acetonitrile HPLC grade was procured fromMerck

Inc., (Darmstadt, Germany). Phosphoric acid was procured
from Riedel-de Haën AG (Seelze, Germany).

Solubility Studies

SMV solubility was determined in glycerin, PG, PEG
200, PEG 400, Span 80, Tween 20, Tween 60, Tween 80, PVP/
VA 73, PVP/VA 64, triacetin, and distilled water as previously
published [29, 42]. Briefly, SMV was mixed with a known
volume of the studied solvents in 10-ml vials to prepare a
saturated system of the drug. The mixture was kept shaken in
a water bath (GFL type 1083, Germany) for 48 h at room
temperature. The prepared mixtures were centrifuged at
15,000 rpm for 30 min (Sigma type 3 k30, Germany), filtered
(0.2 μm, Millipore), and finally analyzed for SMV concentra-
tion spectrophotometrically at 239 nm (UV-Vis spectropho-
tometer, Jenway 67 series).

Design and Formulation of SMV-Liquisolid Tablets Using
Box-Behnken Design

Response surface methodology was employed to evalu-
ate the effect of three independent variables namely, liquid
load factor (X1), the excipient ratio (X2), and the Ac-Di-Sol
concentration (X3) in three levels on the dissolution behavior
of SMV-liquisolid tablets (LSTs). The liquid load factor was
ranged from 0.25 to 0.35, the excipient ratio was 5–15, and the
Ac-Di-Sol concentration was ranged from 4 to 6%. The low
and high levels of these variables have been selected based on
the results of the preliminary study of the holding capacity of
excipients and the flow and compressibility behaviors of the
liquisolid powder blends. These constraints ensure the
potential of the formulations to be free-flowing and com-
pressed into tablets with acceptable quality attributes.
Statgraphics Centurion 18 software, Statgraphics Technolo-
gies, Inc. (Virginia, USA), was used to assess the effect of the
independent variables on the dissolution rate at the first
10 min (Y1), and the dissolution efficiency percent after
60 min (Y2). The composition of the optimized LSTs, with
improved dissolution pattern, was obtained utilizing numer-
ical optimization and desirability approach.

Pre-compression Evaluation of the Liquisolid Powder Blends

Evaluation of Powder Flow Properties and Compressibility

Flow properties of the powder blends were evaluated by
the angle of repose method according to the USP29-NF24
(General Chapters: <1174> Powder flow) [43]. This was
carried out by allowing the powder to drop from a funnel
on a table surface to form a pile, then the height of the
powder cone was measured and finally the tan of the angle of
repose was measured from Eq. 1.

tan θ ¼ 2� height
base

� �
ð1Þ

Compressibility properties of the powder blends were
evaluated according to the USP29-NF24 (General Chapters:
<1174> Powder flow) [43]. A specific volume of the sample
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was gently transferred into a graduated cylinder and accu-
rately weighed. Then, the sample was mechanically tapped
several times until no further volume changes occur. The bulk
and tapped volumes were determined. All measurements
were done in triplicate. The bulk (BD) and tapped densities
(TD) (g/mL) were calculated. The compressibility index (CI)
was estimated from Eq. 2.

CI ¼ 100� TD−BD
TD

� �
ð2Þ

Compression and Evaluation of SMV-Liquisolid Tablets

Fifteen batches of SMV-LST formulations (LS-1 to LS-15)
were prepared as per suggested byBox-Behnken design (BBD).
SMV was dissolved in the selected non-volatile solvent and
triturated well with Avicel PH-101 and fumed silica. All
ingredients were de-lumped individually through no. 40 mesh
sieve and mixed with other excipients such as binder and
disintegrant for 15 min. The glidant and lubricant were also de-
lumped through the 40-mesh sieve, then added to the powder
blend andmixed for 3min. The powder blends were compressed
at 10-kN compression force with a single punch tablet press
(Erweka, GmbH, Heusenstamm, Germany) equipped with 9-
mm flat face round punches. The tablet weight of the prepared
tablets was approximately 300mg containing 20mg of SMV. The
tablet dimensions were measured for 10 tablets using a digital
micrometer (Mitutoyo, Japan). The prepared tablets were
tested for the average weight using a Mettler Toledo balance
(Mettler Toledo, Switzerland). Hardness was determined using
hardness tester (Erweka TBH200, Germany). Tablet friability
was estimated using a PharmaTest PTF10ER Friabilator
(Hainburg, Germany), and the disintegration time was deter-
mined using a PharmaTest PTZ3 disintegration test apparatus
(Hainburg, Germany). Finally, the SMVcontent of the prepared
batches was determined using the high-performance liquid
chromatography (HPLC) instrument (Agilent Technologies,
Palo Alto, CA). All the methods used during the quality control
testing complied with the USP Pharmacopeia [44].

In Vitro Dissolution Studies

The USP apparatus II (paddle type) was used to study the
in vitro dissolution of SMV from the prepared LST formulations.
A dissolution medium of 900 ml of distilled water containing
0.5% sodium dodecyl sulfate to maintain sink condition as
previously reported [45, 46] at 37 ± 0.5°C was used at a rotation
of 75 rpm. Samples of 5 ml were withdrawn at predetermined
time intervals of 5, 10, 15, 30, 45, and 60 min and filtered through
0.45-μm Millipore filter (Millipore Corp., Bedford, MA, USA).
Samples removed were replenished immediately with the same
volume of fresh media. The concentration of SMV was
determined using the previously reported and validated analyt-
ical chromatographic method using the HPLC instrument
(Agilent Technologies, Palo Alto, CA) equipped with HP 1200
UVdetector (Hewlett-Packard, USA) that was set at 238 nm.An
HP 1200 autosampler and a quaternary HP 1200 pump were
used. Acetonitrile–phosphate buffer (pH 6.8; 0.01M) (40:60, v/v)
was used as a mobile phase that was pumped at a flow rate of

1.2 mL/min under an isocratic condition [47]. The cumulative
percentage of dissolved SMV released was calculated regarding
determined content and plotted versus time. Dissolution studies
were performed in triplicate.

To investigate the significance of variation among the
dissolution profiles of SMV from the prepared LSTs, the
dissolution rate during the first 10 min (DR10) was calculated
using Eq. 3.

DR10 μg=minð Þ ¼ M �D
1000

ð3Þ

where M is the total quantity of SMV in each tablet
(20,000 μg) and D designates the percentage of drug
dissolved during the first 10 min.

Also, other non-model parameters such as the mean
dissolution time (MDT) and the dissolution efficiency at
60 min (DE60) were calculated from the in vitro release data
using DDSolver (An Add-In Program for Modeling and
Comparison of Drug Dissolution Profiles) [48]. These param-
eters were computed according to Eqs. 4 and 5 to compare
the different dissolution profiles of the LS formulations.

MDT ¼ ∑n
j¼1t

AV
j � ΔQj

∑n
j¼1ΔQj

ð4Þ

where (j) is the sample number, n is the number of dissolution
sample times, (tAV

j ) is the time at the midpoint between t and
t − 1 (calculated with (t + t − 1)/2), and (ΔQj) is the additional
amount of drug dissolved between t and t − 1.

The dissolution efficiency was computed as the percent
ratio of area under the dissolution curve up to the time, t, to
that of the corresponding area of the rectangle described by
100% dissolution at the same time [49–52].

DE60 %ð Þ ¼ ∫t0Qdt
Q100 � t

� 100 ð5Þ

where (Q) is the percent of drug released at each time
interval, (t) is the total duration of drug release, and (Q100) is
the 100% drug release.

Data Analysis and Prediction of the Optimized SMV-LS
Formulation

Analysis of variance and multiple response optimization,
using Statgraphics software, was performed to investigate the
effect of each input variable and its interaction with other
variables to predict the optimized SMV-liquisolid tablets. The
proposed optimized SMV-LST formulation was prepared,
fully characterized, and compared to the commercial SMV
tablets (Simva 20 mg, Jamjoom Pharmaceuticals Co., Jeddah,
SA) using a model-independent method by calculation of
MDT, DR10, and DE60 parameters as well as by the use of fit
factors like the difference factor (f1) (Eq. 6), and the
similarity factor (f2) (Eq. 7) [53–56]. Analysis of the
dissolution data and calculation of all the studied parameters
were performed using the DDSolver (An Add-In Program
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for Modeling and Comparison of Drug Dissolution Profiles)
[48].

f 1 ¼
∑ Rt−Ttð Þ

∑Rt

� �
� 100 where t ¼ 1 to n ð6Þ

f 2 ¼ 50log 1þ 1
n
∑n

t¼1Wt Rt−Ttð Þ2
� �−0:5

� 100

( )
ð7Þ

where n is the number of dissolution sampling times, and Rt

and Tt represent the individual or mean percent dissolved at
each time point, t, for the reference and test dissolution
profiles, respectively. Finally, the optimized formulation was
scaled up to be evaluated in vivo for its pharmacokinetic
parameters and pharmacodynamic effect in induced hyper-
lipidemic rats.

In Vivo Studies on the Poloxamer-Induced Hyperlipidemic
Rats

Experimental Design

In this study, a single-dose one-period parallel design was
used. The study was performed following the European
Medicines Agency (EMA), International Conference on Har-
monization (ICH), GoodClinical Practice (GCP), and Food and
Drug Administration (FDA) guidelines. The animal experi-
mental protocol was revised and approved by the Research
Ethics Committee, Faculty of Pharmacy, King Abdulaziz
University (Approval No. PH-111-41). The study was achieved
according to the Declaration of Helsinki, the Guiding Principle
in Care and Use of Animals (DHEW production NIH 80±23),
and the “Standards of Laboratory Animal Care” (NIH distri-
bution #85±23, reconsidered in 1985).

Animal Handling

Twenty-four male Wistar rats, weighing 200–250 g, were
used in this study. Twelve rats were used for the pharmaco-
kinetic (PK) and twelve were used for pharmacodynamic
(PD) evaluation. This number of rats was considered enough
for blood sampling by an alternative method. The rats were
housed in cages and kept on a 12-h light/dark at room
temperature (25°C) and relative humidity of 55 ± 10%. Rats
were maintained with free access to water and ad libitum.
General and environmental conditions were strictly moni-
tored. The animals were divided into two groups of six
animals. The two groups were nominated as a test group that
received an oral SMV-LSTs while the reference group
administered the commercial SMV tablet (Simva 20 mg,
Jamjoom Pharmaceuticals Co., Jeddah, SA). Hyperlipidemia
was induced in the studied animals by intraperitoneal
injection of 0.25 g/kg poloxamer 407 that was dissolved in
0.9% saline [57, 58]. After 24 h, the reference and test groups
were orally administered 1 ml of 0.5% carboxymethyl
cellulose aqueous suspensions containing the pulverized

SMV tablet (equivalent to 10 mg/kg body weight) through
esophageal intubation.

Blood Sampling

Blood samples (250 μL) were collected in heparinized
tubes under light ether anesthesia by a retro-orbital puncture
at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 h. The collected blood
samples were centrifuged at 3000 rpm for 5 min to separate
the plasma that was collected and stored at − 20°C until
performing the analysis.

Evaluation of Pharmacokinetic Parameters

The pharmacokinetic parameters of the optimized SMV-
LSTs were evaluated and compared to that of the commercial
drug tablets. After the oral administration of the optimized SMV-
LSTs and the commercial tablets as described above, the
following pharmacokinetic parameters were determined by the
non-compartmental extravascular pharmacokinetic model using
PKsolver (an add-in program for pharmacokinetic data). Maxi-
mum (peak) plasma concentration over the time specified (Cmax)
and time point to reach the maximum plasma concentration
(Tmax) were specified. The area under the plasma concentration-
time curve from zero time to the last measurable concentration
(AUC0–t) was estimated by the linear trapezoidal method, and
the area under the plasma concentration-time curve from time
zero to infinity (AUC0–inf) was calculated as the sum of the
AUC0–t plus the ratio of the lastmeasurable plasma concentration
to the elimination rate constant. The area under the first moment
of the plasma concentration-time curve was from time zero to
infinity (AUMC0–inf), also, the individual estimate of the terminal
elimination rate constant (Lambda_z). The mean residence time
(MRT0–inf) is calculated by the ratio of AUMC to AUC. The
elimination half-life (t1/2) was calculated as 0.693/Lambda_z.
Moreover, the apparent total body clearance of the drug from
plasma after oral administration (Cl/F) was calculated by dividing
the dose byAUC. The apparent volume of distribution during the
terminal phase after non-intravenous administration (Vz/F) was
calculated by multiplying the total body clearance by MRT.
Finally, the relative bioavailability of optimized liquisolid tablets
(AUC test/AUC reference × 100) was determined.

Chromatographic Conditions

The plasma SMV concentration was determined using an
isocratic HPLC chromatographic condition. The HPLC
instrument was equipped with a variable wavelength ultravi-
olet spectroscopic detector adjusted at 236 nm along with a
quaternary pump, autosampler, vacuum degasser, and
Winchrom software was used. The chromatographic separa-
tion was performed on a Phenomenex, RP Hi-Q-Sil C18
column (Phenomenex, Torrance, CA) at room temperature.
Acetonitrile-0.1% phosphoric acid at 70:30 v/v was used as a
mobile phase that was pumped at a flow rate of 1 ml/min. For
SMV extraction from the plasma samples, 1 ml of an
acetonitrile-methanol (1:1) mixture was added, vortexed for
1 min, and centrifuged for 10 min at 5000 rpm. The organic
phase was taken and evaporated to dryness under a stream of
nitrogen at 50°C. The residue was reconstituted in 80 μl of the
mobile phase and a volume of 20 μl was injected. An internal
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standard (IS) solution was prepared by dissolving a specified
amount of atorvastatin in a known volume of the mobile
phase to prepare a 100 μg/ml solution. Two milliliters of the
IS was added to 500 ml of the supernatant followed by
extraction with diethyl ether and potassium hydroxide
solution. The supernatant was evaporated under nitrogen
and the residue was constituted with 200 ml of the mobile
phase. The chromatographic condition utilized in this method
was in-house validated and considered accurate, precise,
sensitive, selective, and robust. The limits of SMV quantita-
tion and detections were 2 and 0.5 ng/ml, respectively.

Measurement of SMV Hypolipidemic Activity

The hypolipidemic activity of SMV-LSTs was determined
in comparison with SMV commercial tablet over a 24 h after
an oral administration of a single-dose of SMV (10 mg/kg
body weight). Blood samples were collected and the serum
was separated by centrifugation at 10,000 rpm for 5 min. The
collected serum samples were analyzed for total cholesterol,
total triglycerides, LDL, and HDL by the enzymatic colori-
metric method using in vitro diagnostic kits (Egy Chemical for
Lab Tech & BioMed Diagnostics, Egypt) [59]. Before blood
sampling, the studied animals have fasted overnight, and
blood samples were collected through retro-orbital punctur-
ing at zero time to determine the baseline levels of TC, TG,
HDL, and LDL. These biochemical parameters have been re-
determined after administering SMV to the studied groups
and comparing results with the corresponding baseline values
assuming that each animal served as its own control.

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism, version 8.4.2 Software (San Diego, CA, USA). Regard-
ing the plasma concentration-time curve, two-way ANOVA
followed by Sidak’s multiple comparisons test was done to
compare each means with the other at all time points to assess
the significance between groups. The biochemical parameters
were assessed for their statistical difference using the (multiple t
tests) Holm-Sidak method with alpha 0 0.05 to analyze each
time point individually. Finally, a two-tailed unpaired t test was
used to assess the pharmacokinetic parameters of the formula-
tions. Results with P < 0.05 were considered significant.

RESULTS AND DISCUSSION

In this study, LST formulations of SMV were prepared as
suggested by BBD (Table I). To develop LSTs characterized
by higher SMV release rate, the drug solubility in the
commonly used non-volatile water-miscible solvents, some
nonionic surfactants like Spans, Tweens, and PVP/VA copol-
ymers were investigated. It has been previously reported that
the drug release from the liquisolid formulation is mainly
dependent on the drug solubility in the studied liquid vehicle
[60]. Tween 80 was selected as a non-volatile solvent as it
demonstrates the highest solubilization capacity of SMV
(98.34 mg/ml) while its solubility in water was 0.22 mg/ml
(Fig. 1). This finding confirms that SMV is very slightly
soluble in water as described by the USP since it needs from
1000 to 10,000 ml to dissolve 1 g. The proposed fifteen

formulations were prepared by direct compression technique
using Avicel PH-101 and fumed silica as carrier and coating
materials, respectively. Ac-Di-Sol (Croscarmellose sodium)
was used as superdisintegrant and polyvinylpyrrolidone (PVP
K16-18) was added to maintain the aqueous supersaturation
of SMV via its adsorption on the surface and inhibition of the
crystal growth at a high degree of supersaturation [61]. The
data obtained from pre-compression parameters such as the
angle of repose and Carr’s index were found to be within
acceptable pharmacopeia range (Table II). Though some
formulations have shown good flow properties, incorporation
of the glidant was essential to improve the flow properties of
all formulations. The flow properties of the LS powder blends
expressed in the form of the angle of repose were varied from
42.3° to 25.1° indicating a passable to excellent flow charac-
teristics. It was obvious from the data presented in Table II
that the formulations (LS-11 and LS-5) had passable flow
property because they have the highest values of liquid load
factor and the excipient ratio, and the formulations LS-4, LS-
9, and LS-12 had fair flow. On the other hand, the rest of the
remaining formulations exhibited good to excellent flow
behavior and can be compressed without aid. Also, the
compression properties of the formulations represented by
Carr’s index showed good compressibility as most of the
formulations have Carr’s index values less than 21% [62].

After successful compression of the LS formulations, the
compressed tablets were evaluated for their quality attributes
like weight uniformity, content uniformity, hardness, friability,
and in vitro disintegration. The post-compression properties
of the prepared LSTs presented in Table II revealed their
uniformity regarding the weight of tablets and SMV content
of all formulations. SMV content was found to be in the range
of 96.99 to 99.98% for LS-12 and LS-3, respectively. These
results comply with the official specifications of the USP and
reflect the uniformity of weight in all the studied formulations
[63]. Also, the observed ranges for the friability and the
hardness were 0.13–0.57%, and 42.6–70.2 N, respectively.
These results met the compendial limits of friability (< 1%)
and reflect the acceptable mechanical properties of the
prepared LSTs and the good compressibility of the powder
blends. Finally, the disintegration time of the prepared tablets
was ranged from 58 to 302 s for LS-4 and LS-10, respectively,
which denotes that the disintegration time of all the studied
formulations met the pharmacopoeial requirements.

In Vitro Dissolution Studies

The dissolution studies of the liquisolid tablets were
performed in distilled water containing 0.5% sodium dodecyl
sulfate dissolution medium to maintain the sink condition of
SMV during the study. In vitro dissolution profiles of the fifteen
LS formulations are presented in Fig. 2. In a good agreement
with the monographs in the pharmacopeia specification USP 34,
all formulations released more than 75% of their SMV content
in 30min except LS-6 which released only 66.94% in this period.
Moreover, drug release from LS-5 was very fast (82.73% in
10 min) while LS-6 observed very slow SMV release (53.59% in
10 min). Similar to our previous observation, the drug release
rate was impacted by the hardness of the tablets [64]. The rate of
disintegration is influenced by the rate of influx of the
dissolution medium into the tablets. Also, the Ac-Di-sol

Page 5 of 14 223AAPS PharmSciTech (2020) 21: 223



percentage in the formulation has an impact on the dissolution
rate regardless of the other solid components in the formulation.
Formulations with a high percentage of Ac-Di-Sol would most
likely decrease the disintegration time and consequently en-
hances the dissolution rate and efficiency of SMVas noticeably
observed in formulations LS-3, LS-4, LS-5, and LS-7. In
contrast, formulations containing a low percentage of Ac-Di-
Sol (LS-6, LS-9, LS-10, and LS-12) showed the lowest cumula-
tive amount of SMV released. This result might be attributed to
the long disintegration time of LSTs that led to a decrease in the
surface area exposed to the medium and so to a decrease in the
dissolution and bioavailability of the drug and vice versa [65].

The dissolution rate during the first 10 min (DR10) was taken
as a measure for the extent and rate of drug dissolved from the
prepared formulations. It was observed that theDR10was increased
upon increasing the solubility of the drug in the non-volatile solvent
that was used in the preparation of the LS formulations. The
obtained result was also supported by further analysis of the
dissolution data using the mean dissolution time (MDT) and
dissolution efficiency after 60min (DE60).All formulations revealed
low values of MDT that ranged from 7.65 min to 13.54 min
(Table II) that was reflected in the high values of DR10, ranged
from 1071.97 to 1654.55 μg/min, and high values of DE60 that

ranged from64.17 to 86.33%(Table III). Thesefindings indicate the
enhancement of the rate and extent of SMV dissolution.

Quantitative Estimation and Mathematical Modeling of the
Dissolution Data

Table IV illustrates the estimated effect of factors, F-ratio, and
P values for Y1 and Y2 obtained from the two-way analysis of
variance (ANOVA). It was obvious that the liquid load factor (X1),
excipient ratio (X2), and Ac-Di-Sol percent (X3) had significant
positive effects on the dissolution rate during the first 10 min (Y1)
with P values of 0.0160, 0.0030, and 0.0001, respectively. The
quadratic termofX3 had a significant negative effect onY1with aP
value of 0.0270. Also, it was found that X2 and X3 had significant
positive effects on the dissolution efficiency (Y2) with P values of
0.0164 and 0.0003, respectively, whileX1 had no significant effect on
Y2. The R-squared statistic specifies that the model as fitted
explains 97.9135% and 95.4209% of the variability in DR10 and
DE60, respectively. Upon analysis of the data, a mathematical
model for each variable was produced. These models are
represented in Eqs. 7 and 8 that illustrate the quantitative effects
of the studied variables on the dependent responses (Y1–Y2).

DR10 ¼ −401:861−6178:35 X1 þ 33:139 X2 þ 740:594 X3

þ 7364:83 X1
2 þ 34:43 X1X2

þ 497:15 X1X3−1:208 X2
2−0:653 X2X3−68:248 X3

2

ð8Þ

DE60 ¼ 22:069−291:35 X1 þ 0:59 X2 þ 28:073 X3

þ 295:5 X1
2 þ 5:49 X1X2

þ 18:95 X1X3−0:014 X2
2−0:272 X2X3−2:346 X3

2 ð9Þ

It is clear from the regression Eq. 7, the statistical
analysis (Table IV), and the Pareto chart (Fig. 3a) as well as

Table I. Composition Matrix of Simvastatin Liquisolid Formulations Based on Box-Behnken Design

Formula code Avicel, Q Silica, q Tween 80, W SMV PVP K16-18 Ac-Di-Sol Talc Mg stearate Tablet weight
(mg)

LS-1 166.67 16.67 50.00 20.00 27.87 14.06 1.48 1.48 298.22
LS-2 166.67 11.11 41.67 20.00 26.34 13.29 1.40 1.40 281.87
LS-3 166.67 33.33 50.00 20.00 29.70 17.98 1.59 1.59 320.86
LS-4 166.67 11.11 50.00 20.00 27.26 16.50 1.46 1.46 294.45
LS-5 166.67 16.67 58.33 20.00 28.78 17.43 1.54 1.54 310.96
LS-6 166.67 33.33 50.00 20.00 29.70 11.99 1.56 1.56 314.81
LS-7 166.67 16.67 41.67 20.00 26.95 16.32 1.44 1.44 291.15
LS-8 166.67 16.67 50.00 20.00 27.87 14.06 1.48 1.48 298.22
LS-9 166.67 16.67 58.33 20.00 28.78 11.62 1.51 1.51 305.09
LS-10 166.67 16.67 41.67 20.00 26.95 10.88 1.41 1.41 285.66
LS-11 166.67 33.33 41.67 20.00 28.78 14.52 1.52 1.52 308.03
LS-12 166.67 11.11 50.00 20.00 27.26 11.00 1.43 1.43 288.90
LS-13 166.67 33.33 58.33 20.00 30.62 15.45 1.62 1.62 327.65
LS-14 166.67 11.11 58.33 20.00 28.17 14.21 1.49 1.49 301.49
LS-15 166.67 16.67 50.00 20.00 27.87 14.06 1.48 1.48 298.22

Fig. 1. Solubility of simvastatin in different non-volatile solvents.
Data are presented as mean ± SD, (n 0 3)
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the 3D response surface plots (Fig. 3b–d) that Y1 is
significantly influenced by X1, X2, and X3. An increase in
the liquid load factor (X1) from 0.25 to 0.35, at the same level
of X2 and X3, led to an increase in Y1 from 1459.56 to
1591.33 μg/min for LS-2 and LS-14, respectively. A similar
observation was noticed for LS-7 and LS-5 where Y1

increased from 1505.27 to 1654.55 μg/min, and from 1158.04
to 1207.89 μg/min for LS-10 and LS-9, respectively. Also, the
same finding was confirmed for LS-11 and LS-13 that
illustrated an increase in the Y1 value from 1264.88 to
1362.22 μg/min, respectively. A similar trend was observed
with a direct relationship between DR10 (Y1) and the
excipient ratio (X2) and Ac-Di-Sol percent (X3).

Also, it is obvious from the regression Eq. 8, the
statistical analysis (Table IV), and the Pareto chart (Fig. 4a)
as well as the 3D response surface plots (Fig. 4b–d) that Y2 is
significantly influenced by X2 and X3 while X1 had no
significant effect on DE60. An increase in the Ac-Di-Sol

percent (X3) from 4 to 6%, at the same level of X1 and X2, led
to an increase in Y2 from 64.17 to 82.72% for LS-6 and LS-3,
respectively. A similar observation was found in LS-12 and
LS-4 where Y2 increased from 72.21 to 85.33%, and from
1158.04 to 1207.89 μg/min for LS-10 and LS-9, respectively.
Also, the same finding was confirmed for LS-10 and LS-7 that
illustrated an increase in Y2 from 69.95 to 82.54%, respec-
tively. A similar trend was observed with a direct relationship
between DE60 (Y2) and the excipient ratio (X2). The
enhancement in drug release could be attributed to the
expected increase in the drug solubility in the liquid vehicle
of the liquisolid system. Also, the liquid vehicle may act as a
co-solvent in the release microenvironment at the solid-liquid
interface between the individual liquisolid primary particle
and the release medium which permit easy diffusion of a
single liquisolid particle together with the drug molecules and
increase the solubility of the drug [66]. The overall increase in
the solubility of the many drugs after the development of

Table II. Pre-compression and Post-compression Properties of SMV-LSTs

F o r m u l a
code

Pre-compression properties Post-compression properties

Carr’s index
(%)

A n g l e o f
repose (°)

Type of
flow

Tablet weight
(mg)

SMV content
(%)

Hardness
(N)

Friabi l i ty
(%)

Disintegration
time (s)

M D T
(min)

LS-1 12.81 31.3 Good 295.3 ± 0.92 98.15 ± 0.85 54.4 ± 0.41 0.43 ± 0.03 122 ± 1.57 7.45
LS-2 14.79 32.1 Good 274.5 ± 1.01 97.73 ± 0.81 76.2 ± 0.15 0.26 ± 0.01 106 ± 3.32 9.44
LS-3 10.81 26.3 Excellent 319.3 ± 1.77 99.98 ± 0.58 49.8 ± 0.32 0.57 ± 0.02 86 ± 1.71 8.68
LS-4 18.62 36.5 Fair 284.9 ± 0.83 96.83 ± 0.34 50.3 ± 0.23 0.22 ± 0.01 58 ± 0.53 8.33
LS-5 23.61 42.3 Passable 305.6 ± 0.97 98.29 ± 1.04 44.3 ± 0.26 0.53 ± 0.03 72 ± 2.33 8.18
LS-6 10.79 27.1 Excellent 312.4 ± 1.05 97.33 ± 0.73 50.2 ± 0.41 0.37 ± 0.02 310 ± 4.71 13.54
LS-7 11.33 31.3 Good 281.8 ± 2.36 99.35 ± 1.32 70.2 ± 0.53 0.13 ± 0.01 74 ± 2.45 8.95
LS-8 11.99 32.8 Good 294.2 ± 1.17 97.93 ± 1.35 55.9 ± 0.41 0.46 ± 0.04 124 ± 3.52 7.26
LS-9 17.33 37.5 Fair 302.6 ± 0.87 99.08 ± 1.13 46.6 ± 0.41 0.38 ± 0.02 296 ± 3.59 12.19
LS-10 11.12 32.4 Good 283.2 ± 1.33 98.13 ± 0.28 65.8 ± 0.41 0.14 ± 0.01 299 ± 4.34 10.59
LS-11 9.43 25.1 Excellent 306.6 ± 2.07 97.22 ± 0.37 61.4 ± 0.41 0.26 ± 0.02 146 ± 2.67 10.42
LS-12 19.27 39.4 Fair 285.1 ± 1.15 96.99 ± 0.76 51.4 ± 0.17 0.32 ± 0.04 266 ± 4.38 10.41
LS-13 13.27 33.4 Good 321.2 ± 0.58 98.21 ± 0.18 42.6 ± 0.41 0.58 ± 0.05 126 ± 2.87 9.19
LS-14 22.01 41.9 Passable 295.3 ± 2.15 98.13 ± 1.14 49.7 ± 0.41 0.43 ± 0.05 114 ± 1.49 7.68
LS-15 13.95 34.5 Good 293.5 ± 1.57 98.32 ± 0.97 55.6 ± 0.41 0.41 ± 0.03 118 ± 4.39 7.65

Note: Data are presented as mean ± SD, (n 0 3 in all experiments except tablet weight, SMV content, and friability where n 0 10, while n 0 6 in
the disintegration time)

Fig. 2. Dissolution profiles for a formulations F1-F7, and b formulations F8-F15. Data are presented as
mean ± SD, (n 0 3)
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liquisolid systems was confirmed in several works [67, 68].
Moreover, the use of Tween 80 as a non-volatile solvent in
the formulations, being a surface-active agent, could improve
the wetting of the liquisolid particles as previously reported
[42, 69].

It is well known that the tablet disintegration has a great
impact on the drug dissolution from the studied tablets. From
the above finding, it is clear that the presence of Ac-Di-Sol in
the formulation in a high percent mainly affects the disinte-
gration and hence the dissolution rate and dissolution
efficiency (Y1 and Y2) as previously reported [66]. Also, the
excipient ratio (X2) plays an important role in the

enhancement of drug dissolution especially if Avicel and
silica are used as a carrier and a coating material, respectively.
Liquisolid formulations with high values of X2, high amounts
of Avicel, and low amounts of silica are associated with
enhanced wicking, disintegration, and thus enhanced drug
release. Moreover, a high amount of silica, being hydropho-
bic, could retard the drug release [70].

Prediction and Validation of the Optimized SMV-LSTs

To verify the practicality of the BBD results, a new
formulation was prepared and evaluated for the responses

Table III. Experimental Matrix of SMV-LSTs Proposing the Independent and Dependent Variables as Suggested by Box-Behnken Design

Formula code Independent variables Dependent variables

Liquid load factor (X1) Excipient ratio (X2) Ac-Di-Sol % (X3) Dissolution rate, μg/min
(Y1)

Dissolution efficiency, %
(Y2)

Observed Fitted Observed Fitted

LS-1 0.3 10 5 1383.59 1431.27 75.05 78.80
LS-2 0.25 15 5 1459.56 1437.64 78.57 79.05
LS-3 0.3 5 6 1484.49 1456.56 82.72 82.03
LS-4 0.3 15 6 1587.18 1610.59 85.33 85.34
LS-5 0.35 10 6 1654.55 1660.56 86.33 87.50
LS-6 0.3 5 4 1071.97 1048.56 64.17 64.16
LS-7 0.25 10 6 1505.27 1503.79 82.54 82.05
LS-8 0.3 10 5 1463.72 1431.27 81.03 78.80
LS-9 0.35 10 4 1207.89 1209.38 69.95 70.45
LS-10 0.25 10 4 1158.04 1152.03 69.95 68.78
LS-11 0.25 5 5 1264.88 1294.30 74.59 75.77
LS-12 0.3 15 4 1187.71 1215.64 72.21 72.89
LS-13 0.35 5 5 1362.22 1384.14 77.07 76.59
LS-14 0.35 15 5 1591.33 1561.91 86.54 85.36
LS-15 0.3 10 5 1446.51 1431.27 80.32 78.80

Note: Data are presented as mean ± SD, (n 0 3)

Table IV. Statistical Analysis of Variance (ANOVA) of the Responses (Y1 and Y2) Results

Factors Dissolution rate (Y1), μg/min Dissolution efficiency (Y2), %

Estimate F-ratio P value Estimate F-ratio P value

X1 107.06 12.76 0.0160* 3.56 4.40 0.0899
X2 160.555 28.69 0.0030* 6.025 12.61 0.0164*
X3 401.47 179.42 0.0001* 15.16 79.85 0.0003*
X1X1 36.824 0.70 0.4419 1.4775 0.35 0.5798
X1X2 17.215 0.16 0.7014 2.745 1.31 0.3044
X1X3 49.715 1.38 0.2937 1.895 0.62 0.4654
X2X2 −60.376 1.87 0.2294 −0.6925 0.08 0.7926
X2X3 −6.525 0.02 0.8837 −2.715 1.28 0.3091
X3X3 −136.496 9.57 0.0270* −4.6925 3.53 0.1190
R2 97.9135 95.4209
Adj. R2 94.1578 87.1786

Note: *Significant effect of factors on individual responses (P value less than 0.05)
Abbreviations: X1, liquid load factor; X2, excipient ratio; X3, Ac-Di-Sol %; X1X2, X1X3, X2X3, the interaction term between the factors; X1X1,
X2X2, and X3X3 are the quadratic terms between the factors; R2 , R-squared; Adj-R2 , adjusted R-squared; SEE, standard error of estimate; and
MAE, mean absolute error
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(Y1 and Y2). The independent variable levels, which maxi-
mize the desirability function, were 0.34, 11.59, and 5.95% for
X1, X2, and X3, respectively. The observed values of the
studied responses were compared with the predicted values
and the obtained results revealed no substantial residuals,
signifying that the BBD was quite valuable for maximizing
the release parameters. The MDT was noticeably shortened
from 10.99 min for the commercial tablets to 6.82 min for
SMV-LSTs. Also, DR10 and DE60 of the SMV-LSTs were
1667.31 μg/min and 86.93% versus 1253.15 μg/min and
71.92% for the commercial tablets. The comparison between
the dissolution profiles of both formulations revealed values
of 23.52 and 39.47 for (f1) and (f2) parameters, respectively.
According to the FDA, f1 values greater than 15 and f2 values
less than 50 should ensure the difference between the

dissolution curves, which indicate an average difference
greater than 10% at the sample time points. Accordingly,
the dissolution curves corresponding to the optimized SMV-
LSTs would be different from those obtained with the
commercial tablets [71]. All these observations reflect the
enhanced release behavior of SMV from the liquisolid
formulation as depicted in Fig. 5 a.

Pharmacokinetic Parameters Evaluation

The plasma concentration-time profiles for the optimized
SMV-LST formulation and the commercial drug tablet are
signified in Fig. 5 b. The values of the pharmacokinetic
parameters for SMV from both formulations are summarized
in Table V. This data indicated that LSTs improved the

Fig. 3. Pareto chart (a) and response surface plots (b–d) for dissolution rate during the first 10 min

Fig. 4. Pareto chart (a) and response surface plots (b–d) for dissolution efficiency after 60 min
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relative bioavailability of SMVover the commercial tablets by
148.232%. The value of Cmax of the optimized SMV-LSTs was
62.00 ng/ml versus 46.333 ng/ml for the commercial tablets,
and the tmax of optimized SMV-LSTs shortened to 90 min
instead of 120 min for the commercial tablets. This finding
indicates an enhancement in the absorption of SMV from
LSTs. The two-way analysis of variance showed a significant
difference among the studied groups (P < 0.05) at most of the
sampling points which indicates the significant improvement
achieved by the liquisolid technique. This improvement will
be assessed and confirmed by the biochemical analysis of TC,
TG, HDL, and LDL as well as the calculation of the
atherosclerotic index (AI), as a marker of cardiovascular
disease.

Effect of SMV-LST on the Total Cholesterol and
Triglycerides

The effect of SMV-LST formulation on the serum total
cholesterol and triglycerides levels was assessed in a hyper-
lipidemic rat model in which the circulating levels of total

cholesterol, triglycerides, and LDL were largely increased
following administration of poloxamer 407. The induction of
hyperlipidemia was confirmed by the milky appearance of the
blood sample withdrawn from the rats after 24 h of
poloxamer injection and by the significant elevation of the
lipid profile parameters of the model group with the normal
rat group. It is worthy to note that a group of animals that
received the plain tablets (without SMV) that was considered
a negative control has been carried out during the preliminary
(pilot) study, and this group showed no significant difference
when compared with the model group. SMV-LSTs at a single
dose of 10 mg/kg body weight significantly reduced the serum
total cholesterol by ~ 33% after half an hour. After an hour,
SMV-LST formulation reduced the total cholesterol by ~ 50%
which was significantly different from the corresponding
commercial SMV tablets (P < 0.05) (Fig. 6a). The percent of
total cholesterol reduction gradually increased by time until
4 h of administration in rats pre-treated with poloxamer 407.
This result is in agreement with a previous report by Wang
et al., who reported that at a higher dose, SMV reduced total
circulating cholesterol by 37% in LDLR-KO mice [72].

Fig. 5. Comparative between a dissolution profiles, data are presented as mean ± SD, (n 0 3), and b plasma
concentration-time curves of simvastatin in liquisolid tablets and the commercial tablets, data are
presented as mean ± SD, (n 0 6). Note: *P < 0.05

Table V. Pharmacokinetic Parameters After Oral Administration of a Single Dose (10 mg/kg) of Simvastatin Liquisolid Tablet Compared with
Commercial Tablet (n 0 6)

PK parameter Unit Optimized SMV-LSTs Commercial SMV tablet

Value STDEV Value STDEV

Lambda_z 1/h 0.085 0.017 0.084 0.017
t1/2 h 8.393 1.758 8.423 1.814
Tmax h 1.5 0 2 0
Cmax ng/ml 62 3 46.333 3.512
AUC0–t ng/ml × h 528.25 42.521 347.583 22.924
AUC0–inf ng/ml × h 616.324 84.827 415.784 37.921
AUC0–t/0–inf 0.861 0.049 0.837 0.023
AUMC0–inf ng/ml × h2 7449.731 2298.119 5188.614 880.305
MRT0–inf h 11.904 2.006 12.418 1.076
Vz/F (mg)/(ng/ml) 0.195 0.014 0.584 0.104
Cl/F (mg)/(ng/ml)/h 0.016 0.002 0.048 0.005
Relative BA % 148.232 –
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The effect of SMVon triglycerides in hyperlipidemic rats
is shown in Fig. 6 b. The levels of triglycerides in the
hyperlipidemic group were significantly higher than those in
the control group (P < 0.0001). After half an hour of
treatment with commercial SMV and SMV-LST formulation,
the levels of triglycerides were significantly decreased by
16.67% (P < 0.001) and 40.30% (P < 0.0001) compared with
the hyperlipidemic group. After 1 h, both drug formulations
gradually and significantly decreased the levels of triglycer-
ides, compared to the hyperlipidemic group, until they
reached the normal level (140 mg/dl) at 12 h (Fig. 6b).
Interestingly, the optimized SMV-LST formulation signifi-
cantly lowered the triglyceride at 0.5, 1.5, and 2 h of treatment
versus the commercial SMV tablets. These results indicated

that the optimized SMV-LST formulation was more effective
than the commercial SMV tablets in reducing the lipid
contents in the serum of hyperlipidemic rats.

Effect of SMV-LST on Serum Lipoproteins

As shown in Fig. 6 c, the treatment of hyperlipidemic rats with
SMV, in the form of commercial tablets or the prepared optimized
SMV-LST formulation tended to increase serum levels of HDL
compared to the model group. Unlikely, the difference was not
significant versus themodel, before 4 h.However, after 4, 6, and 8h,
the optimized SMV-LST formulation significantly augmented the
serum HDL levels compared to the commercial SMV tablets by
47.6%, 35.89%, and 28.6% respectively (Fig. 6c).

Based on these results, HDL was expressed as a
percentage of all cholesterol or the atherosclerotic index
(AI), a marker of cardiovascular disease. The AI was
calculated according to this formula, log(Triglyceride /
HDL-Cholesterol) for all groups [73, 74]. When AI was
calculated, the net benefit of the treatments was more obvious
as shown in Fig. 7. The optimized SMV-LST formulation
showed a significant decrease in the AI value at 1.5 h
compared to the model group (P < 0.01). Furthermore, higher
significances were reached at 2 h and more (P < 0.0001). The
commercial SMV tablets started to show lower AI value with
a higher significance difference at 4 h (P < 0.0001).

In contrast to HDL, the level of LDL was decreased in the
serum of hyperlipidemic rats treated with the commercial SMV
tablets and the optimized SMV-LST formulation. In particular, at
0.5 h, the optimized SMV-LST formulation reduced the serum
LDLby23.8% (P < 0.01) compared to themodel group.At 1 h, the
serum LDL was reduced by 44.6% (P< 0.0001) which is
significantly different from the commercial SMV tablets (P
< 0.05) (Fig. 6d). These results indicated that SMV could decrease

Fig. 6. Lipid profiles of induced hyperlipidemic rats after oral administration of a single dose of simvastatin. Data are
presented as mean ± SEM, (n 0 3). Note: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

Fig. 7. Atherosclerosis index of induced hyperlipidemic rats after
oral administration of a single dose of simvastatin. Data are presented
as mean ± SEM, (n 0 3). Note: *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001
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the risk of coronary disease and atherosclerosis by raising the level
of HDL and lowering LDL levels.

Results obtained from the pharmacokinetic and pharma-
codynamic studies indicated an enhancement in SMV bio-
availability and hypolipidemic activity after treatment with
the LST formulation. This enhancement is expected to
decrease the drug dose and side effect. A more potent
pharmacological activity is expected from the SMV-LSTs
containing the same drug dose available in the corresponding
commercial product.

CONCLUSIONS

In the present study, the liquisolid techniquewas shown to be
an appropriate method for improvement of the rate and extent of
SMV dissolution. Box-Behnken design was successfully
employed to achieve this goal by optimizing the formulation
factors of the liquisolid formulation that shorten the MDT and
maximize both DR10 and DE60. With the use of the optimized
SMV-LST formulation, the oral bioavailability of SMV has been
improved with 148.232% when compared with the commercial
tablets on the induced hyperlipidemic rats. This improvement was
confirmed by the significant reduction of the levels of circulating
total cholesterol, triglycerides that reached the normal level after
12 h. In particular, the optimized SMV-LST formulation reduced
the serum LDL by 44.6% and increased the level of serum HDL
by 47.6% in the rats treated with the optimized SMV-LSTs.
Finally, the optimized SMV-LST formulation showed a signifi-
cantly lower atherosclerotic index value which could maximize its
potential in decreasing the risk of coronary disease and athero-
sclerosis by raising HDL and lowering LDL levels.
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