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Myocardial Infarction in Rats

Nermin M. Sheta,1,4 Yasmin A. Elfeky,2 and Sylvia A. Boshra3

Received 19 August 2019; accepted 12 December 2019; published online 23 January 2020

Abstract. Myocardial infarction (MI) is the principal cause of death in many countries.
Silymarin (SM) is a herbal antioxidant and can be efficiently used in preventing
cardiovascular diseases (CVDs). The study is aimed to enhance the absorption rate and
biological activity of SM by using liquisolids besides investigating the cardioprotective activity
of SM and its selected liquisolid formula against isoproterenol prompted cardiotoxicity in
rats. Eight formulae were prepared according to (23) full-factorial design. The effect of
viscosity increasing agent type and concentration, as well as the carrier/coat ratio on the
dissolution rate and angle of repose were studied. All formulae were tested for content
uniformity, micromeritic properties, dissolution performance besides the evaluation of its
physicochemical properties, and scanning electron microscopy (SEM). Based on the factorial
design outcomes, the highest desirability was obtained from F3 with excipient ratio value (R)
of 20%, dissolution rate at Q5 min of 26.9%, and angle of repose of 19. Oral administration of
F3 liquisolid and SM revealed a significant protective efficacy against the modification of
cardiac plasma markers, brain natriuretic peptide (BNP), interleukin-10 (IL-10), vascular
endothelial growth factor (VEGF), and transforming growth factor (TGF)-β1 besides cardiac
superoxide dismutase (SOD), malondialdehyde (MDA), and total protein kinase-1 (Akt-1)
levels. Additionally, they minimized cardiac inducible nitric oxide synthase (iNOS),
microRNA-34a (miR-34a), and p38 mitogen-activated protein kinase (p38-MAPK) levels.
In conclusion, F3 liquisolid compact possessed an overall pronounced results over pure SM
reckoned to its enhanced solubility and efficacy.
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INTRODUCTION

Silybum marianum is a milk thistle herb comprising a
blend of various flavonolignan and flavonoids (1). The active
blend is composed of four flavonolignan isomers known as
silymarin (SM). Silybin (A andB) is the primary andmost active
component and makes up to 50–70% of SM (2). The main
drawback of SM is its poor solubility (0.04 mg/mL); for that
reason, many approaches had been taken to enhance its
solubility and in turn its bioavailability. SM retains no lipophilic
properties, in spite of its poor solubility inwater (3). SMhas anti-
inflammatory and anticarcinogenic properties leading to its use
in the treatment of different liver, cardiovascular diseases
(CVDs) (4), and certain types of cancer (2).

SM is an herbal antioxidant which is ten times more
potent than other antioxidants, e.g., vitamin E (5). SM
increases the stability of membrane and helps in the
regeneration of tissues. SM prevents cardiac diseases through
numerous mechanisms which include chelating promoters of
metals and scavenging free radicals, preventing the formation
of reactive oxygen species (ROS) enzymes, activating antiox-
idant enzymes and inhibiting lipid peroxidation (6), regulating
the permeability of the cell membrane and increasing its
stability (7).

Isoproterenol has a positive inotropic and chronotropic
effect and is considered as a synthetic catecholamine. It
increases cardiac output at therapeutic doses, but when
administered in large doses, it causes severe oxidative stress
in the myocardium causing the death of the left ventricular of
the heart muscle. The mechanistic pathway via which
isoproterenol induces necrosis was believed to take place
through the generation of free radicals which mediates
oxidative stress (8).

Orally administered SM is absorbed rapidly with a tmax

between 2 and 4 h and t1/2 of 6 h. Only 20 to 50% of oral SM
is absorbed as it undergoes extensive first pass effect from the
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gastrointestinal tract (GIT). Therefore, absorption of SM
from the GIT is low (9), impacting its oral bioavailability (3).
This limitation in SM bioavailability might be attributed to
four main causes: 1st is the extensive phase effect, 2nd is the
low intestinal permeability, 3rd is its poor aqueous solubility,
and 4th is due to its rapid excretion in bile and urine (3).

Several methodologies for increasing SM oral bioavail-
ability have been studied broadly through co-solvency,
complexation, and also via targeted drug delivery systems,
e.g., a transdermal delivery for different skin-related disorders
like skin cancers, all these methods can lead to a greater
in vivo drug performance (3,10,11).

Liquisolid technique is considered as an advanced
method for enhancing drug dissolution. The principle of
liquisolid drug delivery is to convert liquid medication into
dry, non-sticky, free flowing, and compressible powder form,
by mixing the liquid medications with suitable excipients
termed as carriers and coating materials (12).

Liquisolid technique is not applicable to achieve high
drug loading as they require large amount of carrier and
coating material to convert the liquid medication into free-
flowing powder with acceptable compressibility properties
resulting in increase in tablet weight impacting its
swallowability. Several strategies have been reported to
overcome this obstacle, by adding some additives such as
polyvinylpyrrolidone (PVP), hydroxypropyl methylcellulose
(HPMC), and PEG 35000 into the liquid medications to
increase its viscosity and hence reduce the quantities of
carrier and coating material. By this way, low amount of
carrier is needed to obtain a dry powder with good flowability
and compactibility properties (12,13).

The objective of this work was to develop a liquisolid
system for improving the discounted oral absorption and
efficacy of the poorly water-soluble SM as a cardioprotective;
this might make a breakthrough as a new approach to protect
other organs in addition to liver. The improved efficacy of SM
as cardioprotective was assessed through the biological and
biochemical tests against isoproterenol-induced cardiotoxicity
in adult rats.

MATERIALS AND METHODS

Materials

Silymarin (kindly obtained from “CID” Company,
Egypt); hydroxypropyl methylcellulose K4M (HPMC K4M)
(4000 cps) (Sigma-Aldrich Co., Germany); isoproterenol and
propranolol (Merck, Germany); polyvinylpyrrolidone K30
(Merck, Germany); propylene glycol (PG), glycerin, polyeth-
ylene glycol 200 (PEG) (Fluka, Switzerland); Cremophor®

RH40 and Cremophor® EL (BASF, Germany); Tween 80
(Merck-schuchardt, Germany); Labrafil®, Capryol 90® and
transcutol (Gattefosse, France); Avicel® PH 102 (MCC
PH102) and Aerosil® 200 (colloidal silicon dioxide) were
supplied by FMC Biopolymer Corp., USA.

Solubility Study

To select the most appropriate liquid vehicle to dissolve
SM, a solubility study was carried out in various liquid vehicles,
namely, Cremophor® RH40, Cremophor® EL, PG, glycerin,

PEG 200, Tween 80, Capryol 90®, Labrafil®, transcutol, and
distilled water. Solutions were prepared by adding excess
amount of SM in the previously mentioned liquid vehicles.
The mixtures were continuously stirred using vortex for 10 min
and kept at 25 ± 0.5°C in water bath shaker (model 25, Precision
Scientific, Chicago) for 72 h till reaching equilibrium. These
samples were then centrifuged at 5000 rpm for 10 min followed
by filtration of the supernatant through 0.45 μmmembrane filter
(14,15). The filtered supernatants were suitably diluted with PB
saline pH 6.8 and analyzed using UV spectrophotometer (UV-
1601 PC, Schimadzu, Japan) at the predetermined λmax =
285.8 nm (16).

Factorial Design

A full-factorial design (23) was constructed in this study
using Design expert 8.0.7 software (StatEase Inc., USA). The
studied factors were as follows: the viscosity increasing agent
type (X1), the viscosity increasing agent concentration (X2),
and the carrier/coat ratio (X3). Levels for each variable were
determined as indicated in Table I. The design aimed to
investigate the combined effect of these factors on the angle
of repose (Y1) and percent of drug dissolved after 5 min (%
Q5 min) (Y2). Eight experimental runs were prepared in
triplicate, and all data were statistically subjected to analysis
of variance and were considered significant at p < 0.05.

Load Factor Calculation

In a liquisolid system, the amount of liquid taken by
the carrier and coating materials depends on the excipient
ratio (R), which is defined as the ratio between the
weights of carrier (Q), and coating ingredients (q) present
in each formula (17). Preparation of a liquisolid system
with an acceptable flow and compressibility is possible
when the maximum amount of retained liquid for the
carrier material is used and not exceeded (18). This
characteristic amount of liquid is called liquid load factor
(Lf), which equals the weight ratio of the liquid drug (W)/
the carrier powder (Q) in a system. To calculate the
loading factor, PG was added to 10 g carrier and mixed
for 1 min. This procedure was repeated till obtaining a
system with acceptable flow rate (17).

Table I. Full-Factorial (23) Design for the Preparation of SM
Liquisolid

Factors Levels

X1* HPMC K4M PVP K30
X2** 20% 40%
X3*** 5:1 20:1
Response Desirability
Y1 (angle of repose) Lowest
Y2 (% drug dissolved after 5 min) Highest

*X1: viscosity increasing agent type
**X2: viscosity increasing agent concentration
***X3 R value (carrier:coat ratio)
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Preparation of SM Liquisolid Free-Flowing System

The formulation design of liquisolid was done in
accordance with the mathematical model defined by Pavani
et al. (19). In this study, the liquid vehicle was used according
to the results of saturated solubility study. PVP K30 or HPMC
K4M was used as a viscosity increasing agent in two different
concentrations according to the mentioned factorial design.
The liquid/drug solution was produced by mixing SM with PG
in a beaker. To this liquid/drug mixture at which drug is
totally soluble, the calculated amount of the viscosity
increasing agent was added gradually, then carrier (Avicel®

PH102) was added gradually, with constant stirring with
intermittent break off to release lumps from the edges of
the container by scraping with a spatula, then the calculated
amount of Aerosil® 200 was added with continuous stirring
until a free-flowing system was obtained, carrier/coat ratio
(R) used was either 5 or 20. The compositions of the prepared
SM liquisolid free-flowing powder are shown in Table II.

Preparation of SM Liquisolid Capsules

The direct filling technique was applied for the prepara-
tion of SM liquisolid capsule, with which the pre-sieved bulk
liquisolid powder was loaded into it without granulation.
Free-flowing SM liquisolid powder (0.5 g) containing 40 mg
SM was filled into hard gelatin capsule size 00 (20).

Characterization of the Prepared SM Liquisolid Free-Flowing
Powder

Content Uniformity

To determine whether the drug was uniformly distrib-
uted within the formulated liquisolid, a specified amount
liquisolid powder with calculated amount of drug was taken
randomly. Powder was dissolved in PB saline pH 6.8, and
sonicated for 15 min, filtered through 0.2 μm Millipore filter,

then measured using UV spectrophotometer at the
predetermined λmax = 285.8 nm (16). The percentages of
individual drug content were calculated against the average
drug content, according to the British Pharmacopoeia (2012)
(21). The drug content should be in the range of 85 to 115%
in order to confirm the uniformity of drug content during
mixing with the rest of excipients.

Micromeritics Properties

All liquisolid compacts were exposed to precompression
studies which were done by fixed funnel and free-standing
cone method adopted by Kamel and Basha (2013) (22). The
angle of repose ( ) was given by Tan = h/r, Carr’s index and
Hausner’s ratio was calculated from the bulk and tapped
density of the final blends (23). Percentage compressibility
was calculated as follows:

Carr’s index ¼ ρp−ρb=ρp � 100 ð1Þ

The Hausner’s ratio was calculated as follows (24):

Hausner’s ratio ¼ volume before tapping=volume after tapping ð2Þ

Dissolution Study

The USP paddle method operated at 100 rpm (USP
dissolution, apparatus II, Pharma Test, Germany) with PB
saline pH 6.8 was used as its dissolution medium (25). The
capsules containing either SM free-flowing liquisolid powder or
pure SM (26,27) were placed at the bottom of the cell using a
capsule sinker to avoid its floating in 500 mL medium at 37 ±
0.5°C compared to SM free drug of the same concentration. At
appropriate intervals (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60 min), 5 mL samples were withdrawn and filtered through
0.2 μm Millipore filter and replaced with fresh medium. The
samples were measured spectrophotometrically at the
predetermined wavelength λmax = 285.8 nm (16). The mean

Table II. Composition of the Prepared SM Liquisolid Free-Flowing Powder and Its Micromeritic Properties

Constituents mg Formulae code
F1 F2 F3 F4 F5 F6 F7 F8

Silymarin 80 80 80 80 80 80 80 80
PG 300 300 300 300 300 300 300 300
HPMC K4M – – – – 120 60 120 60
PVP K30 120 60 120 60 – – – –
Avicel® PH102 433.3 433.3 495.2 495.2 433.3 433.3 495.2 495.2
Aerosil® 200 86.7 86.7 24.8 24.8 86.7 86.7 24.8 24.8

Formula no. Micromeritic properties (mean average value, n = 3)
ρb (g/cm3) ρp (g/cm3) CI (%) Hausner’s ratio Angle of repose ( )

F1 0.35 0.41 14.60 1.17 22
F2 0.35 0.40 12.50 1.18 31
F3 0.44 0.50 12.00 1.11 19
F4 0.37 0.42 11.90 1.21 27
F5 0.22 0.37 22.40 1.31 34
F6 0.31 0.40 22.50 1.32 40
F7 0.33 0.41 19.30 1.21 30
F8 0.34 0.43 20.90 1.40 38
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value of three determinations was used to calculate SM release
from each formulae and statistical analysis of dissolution data
was performed to demonstrate the impact on drug release.

Characterization of the Selected SM Liquisolid Free-Flowing
Powder

The selected SM liquisolid compact giving the highest
desirability with lowest angle of repose value and highest
dissolution percent at Q5 min was subjected for the following tests:

DSC

The differential scanning calorimetry (DSC) studies for SM
and the selected liquisolid compact were done by DSC (50,
Schimadzu, Japan). It was carried out by placing samples of 3–
4 mg in aluminum pan then heated at the rate of 10°C/min to a
temperature of 200°C. Dry nitrogen gas with a flow rate of
25 mL/min was used as a carrier gas to purge the cell.

FT-IR

The Fourier transform infrared spectroscopy (FT-IR)
spectrum for SM and the selected liquisolid compact was
performed separately by mixing each sample with KBr at a
ratio of 2:200 (tested substance: KBr), and the samples were
directly loaded into FT-IR (IRAffinity-1, Schimadzu, Japan)
in the frequency of 4500–500 cm−1.

XRD

The angle of diffraction gives an indication of crystalline
or amorphous nature of the main active constituent. X-ray
powder diffraction (XRD) patterns were determined for SM
and the selected liquisolid compact. The X-ray diffraction was
obtained using Advanced Diffraction system (Scinta g Inc.,
USA) with a copper target at a voltage of 40 kVand a current
intensity of 30 mA at a scanning speed of 1°C/min.

SEM Topographic Visualization

Topographic visualization by scanning electron micros-
copy (SEM) is performed to evaluate the surface character-
istics of SM and the selected liquisolid compact. The samples
were placed on a carbon tape. The samples were sputter
coated with gold for 120 s followed by examination under
microscope (QUANTA FEG 450) at a voltage of 20 kV under
different magnification power.

INVESTIGATING THE CARDIOPROTECTIVE
EFFICACY OF SM IN ISOPROTERENOL PROMPTING
MYOCARDIAL INFARCTION IN RATS

Experimental Animals

This experiment was conducted under the guidelines of
the animal care and use committee of Faculty of Pharmacy,
O6U, Egypt. Forty rats (180 ± 10 g) were brought from the
National Cancer Institute of Cairo University and were
separately placed in an air-conditioned cages at a tempera-
ture of 22 ± 2°C/60% RH with an 8:00 to 20:00 light cycle.

During the accommodation, each animal was raised up on a
regular diet ad libitum.

Experimental Design

The biochemical effects of SM and the selected liquisolid
formula on rats with induced myocardial infarction were
studied. Five groups of animals each of 8 rats were treated
everyday as follows:

Group (1): Control group was given normal diet for
15 days.

Group (2): Positive control was given isoproterenol
(85 mg/kg) suspended in saline subcutaneously on the 14th

and 15th day (28).
Group (3): Treated with propranolol (10 mg/kg,

orally) daily for 15 days (29) + isoproterenol (85 mg/kg,
orally) suspended in saline subcutaneously on the 14th and
15th day.

Group (4): Treated with SM (100 mg/kg, orally) daily
from day 6 to day 15 + isoproterenol (85 mg/kg, orally)
suspended in saline subcutaneously on the 14th and 15th day.

Group (5): Treated with F3 SM liquisolid (100 mg/kg,
orally) daily from day 6 to day 15 + isoproterenol (85 mg/kg,
orally) suspended in saline subcutaneously on the 14th and
15th day.

At the end of the experiment, rats were sacrificed and
the blood was collected, centrifuged, and the plasma was used
for the measurement of creatine kinase (CK-MB) according
to Gerhardt and Waldenström (1979) method (30), plasma
lactate dehydrogenase (LDH) according to King (1965)
method (31) as well as the levels of cardiac troponin T
(cTnT) and B-natriuretic peptide (BNP) were determined
with the kit of ELISA according to the instructions of the
manufacturer (R&D Systems Inc., Minneapolis, USA) in
plasma. Also, serum interleukin-10 (IL-10), vascular endo-
thelial growth factor (VEGF), and transforming growth factor
(TGF)-β1 were determined by ELISA technique using
standard kits from RayBiotech, Inc., USA; Quest Diagnostics
Nichols Institute, San Juan Capistrano, CA; and R&D
Systems Inc., Minneapolis, MN, USA, respectively. Cardiac
superoxide dismutase (SOD) and malondialdehyde (MDA)
were measured by the methods adopted by Nichans and
Samulelson (32) and Marklund and Marklund (33), respec-
tively. In addition, cardiac level of total protein kinase-1 (Akt-
1) was determined by ELISA technique using standard kits
(RayBiotech, Inc., GA).

Western Blot

Samples of hearts were taken from each group after
3 min of the last administration. Lysis buffer was added for
1 h and then centrifuged at 16,009.2×g. The tissue protein
concentration in the supernatant was determined by
bicinchoninic acid (BCA) method, and isolation of β-actin,
iNOS, and p38 MAPK was done by 10% SDS-PAGE gel
electrophoresis. The proteins were put onto PVDF mem-
brane for 2 h then washed with Tris buffer saline Tween
(TBST) for 5 min and then blocked with TBST blocking
buffer containing 5% skim milk powder for 1 h. Then, the
blocking buffer was discarded. The first antibodies of iNOS
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(1:1000), β-actin (1:1000), and p38 MAPK (1:1000) were
added onto the membrane, respectively, and incubated
overnight at 4°C and then washed with TBST (five times)
for 5 min; the second antibody (HRP goat anti-rabbit IgG
(H+L), 1:2000) was added and incubated for 2 h and then
washed for five times with TBST for 5 min each time, and
finally, enhanced chemiluminescence (ECL) color solution
was added.

MiRNA-34a Analysis Using RT-qPCR

Total RNA frommyocardial tissuewas extracted by TRIzol
reagent (Invitrogen, CA, USA), its concentration was measured
byUV spectrophotometer, and the integrity was analyzed by gel
imaging system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Reverse transcription reaction was accomplished with
mi-RNA specific RT primer (GenScript USA Inc., Nanjing,
China) using the kit of reverse transcription polymerase chain
reaction (MBI Fermentas, the Republic of Lithuania). Mature
miR-34a primers were synthesized by GenScript Co. Ltd.
(China). The primers were as follows: forward (5′-TGCG
CTGGCAGTGTCTTAGCTG-3′) and reverse (5′-CCAG
TGCAGGGTCCGAGGTATT-3′), both were detected by
Taqman mi-RNA assay probe (Applied Biosystems, Shanghai,
China) and normalized by endogenous U6 small RNA. Reverse
transcription was done according to the following conditions:
37°C (15 min), 42°C (50 min), and 85°C (5min). The cDNAwas
subjected to real-time PCRunder the following conditions: 50°C
(2 min), 95°C (10 min), 95°C (5 s), and 60°C (30 s).

Statistical Analysis

All the grouped data were statistically evaluated using
SPSS 15 software (Inc., Chicago, IL, USA, 2012). The
comparison between groups included one-way analysis of
variance (ANOVA) followed by the least significant differ-
ence test.

RESULTS AND DISCUSSION

Solubility Study

The solubil ity of SM in Cremophor® RH40,
Cremophor® EL, glycerin, PEG 200, PG, Tween 80,

Capryol® 90, Labrafil®, transcutol, and distilled water is given
in Table III. The solubility of SM in PG was significantly (p <
0.0001) greater in comparison with other liquid vehicles. The
higher segment of SM in PG was in the solubilized form in
comparison with other vehicles, and this would help to
increase the dissolution of SM (12). Hence, PG was selected
as a vehicle for SM liquisolid preparation.

Load Factor Calculation

From literature, it was shown that the traditional
liquisolid tablet preparation with good flowability and
compactibility was found to be difficult when the loading
factor was > 0.25. Preparing systems using PVP and HPMC
could increase the liquid adsorption capacity of the liquid
medication (34), enabling Lf to increase > 0.25 (13). In the
current study, by using PVP K30 and HPMC K4M in
concentration of 20% or 40%, the Lf value was found to be
0.57, and still, these formulations could hold good flow
properties. According to the previously mentioned equation
(Lf =W/Q), Lf is inversely proportional to the amount of
carrier needed in the formulation. Consequently, the higher
the Lf, the less was the amount of carrier and coat material
essential to produce dry, non-sticky, with good flow proper-
ties, and readily compactible liquisolid formulae (35).

Characterization of the Prepared SM Liquisolid

Content Uniformity

Drug content of all the formulae was between 98.56 ±
0.98 and 102.89 ± 1.03% of the claimed quantity; this confirms
the uniform drug content and proper mixing of drug with the
rest of the excipients (36).

Micromeritic Properties

The flow characteristics of SM liquisolid formulae are
shown in Table II. It is known that value of 56° shows very poor
flow, values of 31 to 35° show good flow, values of 36 to 40° or
41 to 45° indicate passable flow, and with values of 46 to 55°
(37) indicate a poor flow which require agitation or vibration.

Studying the effect of different independent factors on
values showed that F3 had an excellent flow with the lowest
of 19, CI% of 12%, and Hausner’s ratio of 1.11. Figure 1
portrays the effect of different factors on the angle of repose.
Using either HPMC or PVP was found to have a significant
(p < 0.0001) effect on . The presence of PVP was found to
have a significant lower value for when compared to those
prepared with HPMC as seen in Fig. 1a. This was in
accordance with Nokhodchi et al. (38) who used liquisolid as
an approach to sustain the drug release and observed that
HPMC had an outstanding effect on the mechanical charac-
teristics of the liquisolid tablets, while the presence of PVP
was found to have a significant lower value for compared to
those prepared with HPMC.

As in Fig. 1b, the flowability of powders was improved (p <
0.0001) as the amount of PVP in drug-vehiclemixture increased;
this resulted in the increase of the amount of the carrier and
coating materials. The increased viscosity of the drug-vehicle
mixture with the increase of PVP level made less carrier and

Table III. Silymarin Solubility in Various Liquid Vehicles

Vehicle Solubility (mg/mL)

Distilled water 0.034
Cremophore® RH40 18.228
Cremophore® EL 12.551
Glycerin 7.478
PEG 200 282.221
PG 308.600
Tween 80 14.738
Labrafil® 2.075
Capryol 90® 2.740
Transcutol 267.999

Data are presented as mean average value, n = 3
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Fig. 1. The effect of a X1 (viscosity increasing agent type), b X2 (viscosity
increasing agent concentration), and c X3 (R value) on angle of repose
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coating materials needed to completely adsorb liquid. There-
fore, powder flowability was improved due to relatively large
proportion of carrier and coating materials used (39).

SM liquisolid formulae containing high quantity of
Aerosil® 200 (R = 5) were fluffy owing to its low density
(0.05 g/mL). As revealed in Fig. 1c, the presence of high
amount of Aerosil® 200 in the formulae resulted in a significant
decrease in the powder flowproperties (p < 0.0001), whereas the
formulae preparedwith higher excipient ratio (R= 20) showed a
significant improved flow properties (p < 0.0001) due to the
enhanced amount of Avicel® PH 102 (40).

Also, Jaipakdee (41) explained this finding due to the
low R values contained small amounts of Avicel® PH 102,
and large amounts of colloidal silica. Avicel (microcrystalline
cellulose, MCC) is a highly hygroscopic material widely used
as flowability aid, diluent, and disintegrant. MCC also
enhances liquid transport into a tablet matrix, accelerating
both diffusion and capillary action (42). On the other hand,
colloidal silicon dioxide possess poor compressibility and
hydrophobic property (34); these findings were in accordance
with Spireas and Komala (43,44).

Dissolution Study

The profiles of the drug dissolution from the prepared
liquisolid capsules and from pure SM capsules in PB saline
pH 6.8 are shown in Fig. 2. F3 liquisolid capsule showed the
highest dissolution profile, and a high amount of SM was
dissolved immediately after 5 min (% Q5 min) of 26.9%, with
nearly a complete SM dissolution within 60 min (% Q60 min)
of 98%, while the pure SM indicated 1.8% at Q5 min and 9.6%
at Q60 min. This indicated an obvious improvement (p < 0.05)
in the rate and extent of SM release from the liquisolid
capsule as compared to the pure SM.

Surface area is typically increased by reduction in
particle size; in this case, the enhanced dissolution is caused
by two factors: the wettability has increased due to the
presence of PG (hydrophilic material) and the form conver-
sion from crystalline to amorphous state. The solubility of SM
liquisolid formulae in the dissolution medium was increased
in spite of the small amount of liquid vehicle, which was
sufficient to increase the solubility of SM liquisolid particles

by acting as a co-solvent with the dissolution medium.
Consequently, the concentration gradient of SM liquisolid
and its dissolution rate were increased (39,45).

The effect of different studied factors on the % Q5 min is
shown in Fig. 3a, b, and c revealed that the type of viscosity
increasing agent had an obvious (p < 0.0001) effect on the drug
dissolution from SM liquisolid capsules. Using HPMC as a
viscosity increasing agent caused a significant decrease in the
dissolution rate of the SM from the liquisolid capsule. Likewise,
F1, F2, F3, and F4, prepared using PVP as a viscosity increasing
agent, showed%Q5 min of 20.4, 17, 26.9, and 18%, respectively,
while F5, F6, F7, and F8, prepared using HPMC, showed 10.2,
13.6, 12.8, and 14.9%, respectively.

As mentioned in the literature, HPMC when used in
liquisolid preparation acts as a retarding agent to prolong drug
release (12); this retardation might be attributed to its gel-
forming properties around the disintegrated particles (38,46).
The high viscosity of HPMC around the drug particles might
retard the penetration of water and thus reduce its dissolution.
Also, it was previously reported that using PVP has a better
dissolution rates; the main reason of this might be attributed to
its crystal growth inhibition mechanism.

Changing the concentration of the viscosity increasing
agent (Fig. 3b) was found to significantly affect the percent of
SM dissolved from the prepared capsules (p < 0.05), using
40% PVP was found to significantly increase the percent SM
dissolved, as in F1 and F3 that were prepared using 40% PVP
compared to F2 & F4 that were prepared using 20% PVP,
giving % Q5 min 20.4, 26.9, 17.8, and 22.4%, respectively, and
% Q60 min of 80, 98, 78.3, and 88.05%, respectively. This
significant (p < 0.05) increase might be reckoned to the
hydrophilic nature of PVP as a polymer, which might help
to quicken the water sorption rate (41). This significant (p <
0.0001) increase was explained by Jaipakdee et al. (41), who
used the liquisolid technique to prepare tablets containing
oleoresin-like crude extract of C. comosa to improve the
dissolution profiles of its major compounds, and found that
20% PVP gave a significant (p < 0.05) higher mean dissolu-
tion time (MDT) over that prepared with 30% PVP, the
higher the MDT, the slower the release rate (47). Also,
changing the concentration of HPMC from 20 to 40%
significantly affected the percent of SM dissolved, using

Fig. 2. The dissolution of SM from the different prepared liquisolid capsules compared to
the dissolution of equivalent amount of free drug
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Fig. 3. The effect of a X1 (viscosity increasing agent type), b X2 (viscosity
increasing agent concentration), and c X3 (R value) on % Q5 min
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higher concentration of HPMC showed an obvious decrease
(p < 0.05) in the percent of SM dissolved; this could be
reckoned to the slow hydration and erosion of HPMC (48).

From Fig. 3c, it was noticed that using higher R ratios
caused an obvious (p < 0.0001) increase in the percent of SM
dissolved, F3 and F4 with R value of 20 showed%Q5 min of 26.9

Fig. 4. DSC thermogram of pure SM and F3 liquisolid compact
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Fig. 5. FT-IR spectra of (a) pure SM and (b) F3 liquisolid compact
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and 22.4%, respectively, with % Q60 min of 98 and 88%,
respectively, compared to F1 and F2 with R value of 5 which
showed %Q5 min of 20.4 and 17%, respectively, and % Q60 min of
80 and 78.3%, respectively; the same observation was found in F7
andF8with higherRvalue = 20. This could be explained due to the
possession of liquisolid formulae a low R values which contain
small amounts of cellulose, and large quantities of fine drug loaded
silica, and the amounts of liquid medication per powder were
relatively higher. On the other hand, liquisolid formulae possessing

high R values contain low liquid/powder ratios, high presence of
cellulose, and lowpresence of silica; this could bedirectly associated
with enhanced wicking, disintegration, and de-aggregation proper-
ties (49).

From the previous results and according to the factorial
design study, F3 showed the highest desirability = 0.903,
giving the lowest angle of repose = 19 and the highest %
Q5 min = 26.9%, therefore was selected as the most optimum
formula which was subjected to further investigations.

Fig. 6. X-ray diffractograms of a pure SM (blue line) and F3 liquisolid compact (red line). b An overlay XRD for pure SM (blue line) and F3
liquisolid compact (red line)
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Characterization of the Selected SM Liquisolid Free-Flowing
Powder

DSC

The interaction between SM and excipients in liquisolid
compact was determined by DSC. Figure 4 shows the thermal
behavior of pure SM and F3 liquisolid formula. Pure SM
showed a characteristic peak at 166°C (50), which is indicative
for its crystalline nature. Furthermore, the thermal behavior
of F3 liquisolid compact showed a shifted broad peak, which
indicates the transformation of SM from its crystalline state to
another amorphous state (51).

FT-IR

The FT-IR spectrum of pure SM and F3 liquisolid
compact is displayed in Fig. 5. The FT-IR spectrum of pure
SM revealed several peaks corresponding to flavonolignans.
SM showed peaks at 1680 cm−1 corresponding to (C=O)
carbonyl vibrations and 1450 cm−1 attributed to the
symmetric aromatic ring stretching vibration (C=C ring).
The appearing peak at 1045 cm−1 indicated the benzopyran
ring with simultaneous presence of out plane –CH deforma-
tions at 845 cm−1. All of these indicate the IR spectra of SM.
FT-IR spectra of the F3 formula showed the main character-
istic peaks without shifting, thus indicating the absence of
interaction between SM and excipients.

XRD

The X-ray of SM, as well as F3 liquisolid compact, is
represented in Fig. 6a and b. The diffractogram of pure SM
showed intense peaks indicative for its crystallinity. However,
in case of F3 liquisolid compact diffractogram, a new solid
phase with low crystallinity was shown, indicating the
inclusion of SM inside the liquisolid form (more water
soluble). A reduced number of signals of markedly low
intensity are noticeable in F3, indicating its partially amor-
phous form compared to the free molecules (52,53).

(SEM) Topographic Visualization

The topographic visualization of pure SM is shown in
Fig. 7a, revealing regular crystalline surface of particles, while
the selected F3 liquisolid shown in Fig. 7b revealed irregular
shaped aggregates, confirming the complete disappearance of
SM crystals and therefore supporting its transformation from
crystalline to amorphous state which is totally solubilized in
liquisolid system.

Investigating the Cardioprotective Efficacy of SM in
Isoproterenol Prompting Myocardial Infarction in Rats

Table IV reveals an obvious elevation in LDH, CK-MB,
cTnT, and BNP in the 2nd group as compared with control.
The administration of SM, F3 liquisolid, and propranolol
showed a significant decrease in LDH, CK-MB, cTnT, and
BNP levels relative to isoproterenol-treated rats (p < 0.05).
Table V reveals an obvious increase in plasma IL-10, VEGF,
and TGF-β1 levels (p < 0.05) in the 2nd group as compared
with control. The administration of SM, F3 liquisolid, and

Fig. 7. Topographic visualization of a pure SM and b F3 by SEM

Table IV. Effect of Pure SM, F3 Liquisolid Compact, and Propranolol on Plasma “LDH,” “CK-MB,” “cTnT,” and “BNP” in Rats

No. Groups LDH (U/L) CK-MB (U/L) cTnT (U/L) BNP (ng/mL)

(I) Normal 409.6 ± 10.82a 26.67 ± 2.30a 0.09 ± 0.01a 0.68 ± 0.06a
(II) Control positive ISO (85 mg/kg) 511.11 ± 11.82b 40.46 ± 3.62b 0.84 ± 0.10b 3.17 ± 3.17b
(III) Propranolol (10 mg/kg) + isoproterenol (85 mg/kg) 404.75 ± 5.5a 33.89 ± 2.61a 0.31 ± 0.22a 1.93 ± 0.61a
(IV) Silymarin (100 mg/kg) + isoproterenol (85 mg/kg) 459.47 ± 17.63a 28.71 ± 4.47a 0.28 ± 0.30a 2.61 ± 0.69a
(V) F3 (100 mg/kg) + isoproterenol (85 mg/kg) 420.11 ± 15.76a 22.32 ± 2.15a 0.09 ± 0.02a 1.35 ± 0.31a

Data shown are mean average value (± SD), n = 8. Data followed by the same letter are non-significantly different (p ≤ 0.05)
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Table V. The Impress of Pure SM, F3 Liquisolid Compact, and Propranolol on Serum “IL-10,” “TGF-β1,” and “VEGF” in Rats

No. Groups IL-10 (pg/mL) TGF-β1 (pg/mL) VEGF (pg/mL)

(I) Normal 67.88 ± 5.80a 85.91 ± 4.30 a 9.75 ± 1.77a
(II) Control positive ISO (85 mg/kg) 117.26 ± 9.36b 233.92 ± 11.36b 21.06 ± 3.51b
(III) Propranolol (10 mg/kg) + isoproterenol (85 mg/kg) 78.37 ± 2.46a 106.04 ± 10.90a 12.73 ± 1.13a
(IV) Silymarin (100 mg/kg) + isoproterenol (85 mg/kg) 90.95 ± 3.02a 113.44 ± 6.59a 13.53 ± 1.83a
(V) F3 (100 mg/kg) + isoproterenol (85 mg/kg) 75.09 ± 7.00a 86.91 ± 7.12a 9.70 ± 1.19a

Data shown are mean average value (± SD), n = 8. Data followed by the same letter are non-significantly different (p ≤ 0.05)

Table VI. The Impress of Pure SM, F3 Liquisolid Compact, and Propranolol on Cardiac “SOD,” “MDA,” and “Akt-1” in Rats

No. Groups SOD (U/mg protein) MDA (nmol/mg protein) Total Akt-1 (ng/mg protein)

(I) Normal 89.38 ± 9.82a 2.21 ± 0.62 a 0.56 ± 0.09a
(II) Control positive ISO (85 mg/kg) 20.84 ± 3.40b 5.85 ± 0.72b 0.29 ± 0.08b
(III) Propranolol (10 mg/kg) + isoproterenol (85 mg/kg) 59.13 ± 5.17c 2.84 ± 0.50a 0.53 ± 0.06a
(IV) Silymarin (100 mg/kg) + isoproterenol (85 mg/kg) 68.21 ± 5.40d 3.62 ± 3.02c 0.52 ± 0.12a
(V) F3 (100 mg/kg) + isoproterenol (85 mg/kg) 75.52 ± 5.86a 2.27 ± 0.44a 0.66 ± 0.17c

Data shown are mean average value (± SD), n = 8. Data followed by the same letter are non-significantly different (p ≤ 0.05)

Fig. 8. Effect of pure SM, F3 liquisolid, and propranolol on cardiac “iNOS” in rats. The results are
expressed in terms of fold increase or decrease considering the negative control one

Fig. 9. Effect of pure SM, F3 liquisolid, and propranolol on cardiac phosphospecific “p38-
MAPK” in rats. The results are expressed in terms of fold increase or decrease considering
the negative control one
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propranolol showed significantly decreased in IL-10 and
VEGF as well as TGF-β1 levels relative to isoproterenol-
treated rats (p < 0.05).

Table VI reveals a significant reduction in heart SOD
and Akt-1 as well as significant elevation of MDA levels (p <
0.05) in the 2nd group compared with control. Administration
of SM, F3 liquisolid, and propranolol showed significant
increase in SOD and Akt-1 as well as significant decrease in
MDA levels relative to isoproterenol treated rats (p < 0.05)
with best results in group 5. Figure 8 displays that isoproter-
enol promoted the iNOS protein expression as compared
with control. Administration of SM, F3 liquisolid, and
propranolol led to significant decrease of iNOS protein
expression relative to isoproterenol-treated group of rats
(p < 0.01) with best results in group 5. Agarose gel
electrophoresis images of iNOS and β-actin support the
present results (Fig. 10).

Figure 9 shows a significant increase in the expression
levels of p38 MAPK in rats treated with isoproterenol when
compared with normal control group, administration of SM,
F3 liquisolid, and propranolol led to statistically significant
decrease of p38 MAPK protein expression relative to
isoproterenol-treated group of rats (p < 0.01) with best results
in group 5. Agarose gel electrophoresis images of p38 MAPK
and β-actin support the present results Fig. 10.

Figure 11 revealed that RT-qPCR results were employed
to detect the expressions of miRNA-34a in myocardial tissues
of rats in all groups. The results showed that an obvious
increase in the expression levels of miRNA-34a in rats treated
with isoproterenol when compared with normal control
group, while the expression of miRNA-34a was downregu-
lated in SM, F3 liquisolid, and propranolol-treated rats

relative to isoproterenol-treated group, the results of group
4 and 5 were better than that of group 3.

As a therapeutic agent, SM is well tolerated and largely
free of adverse effects (54). The effect of its flavolignans and
other polyphenolic constituents is due to scavenging of both
free radicals and reactive oxygen species (55). SM received
attention because of its benefits gained indirectly from its
hepatoprotective effects. These benefits include mostly anti-
cancer effects, anti-inflammatory hypocholesterolemic, and
renal protection (56).

In the present investigation, increased levels of LDH,
CK-MB, cTnT, and BNP in the isoproterenol-treated
group of rats were observed when compared with control
group. Marked elevations in the level of these markers in
the serum of the control ischemia-reperfusion group
indicate the existence of membrane damage compared
with control. Treatment with F3 liquisolid resulted in
reduction over SM in the levels of these markers toward
near normal levels when compared with the isoproterenol-
treated group.

The results of the present study demonstrated the
pronounced effect of F3 liquisolid over SM in reducing IL-
10, VEGF, and TGF-β1 levels in rat with acute myocardial
infarction (AMI) induced by isoproterenol. It has been
shown that F3 liquisolid and SM had a protective effect
against d-galactose-induced senescence due to the allowing
of cellular oxidoreductase activities and preventing NF-κB
activation and ROS production (57). Also, studies in rats
showed that SM markedly inhibited the caspase-3-mediated
tubular cell apoptosis and minimized the NADPH oxidase,
iNOS, and NF-κB overexpression (58).

In a model of experimental ischemic stroke in male rats,
SM significantly downregulated IL-10, VEGF, and TGF-β1 in
ischemic brain tissue after stroke (59). Protective effect of F3
liquisolid and SM in the rat model of cerebral ischemia was
attributed to reduced expression of the NF-κB protein and
NF-κB mRNA in the brain (60). F3 liquisolid and SM were
shown to have NF-κB inhibiting effects. For example, mRNA
and protein expressions of NF-κB were significantly upregu-
lated in d-galactosamine-induced hepatotoxicity and treat-
ment with F3 liquisolid and SM significantly downregulated
these gene expressions (61).

Fig. 10. An agarose gel electrophoresis shows PCR products of
cardiac “iNOS” (a), “p38-MAPK” (b), and beta-actin (c) in different
groups

Fig. 11. Effect of pure SM, F3 liquisolid, and propranolol on cardiac microRNA-34a (miR-34a) in
rats. The results are expressed in terms of fold increase or decrease considering the negative control
one
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Experimental results showed that after AMI, myocardial
antioxidant ability was decreased, the level of oxidative stress
was elevated, myocardial apoptosis was aggravated, and it
was obvious in Akt-1, SOD, and MDA levels (62). In this
study, the levels of MDA, SOD, and Akt-1 in rats with AMI
induced by isoproterenol were significantly restrained by
treatment with F3 liquisolid and SM with better results with
F3 liquisolid.

SM was examined for its protective effect against beta-
adrenergic agonist isoproterenol-induced injury in cultured
rat cardiac myocytes (63). It was shown that F3 liquisolid and
SM addition caused an increase in SOD activity and
upregulation of mitochondrial membrane potential with
prevention of mitochondrial dysfunction and cell injury (64).
Both F3 liquisolid and SM fully mitigated the rise in ROS
formation in perfused rat hepatocytes. In addition, studies on
isolated liver mitochondria showed that low dose of SM
reduced ROS production linked to the electron transfer chain
activity (65).

Myocardial ischemia and hypoxia lead to the activation
of P38MAPK, nuclear translocation starting iNOS protein
expression, and the secretion of TNF-α which can activate
p38MAPK to induce apoptosis, and constitutes a positive
feedback path, resulting in impaired cardiac function,
amplifying the inflammatory cascade and thus causing the
death of heart cells, so as to achieve cell death. In
myocardial cells, IL-1β can induce P38MAPK activation
and increase its activity, thereby inducing cardiac endothe-
lial cell death and stimulating neutrophil function, leading
to the increase of TNF-α and the accumulation of neutro-
phils in myocardial tissue, which causes damage to myocar-
dial tissue (66).

The anti-inflammatory effects of polyphenols have been
attributed to the prevention of canonical NF-κB pathway.
The canonical NF-κB pathway is stimulated by proinflamma-
tory signals, leading to degradation of IκB kinase (IKK)
complex releasing NF-κB into the nucleus, resulting in
inflammatory response (67). It was stated that kaempferol
prevented the phosphorylation of insulin receptor substrate 1
(IRS-1), IKKα, and IKKβ, accompanied by decreasing NF-κB
in nucleus and cytoplasm and reducing TNF-α and IL-6 levels
in insulin resistance and type 2 diabetes mellitus mice (68).

Other polyphenols such as curcumin, morin, oligonol, and
quercetin also inhibited NF-κB pathway in non-alcoholic fatty
liver disease (NAFLD). MAPK, a class of serine/threonine
protein kinase widely expressed in mammalian cells, including
extracellular signal-regulated kinases (ERKs), c-JunN- terminal
kinases (JNK), and p38MAPK, is also closely related to
inflammation. MAPK, especially JNK and p38MAPK, is the
action mechanism of some polyphenols for treating NAFLD.
For example, cocoa flavonoids and apple polyphenols revealed
advantageous results on redox balance and insulin resistance by
targeting MAPKs in the context of NAFLD (69,70).

In our study, we found that F3 liquisolid followed by SM
showed a significantly downregulated P38MAPK protein
expression in rats with AMI induced by isoproterenol. Usta
et al. (71) concluded that treatment with polyphenols
suppresses migration, invasion, and metastasis through
p38MAPK signaling pathway in human cardiac tissue.

Studies suggested that miRNAs are involved in heart
development and stem cell differentiation through

translational repression (72). Studies indicated that miR-
21a participated in the cell autophagy regulatory mechanism
(73). Moreover, miR-34a inhibits cell autophagy by regulat-
ing the activity of TNF-α (74). In addition, all miRNAs of
miR-21, miR-34a, and miR-214 are all involved in the
regulatory mechanism of myocardial fibrosis (75). The
results of this study cleared that under the stimulation of
high-concentration isoproterenol, significant fibrosis was
present in the myocardium, significant up regulation of the
expression levels of miR-34a in myocardial tissues were
found, as well as decrease of autophagy in myocardial
tissues. The present study suggested that oral administration
of F3 liquisolid and SM downregulated miR-34a expression
in rats treated with isoproterenol. No available data about
the mechanism of SM activity on miR-34a gene expression.
Studies have confirmed that plant flavonoids have biological
advantages such as antioxidant, anti-inflammatory, antitu-
mor, and antiatherosclerotic properties (76). The flavonoid
reduced carcinogenesis causing apoptosis of breast cancer
cells partially through miR-21 and miR-34a association.

CONCLUSION

This study clearly demonstrated the pronounced efficacy
of F3 liquisolid administration to rats with myocardial
infarction induced by isoproterenol. F3 possessed a notice-
able cardioprotection by reducing the modifications in the
levels of VEGF, SOD, MDA, TGF-β1, IL 10, iNOS, and p38
MAPK over pure SM as a result of improving its discounted
water solubility, oral absorption, and bioavailability in
liquisolid compact.
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