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Abstract. The aim of this study was to develop a self-microemulsifying drug delivery
system (SMEDDS) for enhancement of the oral bioavailability of isoliquiritigenin (ISL) as
well as evaluate its in vivo anti-hyperuricemic effect in rats. The ISL-loaded self-
microemulsifying drug delivery system (ISL-SMEDDS) was comprised of ethyl oleate (EO,
oil phase), Tween 80 (surfactant), and PEG 400 (co-surfactant). The ISL-SMEDDS exhibited
an acceptable narrow size distribution (44.78 +£0.35 nm), negative zeta potential (—10.67 =
0.86 mV), and high encapsulation efficiency (98.17 +£0.24%). The in vitro release study
indicated that the release rates of the formulation were obviously higher in different release
media (HCl, pH 1.2; PBS, pH 6.8; double-distilled water, pH 7.0) compared with the ISL
solution. The oral bioavailability of the ISL-SMEDDS was enhanced by 4.71 times in
comparison with the free ISL solution. More importantly, ISL-SMEDDS significantly
reduced uric acid level by inhibiting xanthine oxidase (XOD) activity in the model rats.
Collectively, the prepared ISL-SMEDDS proved to be potential carriers for enhancing the
solubility and oral bioavailability of ISL, as well as ameliorating its anti-hyperuricemic effect.
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INTRODUCTION

Isoliquiritigenin (2, 4, 4”-trihydroxychalcone, ISL; Fig. 1)
is a flavonoid compound with chalcone structure moiety and
is mainly found in the root of licorice (Glycyrrhiza uralensis)
(1), shallots (Allium ascalonicum) (2), Sinofranchetia
chinensis (3), Dalbergia odorifera (4), and soybeans (Glycine
max L.) (5). It has been widely used as active ingredient in
pharmaceutical, food, and cosmetic industry (6). Prior
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research has demonstrated that ISL possesses diverse phar-
macological effects including antioxidant, anti-inflammatory
(7), and cytoprotective effects (8), as well as antiplatelet
aggregation (9), radical scavenging activity (10), and so on.

As a chalcone-type flavonoid, ISL is very soluble in
alkaline aqueous solution and several organic solvents such as
ethanol, methanol, chloroform, and ether; however, its
solubility in water is low (11). Notably, it has been reported
that the low in vivo absorption and bioavailability of ISL was
due to was due to its poor solubility coupled with the extreme
hepatic first-pass effect and rapid elimination (11,12). Conse-
quently, the inherent low solubility and bioavailability of ISL
has seriously hindered its clinical applications. Presently,
several novel carriers lines have been developed to potentiate
the biological activities and improve the bioavailabilities of
many nature hydrophobic compounds, which include nano-
particles, liposomes, self-microemulsifying drug delivery sys-
tem (SEMDDS), and so on (13,14).

SMEDDS possesses immense potential for improving
the solubility, absorption, and bioavailability of lipophilic
drugs. SMEDDS is thermodynamically stable oily mixture,
which is isotropically formed by mixing oils, surfactants, and
co-surfactants. It has the ability to form oil-in-water (o/w)
microemulsion in a spontaneous manner under mild agitation
in gastrointestinal tract (GIT) fluids after oral administration.
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Fig. 1. Chemical structure of ISL
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The oil phases of SMEDDS are mostly plant oil and fatty acid
ester. The fatty acid ester has good fluidity, dissolution, and self-
emulsifying properties with ethyl oleate (EO) being the
commonly used as fatty ester in SMEDDS fabrication (15,16).
Likewise, the most usually employed non-ionic surfactants (e.g.,
Tween 80) have relatively high hydrophilic-lipophilic balance
(HLB). In order to reduce interfacial tension sufficiently, high
concentration of surfactant is needed owing to its ability to cause
irritations in GIT. Actually, co-surfactant such as polyethylene
glycol 400 (PEG 400) is used to reduce the concentration of
surfactant with the capacity to dissolve several hydrophobic
drugs and is suitable for oral delivery (17).

Some nanotechnology-based delivery system of ISL like
nanostructured lipid carrier (11,18) and liposome (18) have
recently been developed to improve the bioavailability and
pharmacological activities of the drugs. Nonetheless,
SMEDDS offer potential merits over these nanotechnology-
based drug delivery systems via its ability to improve the
absorption of aquaphobic active ingredients by reducing the
inherent restriction of incomplete dissolution and facilitating
microemulsion formation within the intestines (19). Besides,
SMEDDS is thermodynamically stable with ease of fabrica-
tion, low cost, and self-emulsifying efficiency (20). It also has
the ability to improve the solubility and dissolution rate of
scarcely aqueous-soluble drugs by bypassing the first-pass
effect and inhibiting P-gp efflux, which result in enhanced
intestinal permeability (21,22). Additionally, liquid self-
microemulsion preconcentrate enhances lymphatic transpor-
tation, provide greater interfacial area for absorption and
improve the physical as well as chemical stability of drugs
(23). Based on the aforementioned advantages of SMEDDS,
the present report sought to develop an effective delivery
system for oral administration of ISL with the aim of
enhancing the solubility and in vivo availability of the drug.

Gout is a metabolic disease caused by long-term distur-
bance of purine metabolism and elevated serum uric acid (24).
An increased uric acid level in the blood is known as
hyperuricemia, which is an important biochemical basis of gout
characterized by elevated uric acid levels. Xanthine oxidase
(XOD) which plays a principal role in gout is an enzyme that
converts hypoxanthine to xanthine and subsequently to uric
acid. Currently, drugs for gout treatment are mainly divided into
drugs inhibiting uric acid production inhibitors (e.g., allopuri-
nol), non-steroidal anti-inflammatory drugs (e.g., indometha-
cin), and corticosteroids. However, long-term administration of
these drugs can cause serious adverse reactions, such as liver and
kidney toxicity as well as severe allergic reactions. Therefore, it
is essential to unearth natural, safer, and effective drug for the
long-term treatment of hyperuricemia and concomitant gouty
arthritis. As per our knowledge, the anti-hyperuricemic effect of
ISL has not been reported yet.
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Herein, ISL-loaded SMEDDS (ISL-SMEDDS) was
prepared to improve the solubility and oral in vivo availability
of the drug. An optimum preparation ratio of ISL-SMEDDS
was consequently developed and characterized through
appropriate indices (droplet size, morphology by transmission
electron microscopy-TEM, entrapment efficiency-EE, drug
loading-DL, and the stability). The in vitro drug release and
pharmacokinetic investigations of the ISL-SMEDDS were
subsequently conducted. Besides, rat model of hyperuricemia
was established via intraperitoneal injection of potassium
oxalate and intragastric administration of hypoxanthine and
was employed to evaluate the anti-hyperuricemic activity of
ISL-SMEDDS.

MATERIALS AND METHODS

Materials

ISL (purity 98%) was obtained from Langze Pharma-
ceutical Technology Co., Ltd. (Nanjing, China). Hydrochloric
acid (HCI) and phosphate-buffered saline (PBS) were bought
from Sinopharm Chem, Reagent Co., Ltd. (Shanghai, China).
EO was supplied by Guangfu Fine Chem Research Inst.
(Tianjin, China). Tween 80 and PEG 400 were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Acetanilide (ACE), potassium oxazine, uric acid standard,
allopurinol, and xanthine oxidase assay kit were bought from
Aladdin Industrial Corp., (Shanghai, China). Methanol
(chromatographically pure) was provided by Honeywell
Burdick & Jackson (Muskegon, MI, USA). Double-distilled
water (DDW) was made in-house with a Millipore water
purifying system (Millipore Corporation, Bedford, MA,
USA). Other chemicals reagents were obtained commercially
and were of analytical grade.

The Laboratory Animal Centre of Jiangsu University
(Zhenjiang, China) supplied the male Sprague-Dawley (SD)
rats (200 =20 g).

Preparation of ISL-SMEDDS

The ISL-SMDEDDS was prepared through a previously
reported method (25,26), while pre-formulation was con-
ducted to select the appropriate excipients. Briefly, ISL
(86.40 mg) was mixed with EO (155.44 mg), tween 80
(660.09 mg) and PEG 400 (178.07 mg). Magnetic stirrer was
applied to stir the mixture at 37°C for 60 s to obtain stable
and uniform ISL-SMEDDS. After dilution with DDW
(100 mL) and stirring, the obtained formulation solution was
stored at room temperature until further analyses.

In Vitro HPLC Method for Determination of ISL

In vitro HPLC method for analyzing ISL-SMEDDS was
established in-house. The HPLC system consisted of an UV
detector, 1260 Quat Pump, 1260 ALS, 1260 TCC (1260 LC,
Agilent, USA) and 1260 DAD VL as well as a C18 column
(5 pm, 4.6 x150 mm, Agilent, USA). The analytical condi-
tions were as follows, mobile phase was methanol-water
mixture (60/40, v/v) as mobile phase, column temperature was
at 30°C, detection wavelength was set at 372 nm, flow rate of
1.0 mL/min and the injection volume was 20 pL. The analysis
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method was validated to be suitable for detecting of ISL with
the standard curve demonstrating a good linearity. The
regression equation was A =143.86C +9.3748 (R*=10.999,
n =38, linear range from 0.05 to 100 pg/mL).

ISL-SMEDDS Characterization

Physical Characterization

ISL-SMEDDS (1 mg/ml) was diluted with DDW prior to
the physical indices measurement. The droplet size (DS),
polydispersity index (PDI), and zeta potential (ZP) were
determined with dynamic and phase analysis light scattering
(DLS and PALS, respectively) technique using NanoBrook
90Plus PALS (Brookhaven Instruments Corporation,
Holtsville, NY, USA). The measurements were recorded in
triplicates at 25°C and 90° angle of scattering angle.

Morphology Characterization

Morphology of ISL-SMEDDS (1 mg/mL) was observed
through transmission electron microscopy (TEM). An aliquot
of diluted ISL-SMEDDS (20 uL, 500 pg/mL) was placed on a
copper-grid and dyed with 2% phosphotungstic acid. After
air-drying, the obtained thin-film was observed using TEM
(JEM-2100, JEOL, Tokyo, Japan).

EE and DL of ISL-SMEDDS

The EE and DL of the formulated ISL was determined
as described in earlier work (27). The prepared ISL-
SMEDDS (1 mg/mL, 1 mL) was placed in centrifugal filters
(30KDa, Amicon Ultra-15, Millipore, Germany) and centri-
fuged at 7378xg for 20 min (5804, Eppendorf, Germany) to
separate the unincorporated ISL. Absolute methanol was
used to dilute the filtrate to yield a final solution (10 mL).
Aliquot of the solution (20 pL) was injected into RP-HPLC
for determination of the amount of ISL. The EE and DL
were estimated via the following equation:

Ctotal _CfreeflSL

EE% = x 100%
Ctotal
DL% — (Ctolalfcfree—lSL) xV %« 100%
Wiipids

The Cree 151 represents the quantity of unincorporated
ISL in self-microemulsion (after filtration), whereas Cioa
denotes total amount of ISL in SMEDDS. Also, V represents
the volume of formulated ISL-SMEDDS in one recipe, and
Wiipia Tepresents the weight of the vehicle.

Stability of ISL-SMEDDS

The stability study of the formulated ISL-SMEDDS was
performed at various storage times, and the variations in the
DS, PDI, and ZP were assessed. Samples were kept in airtight
tubes (glass) and were stored for 3 months at accelerated
condition (temperature at 40 +2°C, relatively humidity 75 +
5%). At the respective months (0, 1, 2, and 3), the mean DS,
PDI, and ZP were evaluated to establish assess the storage
stability of ISL-SMEDDS.
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In addition, the samples were stored in sealed tubes at
room temperature for 1 month. Within a month (0, 15,
30 days), samples were extracted at predetermined intervals.
The mean DS, PDI, and zeta potential were evaluated in
triplicate.

In Vitro Drug Release Study

Prior to the release study, the solubility of ISL in various
media was investigated. Excess amount of ISL was dissolved
in 3 mL of each media (pH 1.2 HCI, pH 6.8 PBS, pH 7.0
DDW and pH 7.4 PBS). Thermostatic oscillator operating at
constant temperature (37 +0.5°C) and speed (100 rpm) was
used to conduct the solubility test. After 72 h, each sample
was centrifuged for 10 min at 7378xg, diluted for ten-fold and
the concentration of ISL was analyzed after injecting into
HPLC.

The in vitro drug release profiles of ISL in differential
media were measured by dialysis diffusion method with slight
modifications (Pharmacopeia of China, 2015), while three
parallel experiments were conducted. Briefly, ISL solution
(0.5 mg/mL, 1 mL) and ISL-SMEDDS (equivalent ISL
amount) were respectively placed in dialysis bags (MV
3500D, 25 mm x5 m, Shanghai Green Bird Science and
Technology Development, China), under the condition of
leaky groove, tied at each end, and then placed in various
release media (pH 1.2 HCI, pH 7.0 DDW, and pH 6.8 PBS).
Water-bath vibrator with constant conditions (37 +0.5°C and
100 rpm) was used to conduct the release test with total
release media volume of 400 mL. Periodically, samples (1 mL
each) were taken from the various media at 0.08, 0.25, 0.5, 1,
2,4, 6,8, 10, 12, and 24 h and accordingly replaced with the
same volume and type of fresh media to maintain the sink
condition. HPLC method (described in the “In Vitro HPLC
Method for Determination of ISL” section) was used to
analyze the samples.

Bioavailability Study

In Vivo HPLC Conditions

The HPLC system comprised of a 1260 Quat Pump, 1260
ALS, 1260 TCC, and 1260 DAD VL (Agilent, USA). The
analytical conditions were as follows: Symmetry C18 column
(5 um, 4.6 x 150 mm, Agilent, USA) set at 30°C, methanol-
water mixture (60/40, v/v) as mobile phase with a flow rate of
1.0 mL/min. A 254-nm absorption wavelength was used to
detect internal standard (acetanilide) and 372 nm absorption
wavelength was used for ISL detection. Likewise, ISL was
detected at a wavelength of 254 nm during the first 0-3 min
but was detected at 372 nm from 3 to 10 min. This method
was selected on the account of previous report (28). Standard
plasma solution comprising of ISL (blank plasma spiked with
ISL standards) was prepared using desired concentrations
(0.1,0.2,1, 2, 5, and 10 pg/mL). The ISL content was plotted
on horizontal axis (x) and that of peak areas on the vertical
axis (y). The standard curve of ISL in vivo: y =0.9378x —0.16
(n=6, R*=0.998), with concentration linearly ranged (0.1-
10 pg/mL).
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Treatment of Plasma Sample

Liquid-liquid extraction method was employed to extract
ISL from rats’ plasma as stated in a previous report (29). In
brief, plasma (200 pL) was mixed with 20 uL of Acetanilide
(50 pg/mL, internal standard), then 600 puL of ethyl acetate
was added to extract the drug from plasma. The ethyl acetate
layer was cautiously removed and combined after repeated
extraction (twice). After drying under nitrogen gas with mild
heat, the residue was dissolved in methyl alcohol (400 pL)
and centrifuged for 10 min at 7378xg. The supernatant was
analyzed with HPLC system.

In Vivo Pharmacokinetics Study of ISL-SMEDDS

The male Sprague-Dawley (SD) rats (200 + 20 g) used in
this study were supplied by the Laboratory Animal Centre of
Jiangsu University (Zhenjiang, China). The protocol for the
experiment was in compliance with Jiangsu University’s
Ethics Committee and guidelines spelt out for animal study
by National Institute for Care and Use of Laboratory
Animals (UJS-TACUC-2019032202). Prior to the experiment,
the rats (12) were randomly separated into two groups,
namely free ISL group and ISL-SMEDDS group with six rats
in each group. The animals were kept in standard rodent
house and were fasted for 12 h before experiment (given free
access to water). Each rat in the two groups was orally
administered with the same dose (200 mg/kg) of free ISL
(suspended in 0.5% sodium carboxy-methyl-cellulose solu-
tion) and ISL-SMEDDS, respectively. Blood samples (0.5 mL
each) were collected from the eye-orbit area with capillaries
at different times (0.1, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and
24 h) after administration. Plasma was obtained from whole
blood after centrifuging for 10 min at 1010xg and was stored
at —20°C prior to further analysis. Treatment of plasma
samples was described in section 2.6.2. The main pharmaco-
kinetic parameters, viz. the maximum peak concentrations
(Cmax), time to reach this concentration (7p,.x), mean
residence time (MRT), and the area under the
concentration-time curve (AUC,_,,) were computed with the
BAPP 2.3 pharmacokinetic software (supplied by the Center
of Drug Metabolism of China Pharmaceutical University,
Nanjing, China). The equation for computing relative oral
bioavailability (F;) of the drug was as follows:

_ AUCr
"7 AUCRr

x 100%

where AUCt and AUCg denote the area under the
concentration-time curve of the ISL-loaded SMEDDS and
ISL solution, respectively.

Anti-hyperuricemic Activities of ISL in Rats

Establishment of Rat Model of Hyperuricemia

The male SD rats (200 +20 g) model of hyperuricemia
was established (30) by intraperitoneal injection of potassium
oxalate emulsion (25 mg/mL, 10 mL/kg) and intragastric
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administration of hypoxanthine suspension (100 mg/mL,
10 mL/kg).

Serum Uric Acid HPLC Conditions

The level of serum uric acid in rats was determined using
a Shimadzu HPLC UV detector (LC-20 CE, Shimadzu,
Japan) and equipped with a Symmetry®C18 column
(4.6 mm x 250 mm, 5 pm; Waters, USA) at 30°C. The mobile
phase was 0.2% acetic acid aqueous solution/methanol (94/6,
v/v) with a flow rate of 1.0 mL/min, and an aliquot (20 uL) of
the sample was injected into HPLC and was detected at
288 nm wavelength for detection. The plasma (100 pL) was
spiked with different concentrations of uric acid (1, 2.5, 5, 10,
15, and 20 pg/mL). Regression analysis was carried out with
uric acid concentration as abscissa and peak area as ordinate.

Determination of Serum Uric Acid and Xanthine Oxidase
Activity

Fifty-four male SD rats were randomly divided into nine
groups (n=06), namely normal control group (NC), model
control group (MC), positive control group (PC, 40 mg/kg,
allopurinol), ISL low-dose group (I-L, 50 mg/kg), ISL
medium-dose group (I-M, 100 mg/kg), ISL high-dose group
(I-H, 150 mg/kg), ISL-SMEDDS low-dose group (I-S-L,
50 mg/kg), ISL-SMEDDS medium-dose group (I-S-M,
100 mg/kg), and ISL-SMEDDS high-dose group (I-S-H,
150 mg/kg). One hour (1 h) after the establishment of
hyperuricemic model, each animal in the NC and MC groups
was intragastrically administered with 3 mL of physiological
saline (0.9%), while PC groups were treated with allopurinol
(25 mg/kg), and each rat in the other six groups was
intragastrically administered with 3 mL of various doses of
free ISL and ISL-SMEDDS. After 3 h, blood samples (1 mL
each) were collected from the eye-orbit area with capillaries
and determination of serum uric acid by HPLC.

Presumably, XOD catalyzes the oxidation of xanthine to
uric acid. Therefore, inhibition of XOD activity is an effective
strategy for the treatment of hyperuricemia. Determination of
XOD activity in serum and liver was achieved using
commercial test kit by Nanjing Jiangcheng Bioengineering
Institute.

Histopathological Examination

All the rats were executed, and their liver and kidney
were collected and fixed with 4% paraformaldehyde at 4°C
for 24 h. After washing with PBS (pH 7.4), the samples were
embedded in paraffin, sliced at 5 pm, and stained with
hematoxylin and eosin. The prepared samples were observed
under a microscope (Nikon, Japan).

Statistical Analysis

The entire experimental data were presented as mean +
SD (standard deviation). The differences among groups were
statistically analyzed ascertained with Student’s t test via the
SPSS software (version 13.0 SPSS Company, USA). The
statistically significance level was considered at p <0.05.
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Fig. 2. a, b The TEM image and droplet size distribution of ISL-SMEDDS

RESULT AND DISCUSSION
Characterization of ISL-SMEDDS

The mean DS of the prepared ISL-SMEDDS diameter
was 44.78 + 0.35 nm (Fig. 2b) with PDI of 0.20 + 0.01 while
the ZP was — -10.67 + 0.86 mV. As shown in Fig. 2a, the ISL-
SMEDDS was nearly spherically in shaped with smooth
surface and homogenous size while without any sign of
droplet agglomeration. The EE% of the formulation was
98.17 + 0.24, which was in line with previous report (31). The
DL of the SMEDDS formulation was 7.69 + 0.02%.

Usually, DS is an important index for evaluating the quality
of nanoformulations as size of particles could impact on the rate
and extent of drug release, thereby affecting the intestinal
absorptions and bioavailability of active ingredients (32). This is
because as the diameter of particle reduces, the interfacial
surface for drug absorption also increases (33). Previous
investigations have proved that smaller DS could contribute to
enhanced drug absorption and oral bioavailability of drugs after
administration (34,35). The DS of ISL-SMEDDS prepared in
the present study was less than 50 nm, which accord with the
classification of microemulsion. The small particle size of ISL-
SMEDDS might also contribute to the improvement of ISL
absorption in vivo (36). The lower PDI also portrayed further
the homogeneousness of the globule size in the nanodispersion
(37). As a parametric measure of stability, a higher ZP is
considered ideal for a stable formulation. A ZP of —10.67 mV
obtained for ISL-SMEDDS agree with previous report (38,39).
Pertinently, SMEDDS formulations with ZP above — 10 mV has
been observed to be stable (38). Collectively, these findings

Table I. The Results of Accelerated Stability of ISL-SMEDDS
(Mean + SD, n=3)

Time (months) Particle size (nm) Zeta potential (mV) PDI

0 44.78 + 0.35 —10.00 = 0.29 0.20 = 0.01
1 45.90 + 0.86 —9.76 + 0.69 0.21 + 0.01
2 47.88 + 0.91 -812 +£0.17 0.21 = 0.01
3 50.31 + 0.47 —7.90 +0.52 0.23 + 0.02

PDI polydispersity index

suggest the stability of ISL-SMEDDS, which is prerequisite for
the delivery of the drug. The EE and DL results demonstrated
that high amount of ISL was successfully incorporated in the
SMEDDS and may have the potential to improve the ISL
absorption in vivo.

Stability Studies

Various reports (40,41) have described that 3 months of
stability study can be used to preliminarily prove the stability
of the preparation. Table I showed the storage stability result
of ISL-SMEDDS for 3 months at accelerated condition.
There was no statistical significance in the variation of DS,
ZP, and PDI, suggesting that the ISL-SMEDDS was accept-
ably stable under the prevailing condition for the storage
period. These results showed that the formulation of ISL-
SMEDDS was uniform and stable for in vivo applications. It
can be observed from Table I that there was an increase in
DS and ZP over time. The increase in DS could be due to the
aggregation of the droplets with time. Usually ZP is the
potential between the droplet surface and the dispersed
liquid, which varies with the distance between the ion and
the droplet surface (42). A decrease of zeta potential value
indicates probable coalescence of the ISL-SMEDDS droplets.
This is consistent with the phenomenon of change in particle
size. Moreover, the change in DS and ZP during the 3 months
study was statistically insignificant (p >0.5).

Additionally, the stability of ISL-SMEDDS at room
temperature was also studied for 1 month to assess effect of
temperature on the stability of the formulation and the results
is shown in Table II. It can be inferred from the Table II that
the DS, ZP, and PDI of ISL-SMEDDs did not change
significantly during storage at room temperature (30 days).
The results showed that the preparation could be preserved
stably under the above conditions.

In Vitro Release of ISL-SMEDDS

As shown in Fig. 3, the solubility of ISL in pH 1.2,
pH 6.8, pH 7.0, and pH 7.4 were 4.58 +0.46 pg/mL, 3.85+
0.31 pg/mL, 6.09 + 0.55 pg/mL, and 7.64 + 0.57 pg/mL, respec-
tively. The results revealed that ISL demonstrated different
solubility pattern at the various pH condition with high
solubility in PBS (pH 7.4).
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Table II. The Results of Stability of ISL-SMEDDS at Room
Temperature (Mean + SD, n =3)

Time (day) Particle size (nm) Zeta potential (mV) PDI

0 4443 + 045 -10.54 £ 0.31 0.19 + 0.01
15 45.11 = 0.19 —10.20 + 0.45 0.19 + 0.02
30 45.04 + 0.14 -10.25 £ 0.31 0.20 + 0.01

PDI polydispersity index

The in vitro release results showed that the drug was
released faster from SMEDDS than free drug solution. As
depicted in Fig. 4, the cumulative release rates of ISL from
ISL-SMEDDS in the three media were significantly higher
than that of the free ISL solution in the three media. It was
also observed that the cumulative release ratio of ISL from
SMEDDS within 24 h in pH 1.2 HCI, pH 6.8 PBS, and pH 7.0
DDW reached 78.95%, 66.41%, and 82.34% respectively.
Meanwhile, only 51.08%, 46.87%, and 58.68% of total ISL
were released from free ISL in the three media, respectively.
Relatively higher release rate of ISL from SMEDDS
compared with the free drug (nearly 80% in DDW and in
PBS) indicated that the solubility of ISL. was improved. The
smaller DS of the ISL-SMEDDS might have contributed to
the improvement in the ISL solubility in both DDW and PBS
(31). Therefore, smaller globule size usually results in
increased the surface area, which in turn might have
enhanced the release of ISL. These finding indicated that
the formulation could facilitate the movement of ISL through
the GI mucous membrane (43). The surfactant and co-
surfactants incorporated in the microemulsion system could
undermine the membrane permeability, thereby improving
the wettability and water solubility of the compound (44).
Thus, the ISL-loaded SMEDDS system has the prospect of
improving the bioavailability of ISL in vivo. Actually, at
nearly neutral pH (similar to intracellular and/or intestinal
environments), SMEDDS formulations considerably influ-
ence the biopharmaceutical properties of the lipophilic drugs
via increased dissolution rate and solubility (45). The high
solubility of ISL-SMEDDS in water could probably be
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Fig. 3. The solubility of ISL in various media
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ascribed to the ability of the system to form fine oil-in-water
microemulsions upon contact with aqueous phase via gentle
agitation by the thermostatic oscillator (46). On the other
hand, the difference of release curves between pH 6.8 PBS
and pH 1.2 HCI might be due to the successful encapsulation
of ISL in self-microemulsion and thus are protected from the
effect of gastric acid environment. There was no sudden
release in these three media, which indicated that the
prepared preparation is uniform, and the drug was success-
fully loaded into the drug.

Pharmacokinetic Analysis of ISL-SMEDDS

The plasma drug concentration-time profiles of pure ISL
and ISL-SMEDDS after oral administration of a single dose
(200 mg/kg) are presented in Fig. 5, and the pharmacokinetic
parameters were calculated and are displayed in Table III.
The figure depicted that plasma drug concentration of ISL-
SMEDDS was obviously higher than the free ISL. Likewise,
the observed profile displayed that plasma drug concentration
of ISL-SMEDDS was remarkably higher than the free ISL.

The pharmacokinetic variables were evaluated with the
BAPP 2.3 pharmacokinetic software with the result was
displayed in Table III. The Cyax (0.46+0.02 pg/mL) and
AUCy 24 1 (272£0.26 pg/mL) of free ISL was significantly
lower compared with the ISL-SMEDDS (1.24 +0.14 pg/mL and
12.81 + 1.40 pg/mL, respectively). These results indicated that
in vivo absorption of ISL was markedly enhanced by SMEDDS
(p < 0.01), which correlated with the in vitro release results. The
bioavailability of ISL-SMEDDS was significantly higher than
the unformulated ISL after single oral dosing with the relative
bioavailability increasing by 4.71 times.

The values of area-under-the concentration-time curve
(AUCq 54 1) coupled with the Cy,,x values showed that in vivo
ISL-SMEDDS absorption was substantially higher (p <0.01)
than that of the unformulated drug. Moreover, the MRT of
ISL-SMEDDS (9.73 £ 0.06 h) were longer than the unformu-
lated ISL (7.04+0.09 h), which means that the prepared
SMEDDS could increase the systemic circulation of ISL in
the body. The possible reason for enhanced bioavailability
observed in the formulated drug profile could be ascribable to
direct nanodroplet uptake via the GIT and increased
permeability by surfactants (47), as well as decreased
degradation and clearance. Therefore, the carrier improved
the solubility and bioavailability of the ISL, thereby justifying
its appropriateness for oral administration. The ISL-loaded
SMEDDS exhibited double peak phenomenon, which is
characterized by an initial increase profile to reach a first
peak that begun to decline and then raised again to attain a
second peak which was higher than the first. The observed
pattern of plasma concentration versus time profiles in rats
was not dose-dependent. There were two peaks for both free
ISL and ISL-SMEDDS, which showed that the characteristic
pattern may be due to the occurrence of enterohepatic
circulation (48). Previous report indicated that ISL is mainly
absorbed in the GI membrane via passive diffusion. The
double peak phenomenon of ISL could be attributed to the
absorption variability within different regions of the gut and is
thought to be the most probable physiological explanation for
this pattern (18). Further investigations are therefore needed
to clarify the double peak phenomenon of ISL in details.
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Effect of ISL-SMEDDS on Uric Acid in Rats

As shown in Fig. 6, the uric acid value of the model group was
significantly higher than that of other groups, which indicated that
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Fig. 5. Plasma concentration profile of free ISL and ISL-SMEDDS
(mean + SD, n = 6)

the model of hyperuricemia rats was successfully established.
Compared with the MC group, the level of serum uric acid was
decreased in both the ISL-SMEDDS and the free ISL. Notably,
three different doses (50, 100,150 mg/kg) of ISL-SMEDDS
significantly reduced serum uric acid levels by 41.76%, 61.20%,
and 78.83%, respectively compared with the MC group. With the
increase dosage of ISL-SMEDDS, uric acid value decreased

Table III. Pharmacokinetic Parameters of Free ISL and ISL-
SMEDDS After Oral Administration (Mean + SD, n=6) in Rats

Parameters Free ISL ISL-SMEDDS
AUC) 361 (ng/mL) 272 +0.26 12.81 + 1.40%*
Cpnax (png/mL) 0.46 + 0.02 1.24 + 0.14%*
T (h) 8.14 + 0.46 24.07 + 0.83**
MRT,_, (h) 7.04 = 0.09 9.73 + 0.06**
Tinax (h) 05«0 1+0

ISL isoliquiritigenin, ISL-SMEDDS ISL-loaded self-
microemulsifying drug delivery system, AUC area under the
concentration-time curve, C,,,, maximum peak concentrations, 77,
half-life, MRT mean residence time, 7, time to reach maximum
concentration

*p < 0.05, compared with free ISL; **p < 0.01, compared with free
ISL
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significantly, which was dose-dependent. More importantly, the
same doses of free ISL also decreased serum uric acid level
(p <0.05) by about 25.27%, 42.88%, and 51.92%, respectively. The
serum uric acid value of ISL-SMEDDS was close to that of PC,
which indicted that ISL-SMEDDS had similar uric acid-lowering
activity as allopurinol. These results suggest that the ISL-SMEDDS
can significantly improve the anti-hyperuricemia activity of ISL.

ISL Reduces Uric Acid by Inhibiting XOD A ctivity

The possible mechanism of ISL in reducing uric acid was
explored by detecting the activity of XOD in serum and liver
of rats. XOD activity in serum and liver of rats with
hyperuricemia was inhibited by allopurinol and the three
doses of ISL as shown in Fig. 7. The results indicated that

B Scrum XOD(U/L)
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*
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a
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Fig. 7. The XOD activity in serum and hepatic in various groups. Normal control group
(NC); model control group (MC); positive control group (PC); ISL low-dose group (I-L, 50
mg/kg); ISL medium-dose group (I-M, 100 mg/kg); ISL high-dose group (I-H, 150 mg/kg);
ISL-SMEDDS low-dose group (I-S-L, 50 mg/kg); ISL-SMEDDS medium-dose group (I-S-
M, 100 mg/kg); ISL-SMEDDS high-dose group (I-S-H, 150 mg/kg). *p < 0.1, **p < 0.05.
compared with free ISL
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Fig. 8. Histopathological analysis of the liver and kidney in rats treated with different therapies: A MC (model control group); B NC (normal
control group); C PC (positive control group); D I-L (ISL low-dose group); E I-M (ISL medium-dose group); F I-H (ISL high-dose group); G I-
S-L (ISL-SMEDDS low-dose group); H I-S-M (ISL-SMEDDS medium-dose group); I I-S-H (ISL-SMEDDS high-dose group)

each of the doses of ISL inhibited XOD activity compared
with the model group. The XOD activity in liver and serum of
ISL-SMEDDS (the low-dose group) was lower than that of
the free ISL (p <0.1). Likewise, XOD activities in liver and
serum of ISL-SMEDDS (the middle-dose group and high-
dose group) were significantly lower than that of the free ISL
(p <0.05). In hyperuricemic rats, a dosage (150 mg/kg) of
ISL-SMEDDS inhibited XOD activity in serum and liver by
35.50% and 41.27% respectively. Likewise, free ISL (14.03%
and 8.40% accordingly) also inhibited XOD activity; how-
ever, the degree of inhibition was lower than that of the ISL-
SMEDDS. In the I-S-H group, the inhibition of XOD activity
was close to the positive drug. This indicated that ISL-
SMEDDS could reduce XOD activity close to normalcy.

Histopathological Analysis

Studies have shown that hyperuricemia is associated with
liver and kidney damage (49). As indicated in Fig. 8, there were
obvious pathological changes such as edema, necrosis and
degeneration in the MC compared with the NC, suggesting that
hyperuricemia may damage the liver and kidney of rats.
However, organs of the rats treated with free ISL and ISL-
SMEDDS showed different degrees of histomorphological
recovery. More importantly, the tissue morphology of I-S-H
group was close to NC, which suggests that ISL-SMEDDS has
better organ repair effect than free ISL. These results suggested
that ISL-SMEDDS could effectively improve the organ protec-
tion of ISL in hyperuricemic rats.

CONCLUSIONS

In this study, ISL-loaded SMEDDS was successfully
prepared to improve the water solubility and oral bioavailability
of ISL, a poorly aqueous-soluble compound with various
pharmacological effects. Characterization of ISL-SMEDDS
showed that it has smaller and narrowed droplet size, negative
zeta potential, and high drug entrapment efficiency. The in vitro
release results suggested that the solubility of ISL was remark-
ably improved by SMEDDS. After oral administration of free

ISL and ISL-SMEDDS in rats, the results demonstrated that the
SMEDDS markedly enhanced the plasma concentration as well
as oral bioavailability of ISL. Moreover, ISL-SMEDDS could
significantly reduce serum uric acid value level by inhibiting
XOD activity. Collectively, these results provide preliminary
information on possible clinical application of ISL and other
similar water-insoluble compounds.
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