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Purpose: Isoliquiritigenin (ILQ), an important component of Anti-Asthma Herbal Medicine 
Intervention (ASHMI), had shown potent anti-asthma effect in vitro in our previous study. 
However, poor solubility and low bioavailability hindered in vivo application to treat asthma. 
This study was to develop a novel ILQ loaded self-nanoemulsifying drug delivery system 
(ILQ-SMEDDS) with enhanced bioavailability.
Methods: The optimized SMEDDS formulation was composed of ethyl oleate (oil phase), 
Tween 80 (surfactant) and PEG400 (co-surfactant) at a mass ratio of 3:6:1. The physiochemical 
properties of ILQ-SMEDDS, including drug content, globule size, zeta potential, scanning 
electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, were character-
ized. And the in vitro release profile, in situ intestinal absorption, in vivo pharmacokinetic 
parameters and the anti-asthma effect of ILQ suspension and ILQ-SMEDDS were evaluated.
Results: The ILQ-SMEDDS had an average globule size of 20.63 ± 1.95 nm with a 
polydispersity index (PDI) of 0.11 ± 0.03, and its zeta potential was −12.64 ± 2.12 mV. 
The cumulative release rate of ILQ from ILQ-SMEDDS to the simulated gastrointestinal 
tract was significantly higher than that of free ILQ suspension. And area under curve with 
ILQ-SMEDDS was found to be 3.95 times higher than that of ILQ suspension indicating 
improved bioavailability by SMEDDS. Although ILQ-SMEDDS showed a slight less effec-
tive inhibitory effect on eotaxin-1 in human lung fibroblast (HFL-1) cells than free ILQ, in an 
ovalbumin-induced asthma model, ILQ-SMEDDS exhibited more efficacy than ILQ suspen-
sion in improving asthma-associated inflammation, including eosinophil production, ovalbu-
min-specific immunoglobulin E (OVA-sIgE), interleukin 4 (IL 4), interleukin 5 (IL 5) and 
interferon-γ (IFN-γ). Even the low dose of ILQ-SMEDDS group (10 mg/kg) showed better 
anti-asthma effect than that of the ILQ suspension group (20 mg/kg).
Conclusion: Compared with ILQ suspension, ILQ-SMEDDS showed significantly 
improved bioavailability and anti-asthma effect, revealing its potential as a favorable phar-
maceutical agent for treating asthma.
Keywords: isoliquiritigenin, self-nanoemulsifying drug delivery system, SMEDDS, 
ovalbumin-induced asthma, eotaxin-1, increased bioavailability

Introduction
Allergic asthma is a chronic inflammatory lung disease that has become a growing 
public health issue, currently affecting more than 300 million people worldwide.1 

Although corticosteroids can effectively alleviate asthma symptoms, most patients 
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will still have repeated attacks, and the long-term efficacy 
is poor, and their side effects of long-term use are a 
significant safety concern, particularly for both adults and 
children with severe asthma.2,3 There is an urgent need for 
safe and effective agents for treating asthma. Chinese 
herbal therapy (CHT), which has been used for thousands 
of years, has been suggested to have potential for treating 
allergies and asthma.4 Anti-asthma Herbal Medicine 
Intervention (ASHMI), a recently developed formula con-
taining Ling-Zhi (Ganoderma lucidum), Ku-Shen 
(Sophora flavescens), and Gan-Cao (Glycyrrhiza uralen-
sis), had been shown to significantly reduce Th2-mediated 
airway inflammation in a murine model of asthma and 
clinical studies.5–12 It was further found that Glycyrrhiza 
uralensis played an important role in the ASHMI 
formula,10 whose major chemical constituents are triterpe-
noids and flavonoids. Among the 10 compounds isolated 
and identified from Glycyrrhiza uralensis in our early 
study, we found that the flavonoids had potent eotaxin-1 
inhibitory effect on HFL-1 cells in vitro, including liquir-
itigenin, isoliquiritigenin (ILQ, Figure 1A), 7,4ʹ-dihydrox-
yflavone (7,4ʹ-DHF, Figure 1B) and 
neoisoliquiritin.2,9,10,13 Moreover, ILQ and 7,4ʹ-DHF 
were the two showing most effective anti-allergic asthma 
effect among these compounds. However, due to the extre-
mely poor solubility and very low extraction yield (0.15%) 
of 7,4ʹ-DHF,2 its application in vivo was greatly restricted. 
Even if 7,4ʹ-DHF showed a bit lower IC50 on eotaxin-1 
inhibition than that of ILQ, we chose the ILQ as our model 
drug in the present study.10

Isoliquiritigenin, a flavonoid compound mainly found 
in the root of Glycyrrhiza uralensis, had potent 
antioxidant,14 anti-inflammatory,15–17 antitumor18 and 
antianaphylaxis10 effects. With a chalcone-type structure, 
ILQ is easily soluble in several organic solvents and dilute 

alkaline aqueous solution, but insoluble in water.19 Due to 
its poor solubility and quick elimination, ILQ has poor 
absorption in vivo and low bioavailability, which hinders 
its further in vivo application.20

In recent decades, plenty of efforts have been made to 
enhance the bioavailability of ILQ by using many nano-
technology-based oral or intravenous drug delivery sys-
tems, such as liposomes,21 lipid-polymer hybrid 
nanoparticles,22 mesoporous silica nanoparticles,23 nanos-
tructured lipid carriers,18,24 hydrogels,25 polymeric 
micelles,26 inclusion complex.27 However, benefiting 
from its broad source of medical auxiliary materials, low 
cost and ease of fabrication, self-micro-emulsifying drug 
delivery system (SMEDDS) has received extensive atten-
tion. With good adaptability for oral administration, 
SMEDDS can spontaneously form oil-in-water globule 
with size less than 100 nm in the gastrointestinal tract 
(GIT) or with slight agitation at 37°C.28 In addition, to 
improving the solubility and dissolution rate of water- 
insoluble agents, SMEDDS also can enhance intestinal 
permeability and provide a greater interfacial absorption 
area, thereby improving the bioavailability of agents.29–31

In the interest of enhancing the solubility and in vivo 
availability of ILQ, we sought to design a formulation 
based on self-micro-emulsifying drug delivery system 
(SMEEDS) for oral administration of ILQ. In this study, 
we optimized the formulation of ILQ-SMEDDS and eval-
uated its appearance, mean globule size, zeta potential and 
morphology. Subsequently, we investigated the in vitro 
release profile, in situ intestinal absorptions and in vivo 
pharmacokinetic parameters of the ILQ-SMEDDS. Lastly, 
we tested its inhibition effect on eotaxin-1 in HFL-1 cells 
and evaluated the anti-asthma effect of ILQ-SMEDDS in 
an OVA-induced murine asthma model.

Figure 1 The structure of isoliquiritigenin (ILQ, (A)) and 7,4ʹ-dihydroxyflavone (7,4ʹ-DHF, (B)).
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Experimental Section
Material and Cells
Materials
Isoliquiritigenin (ILQ, 98.0%) was purchased from Herb 
Purify Co. (Chengdu, China). Ethyl oleate (EO), 1,3-pro-
panediol, castor oil acetanilide, urethane and phenol red 
were bought from Aladdin (Shanghai, China). Tween 80 
(for cells culture), ovalbumin (V and II grade), (3-(4,5- 
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 
MTT, and Al (OH)3 gels were obtained from Sigma- 
Aldrich (Shanghai, China). PEG 400 was obtained from 
Yipusheng Pharmaceutical Co (Jiangxi, China). Ham’s 
F12K medium was obtained from Bosterbio (Boster, 
Wuhan, China). Fetal bovine serum (FBS) was bought 
from Gibco (Gibco, Australia).

Cell Culture
Human lung fibroblast cells (HFL-1 cells, ATCC® 
CCL153TM) were bought from American Type Culture 
Collection (Rockville, MD, USA). HFL-1 cells were 
grown in F-12K medium containing 10% fetal bovine 
serum (Gibco, Australia) and 1% penicillin-streptomycin 
solution at 37°C in a 5% CO2 humidified incubator. And 
cells were sub-cultured by digesting cells with 0.5% tryp-
sin-EDTA. The medium was changed every 3 days.

Animals
All the animal studies were approved by the Animal Care 
and Use Committee (Approval No. DWLL201903312) of 
Henan University of Chinese Medicine and were per-
formed in strict accordance with the NIH guidelines for 
the care and use of laboratory animals.

Female Sprague Dawley (SD) rats (220 ± 20 g), female 
Kunming mice (8–10 weeks old) and female BALB/c mice 
(6–8 weeks old) were obtained from Shandong Laboratory 
Animal Center (Peng-Yue Laboratory Animals, Jinan, 
China). All mice were housed at 22°C in cages within 
laminar airflow hoods in a specific pathogen-free room 
with a 12-h light/12-h dark cycle and fed autoclaved 
chow and water ad libitum. All the animals were fasted 
overnight before experiment with free access to water.

Preparation and Characterization of ILQ- 
SMEDDS
HPLC Method
ILQ was assayed by reversed phase HPLC on a Poroshell 
HPH-C18 column (250 × 4.6 mm, 4 μm, Agilent Co. Ltd., 
USA). The HPLC was performed on a waters e2695 

system consisting of alliance Quat gradient pump, 2998 
diode array detector and empower 3 chromatographic soft-
ware. The HPLC method for analyzing ILQ was estab-
lished as previously reported.32 The detailed conditions 
were as follows: acetonitrile-water mixture (60/40, v/v) 
was used as mobile phase, with column temperature at 
30°C, wavelength at 372 nm, and flow rate 1.0 mL/min.

Solubility Studies
The solubility of ILQ in various solvents, including oils, 
surfactants and co-surfactants was measured using meth-
ods reported in an early study with slight modifications.33 

Excess ILQ was added to 2 mL of various solvents, 
respectively. Then, the mixtures were sonicated for 10 
min, and shaken at 100 rpm for 24 h on an oscillator 
(Agene Laboratory Equipment Co., Ltd. Shanghai, 
China) at 37°C. After that, the mixture was centrifuged 
at 8000 rpm for 30 min to remove the precipitate. The 
supernatants were diluted with acetonitrile. The solubility 
of ILQ in each solvent was analyzed using HPLC.

Optimization, Preparation and Characterization of 
the ILQ-SMEDDS
SMEDDS formulations were prepared using oils, surfac-
tants, and co-surfactants with good ILQ solubility. The 
components were mixed in designed ratios to obtain a 
homogeneous mixture. The transparent mixtures were 
titrated with water dropwise under gentle agitation (1:100 
dilution). Each formulation was evaluated for the appear-
ance and self-emulsifying ability. And the globule size, 
zeta potential of optimized SMEDDS was measured by 
using a Nano Brook 90Plus PALS sizer (Brookhaven 
Instruments Corporation, Holtsville, NY, USA) at 25°C.

The ILQ-SMEDDS was prepared according to a pre-
viously reported method with some modifications.33 EO 
(300.9 mg), tween 80 (600.5 mg) and PEG 400 (103.5 mg) 
were mixed well, and sonicated for 10 min to obtain a 
clear and transparent liquid. Then, the excess ILQ was 
added, followed by sonication for 10min, and oscillating 
at 37°C at 100 rpm over-night. Finally, ILQ-SMEDDS was 
centrifuged at 8000rpm for 30min to remove the prescrip-
tion before use. The supernatant was taken and the solu-
bility of ILQ in SMEDDS was determined by HPLC.

A 2-level factorial design was used to determine the 
optimal formulation by evaluating the impact of the two 
factors (mass percentage of oil X1, blend ratios of surfac-
tant to co-surfactants X2) on the globule size (Y1) and drug 
content (Y2). The percentage of oil phase (X1) varied from 
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10% to 30% and the blend ratios of surfactant to co- 
surfactants (Km, X2) were in the range of 1:1 to 7:1. All 
ILQ-SMEDDSs were diluted 10 times, and the globule 
size, ζ potential and drug content were measured. The 
Sklearn library function of Python language was used to 
statistically analyze the response results to determine the 
optimal formulation with the maximum drug content and 
the small globule size.

The morphology of optimized ILQ-SMEDDS was 
obtained by transmission scanning electron microscope 
(TEM-1400, Tokyo, Japan) after staining with 2% phos-
phato-tungstic acid (PTA). The IR spectra of ILQ- 
SMEDDS were recorded on the Fourier-transform infrared 
spectrometer (FT-IR) (Spectrum 100, Platinum Elmer, 
Waltham, MA, USA) by using a potassium bromide 
pressed-disk method.

Stability of ILQ-SMEDDS
The stability of ILQ-SMEDDS was performed at various 
storage times and pH, and the variations in the size, poly-
dispersity index (PDI), and ζ potential were investigated. 
The emulsion samples were kept in vials and were stored 
at 40°C or 4°C for 3 months. At a scheduled time (0, 1 and 
3 months), they were diluted with 10 times ultrapure 
water, and then the globule sizes, PDIs and ζ potentials 
were measured.

To evaluate whether it would be destroyed in the gas-
trointestinal tract, newly prepared ILQ-SMEDDS was 
diluted at predetermined extent with simulated gastric 
(pH 1.2 hydrochloric acid) and intestinal (pH 6.8 PBS) 
fluid, and their globule sizes, PDIs and ζ potentials were 
measured.

In vitro Release Profile
According to the Chinese Pharmacopoeia (2015), in vitro 
ILQ release profiles of ILQ suspension (or ILQ + 
SMEDDS) and ILQ-SMEDDS in the two media were 
measured by dialysis-diffusion method with slight 
modification.34 ILQ suspension (5mg ILQ in 2mL of 2% 
tween 80 medium) and ILQ-SMEDDS (2 mL micro-emul-
sion, containing equivalent ILQ amount) were obtained in 
a dialysate bag with a molecular weight cut-off of 5000 
Da. Then, they were placed in 250mL of release media 
(pH 1.2 HCl for the first 2h and pH 6.8 PBS for the rest 
22h, containing 1% Tween 80) under a temperature of 37° 
C and an oscillation of 100 rpm. At 0, 0.25, 0.5, 0.75, 1, 2, 
4, 8, 12, 16 and 24 h, respectively, dialysates (2mL each) 
were taken and rapidly replenished with equal volume and 

type of fresh media. The content of ILQ in the dialysate 
was measured by HPLC, and the hemolytic toxicity 
of  ILQ-SMEDDS was also investigated (Hemolytic 
toxicity).

Eotaxin-1/CCL11 Inhibition Assay
Eotaxin-1/CCL11 inhibitory effect of ILQ or ILQ- 
SMEDDS at various concentrations were tested as pre-
viously described.35 HFL-1 cells were plated into 24-well 
plates at a density of 1×105 cells per well and cultured for 
24 h. After washing the cells with pre-warmed phosphate- 
buffered saline (PBS), various concentrations of ILQ- 
SMEDDS or ILQ (dissolved in DMSO, the final DMSO 
concentration less than 2‰) were added to the cells and 
incubated for 72 hours. Medium alone served as the con-
trol. The supernatant was then collected and its eotaxin-1 
level was measured using a qualitative enzyme-linked 
immunosorbent assay (ELISA, BD Biosciences, San 
Diego, CA, USA) according to the manufacturer’s instruc-
tions. The absorbance was read at 450nm using a micro-
plate reader (SpectraMax i3, Molecule Device Inc., USA). 
Eotaxin-1 (Pharmingen, Ca#555175) Inhibition was calcu-
lated relative to the control according to the following 
equation.

Eotaxin � 1 Inhibition % ¼
ODcontrol� ODILQ

ODcontrol
� 100%

(1) 

Cell viability was measured by MTT assay as previously 
described. Briefly, HFL-1 cells (1×104 cell per well) were 
seeded in 96-well plates and treated with various concen-
trations of ILQ-SMEDDS or ILQ. After 3 days, MTT 
stock solution was added to produce dark blue formazan 
crystals, and absorbance was read at 570 nm.

Absorption in situ, Pharmacodynamic and 
Pharmacokinetic in vivo Studies
Intestinal Absorption in situ
The in situ perfusion model in rats was used to study the 
intestinal absorption of ILQ-SMEDDS, and it was per-
formed in the distal jejunum segment according to the 
references with a slight modification.36,37 In detail, each 
rat was anesthetized by intraperitoneal injection of 20% 
urethane (at a dose of 5 mL/kg), restricted to the supine 
position and kept at its normal body temperature using 
infrared lamps. Upon confirmation of the loss of pain reflex, 
its abdomen was opened with a midline longitudinal inci-
sion about 3 cm long. Then distal jejunum was intubated 
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immediately with two glass tubes (3.5 mm, O.D.) and 
ligated with surgical silk suture. The selected intestinal 
segment was gently rinsed with pre-warmed PBS to remove 
faecal residues and debris, then attached to the perfusion 
assembly consisted of a peristaltic pump (L100-1F/DG-2, 
Baoding Longer Precision Pump Co., Ltd., China). One 
hundred milliliters of ILQ-SMEDDS or ILQ suspension 
with an initial ILQ concentration of 200μg/mL (containing 
20 μg/mL of phenol red) was perfused through intestinal 
wall at a flow rate of 6 mL/min for 10 min. Then, the flow 
rate was adjusted to 3 mL/min, and the solution volume was 
recorded as the 0 min volume. Each perfusion experiment 
lasted for 2 h and samples were collected at predetermined 
time intervals of 15 min (0, 15, 30, 45, 60, 75, 90, 105, 120 
min). At the end of the experiment, the radius and length of 
the perfused intestinal and the remaining of the amount of 
ILQ in each sample were measured. The absorption percen-
tage (AP) for ILQ-SMEDDS or ILQ-Suspension, the 
absorption rate constant (Ka, min−1), and the apparent per-
meability coefficient (Papp, cm2·min−1) and the enhance-
ment ratio (ER) were calculated by the following formulas:

AP ¼
C0V0� CtVt

C0V0
� 100% (2) 

ln Xt¼ ln X0� Ka�t (3) 

Papp¼Ka=A (4) 

ER ¼
Papp of ILQ � SMEDDS
Papp of ILQ � Suspension

� 100% (5) 

In which C0 (or Ct) and V0 were the concentration and 
volume of ILQ suspension (or ILQ-SMEDDS) in perfusate 
at 0 (or 2) h, respectively. Xt and X0 indicated the amounts 
of ILQ in the perfusion fluid at t h and 0 h, respectively. A 
(cm2) was the surface area of the intestinal segment per-
fused (Length × intestinal diameter).

Pharmacokinetic Studies
After one week of acclimation, 60 female Kunming mice 
were randomly divided into two groups. They were fasted 
for 12h prior to the experiment. Raw ILQ suspension (in 
PBS containing 1% tween 80) and ILQ-SMEDDS (at an 
equivalent dose of ILQ) were orally administered to mice 
at the dose of 35mg/kg. 0.5mL of blood samples were 
collected from the retro-orbital plexus with capillaries at 
predesigned time points (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8, 
12 h, 24h) after administration. Plasma was obtained by 
centrifuging the blood at 3000 rpm for 15 min and was 

stored at −80°C until further analysis by HPLC. Two 
hundred microliters of plasma sample was mixed with 
20 μL of acetanilide (50 μg/mL, internal standard), then 
they were deproteinized with 600 μL of acetonitrile con-
taining 30 μL of hydrochloric acid at 45°C for 15 min. 
Then, the mixture was centrifuged at 12,000 rpm for 
15 min. The supernatant was transferred into a 1.5 mL 
microtubes and was dried by a concentrator (Eppendorf, 
Germany) at room temperature. The samples were dis-
solved in mobile phase and further analyzed by HPLC as 
described in HPLC Method.

The main pharmacokinetic parameters, including 
Lambda_z (h−1, first-order terminal elimination rate con-
stant), Tmax (h, time to reach the maximum plasma con-
centration), Cmax (μg·mL−1, maximum plasma 
concentration), AUC0-12 (μg·mL−1·h, area under the 
plasma concentration–time curve), Vz/F (L·kg−1, apparent 
volume of distribution), and t1/2 (h, half-life), were ana-
lyzed by the PKSolver 2.0 software (an add-in program for 
pharmacokinetic analysis in Microsoft excel) using a non- 
compartmental analysis.

Establishment of Ovalbumin-Induced Asthma Model
The OVA-induced asthma model was established using a 
previously reported method with minor modification.8,38,39 

The BALB/c mice were randomly divided into six groups 
(n=6) as follows: Negative control group, Sham group, ILQ 
treatment group (twice 10 mg/kg/day), ILQ-SMEDDS treat-
ment groups (low dose, twice 5 mg/kg/day; and high dose, 
twice 10 mg/kg/day), Dexamethasone treatment group 
(DEX, twice 0.25mg/kg/day). Except for naïve group, 
BALB/c mice were sensitized by intraperitoneal (i.p.) injec-
tions of 100 μg OVA (grade V) adsorbed to 2 mg Alum in 
200μL PBS on the 0th, 7th and 14th days (Figure S3). Then 
they were challenged intratracheally (i.t.) with 100 µg OVA 
(II grade) in 100 µL PBS on days of 21th, 28th, 35th, 63th 
and 64th (2 consecutive challenges, for a total of 5 i.t. 
challenges). All mice were intragastrical treated for 4 
weeks after the day of 3rd challenge. The Naïve group 
was injected or treated with an equal volume of PBS.

Pharmacodynamic Effect Assessment
General morphological observation, OVA-sIgE in serum, 
inflammatory cell counts and IL-4, IL-5 and IFN-γ cyto-
kines in bronchoalveolar lavage fluid (BALF), and histo-
pathology analysis of the lungs were used to assess 
pharmacodynamic effect of ILQ-SMEDDS.
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OVA-Specific-IgE (OVA-sIgE, Pharmingen, BD 
Biosciences, USA) Detection in Serum. Blood was col-
lected at 62th and 66th. OVA-sIgE levels were measured 
by ELISA as previously reported.40

Cell Counts and Cytokines in BALF
Mice underwent bronchoalveolar lavage with 1-mL PBS 
by tracheal intubation. BALF recovery was about 50–65%. 
BALF was centrifuged at 1,200 rpm for 15 min at 4°C. 
The supernatant was collected for cytokine analysis. Total 
cells were counted using a cell counter (Count star IC 
1000, Shanghai, China). The cells were stained with 
Wright-Giemsa stain to determine cytologic classification. 
The expression levels of IL-4 (Cat#555232), IL-5 
(Cat#555236) and IFN-γ (Cat#555138) were determined 
by ELISA according to the manufacturer’s instructions.

Histopathology Analysis
After obtaining BALF, lung tissues were fixed with 4% 
paraformaldehyde, then dehydrated and embedded in par-
affin. Embedded tissue samples were sectioned in 5μm 
thick using a Leica RM2235 microtome (Leica, 
Nussloch, Germany) and stained with hematoxylin and 
eosin (H&E).

Statistical Analysis
All data are represented as mean ± standard deviation 
(SD). All statistical analyses were performed using 
GraphPad Prism 7 software (GraphPad Software, Inc, La 
Jolla, CA). Statistical significance was analyzed by 
unpaired t-test (Mann Whitney test), with p, smaller than 
0.05 considered statistically significant.

Results and Discussion
Preparation and Characterization of 
Optimized ILQ-SMEDDS
First, the composition of the initial formulation was 
obtained by screening high ILQ solubility surfactants, co- 
surfactants and oil phase excipients.41,42 The solubility of 

ILQ at 25°C in various solvents is shown in Table 1. 
Amongst the oils screened, castor oil (CO, 28.80 ± 1.28 
mg/g) and ethyl oleate (EO, 10.03 ± 0.75 mg/g) showed 
much better solubility than oleic acid (2.03 ± 0.56 mg/g). 
Although castor oil showed better solubility than ethyl 
oleate, it was difficult to be emulsified, and the globule 
sizes were more than 100nm in all SMEDDS prescriptions 
with castor oil. So, ethyl oleate was chosen as the oil 
phase. Highest solubility of ILQ was found in Tween 80 
(129.5 ± 1.36 mg/g) and it showed better capacity to 
emulsify ethyl oleate with a maximum transmittance. As 
we all know, alcoholic co-surfactants can improve the 
emulsification efficiency of surfactants because it further 
reduces the interfacial tension by improving the perme-
ability of the oil phase in the non-polar area of the 
surfactant.33 Except for glycerin, other cosurfactants 
exhibited excellent solubility, such as PEG400 (123.8 ± 
1.89 mg/g), ethyl alcohol (119.86 ± 2.19 mg/g) and 1.2- 
propanediol (120.7 ± 2.48 mg/g). Compared with co-sur-
factants such as glycerol and ethanol, PEG400 has a longer 
CH2OH chain length, which helps the formulation to have 
a better transparent appearance and stability. Tween 80 and 
PEG400 are common oral pharmaceutical excipients, and 
both have very wide oral safety windows.43 Therefore, EO 
was selected as the oil phase, Tween 80 as the surfactant, 
and PEG400 as the cosurfactant.

In the formulation screening, the mass percentage of 
oil and Km value had a great impact on the globule size, 
drug load and stability of self-nanoemulsion.30,44 It was 
very important to optimize the proportion of excipients in 
the blank SMEDDS, so as to avoid precipitation and phase 
separation during dilution in GIT.34 The results 
(Figure S1) showed that when the mass ratio of oil phase 
was between 10% and 30%, almost all the blank SMEDDS 
(10× dilution) was in a good state with a self-emulsifying 
time less than 2 min. And their compositions, globule 
sizes, PDI, and zeta potentials are summarized in 
Table 2. The 2-level factorial design was applied to obtain 
the optimal formulation of ILQ-SMEDDS, and Figure 2 

Table 1 Solubility of ILQ in Different Excipients

Excipients Solubility mg/g Excipients Solubility mg/g

Oleic acid 2.03 ± 0.56 PEG-400 123.8 ± 1.89

Ethyl oleate 10.03 ± 0.75 1.2-propanediol 120.7 ± 2.48

Castor oil 28.80 ± 1.28 Glycerin 10.08 ± 0.74
Tween 80 129.5 ± 1.36 Ethyl alcohol 119.86 ± 2.19

Poloxamer−188 0.23 ± 0.08 TPGS 0.45 ± 0.09
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shows the three-dimensional response results of the two 
factors (oil phase mass percentage and Km value) on the 
globule size (Y1) and drug content (Y2) in the formulations 
after drug loading. The results of the regression analysis of 
the responses are summarized in Table 3, the statistical 
models of Y1 and Y2 responses were fitted to linear, 
quadratic, respectively. Substituting the regression coeffi-
cients, the model equations could be derived, where the 
levels of factors and responses involved are as follows:

Y1 = 2054 X1
2-176X1X2+5.3X2

2-255X1+1.38X2+26.4
Y2 = 80.66X1+ 7.03X2+12.40

It could be seen from the Y1 equation that there was a 
strong interaction between the oil mass percentage (X1) 
and the Km value (X2). When X1 was small and Km was 
also small, then a smaller globule size can be obtained. 
However, when X1 became larger, to obtain a smaller 

globule size, the Km value should also be a bit larger. 
When X1 and X2 took the minimum value of 0.1 and 2, a 
smaller globule size of 10.2nm (actual 12.04 nm) can be 
obtained. And when X1 and X2 took the maximum value 
of 0.3 and 6, a smaller globule size of 17.04 nm (actual 
21.84 nm) could also be obtained. While the Y2 equation 
indicated that the drug content had a positive correlation 
with the oil mass percentage (X1) and Km value (X2). 
Therefore, when both X1 and X2 took the maximum 
value of 0.3 and 6, a larger drug content of 78.78 mg/mL 
(actual 78.11 mg/mL) could be obtained. In addition, in 
some formulation, it was found that as the drug content 
increased, it caused a sharp increase in globule size (more 
than 200nm, Table S1). In consideration of a small globule 
size, a large drug load and good stability of ILQ- 
SMEDDS, the final ratio in the formulation was deter-
mined as EO:Tween 80:PEG400 = 3:6:1. After diluted 

Table 2 Composition and Observed Responses from Randomized Runs in Formulation Screening

Composition 
(%, m/m) 
EO: Tween 80: 
PEG400

100 Times Dilution

Size(nm) PDI ζ Potential Emulsification Time Appearance

F1 1:6:3 12.0 ± 0.17 0.09 ± 0.01 −6.61± 0.69 < 1 min Transparent
F2 2:7:1 77.59 ± 1.58 0.28 ± 0.01 −13.40 ± 1.26 < 1 min Transparent

F3 2:5:3 15.77 ± 0.74 0.18 ± 0.05 −10.55 ± 2.12 <1 min Light blue

F4 3:5:2 21.14 ± 0.48 0.12 ± 0.02 −10.06 ± 1.32 <1 min Blue
F5 3:4:3 86.64 ± 1.98 0.30 ± 0.01 −5.98 ± 1.75 < 2 min Light blue

F6 3:6:1 19.81 ± 0.21 0.10 ± 0.01 −11.64 ± 0.46 < 1 min Blue
F7 3:7:7 15.45 ± 0.09 0.12 ± 0.01 −8.49 ± 0.86 < 1 min Light blue

F8 6:14:7 17.01 ± 0.29 0.12 ± 0.01 −9.16 ± 1.65 <3 min white-blue

F9 9:21:7 18.01 ± 0.56 0.12 ± 0.01 −9.74 ± 0.92 <1 min Light blue

Figure 2 The three-dimensional response results of the two factors on the globule size ((A), Y1) and drug content ((B), Y2) after drug loading are shown. X1: Oil phase 
mass percentage, X2: Km value (Ratios of surfactant to co-surfactants).
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100 times with water, it could form fine oil-in-water 
nanoemulsion, which was clear blue opalescence 
(Figure 3A). And the newly prepared ILQ-SMEDDS 
exhibited a clear yellow and transparent appearance 
(Figures 3A and S2). Furthermore, there were some differ-
ences in appearance between ILQ-SMEDDS and their 
physical mixture (as shown in Figure S2). On their FTIR 

spectra, the characteristic absorption peaks (Figure 3B) at 
3484 cm−1 (for ν O-H stretching vibration, disappeared), 
2925 cm−1 (for ν C-H stretching vibration, increased), and 
1738 cm−1 (for ν C-H, increased) and 1114 cm−1 (for ν 
C-O stretching vibration, increased) showed obvious 
changes. These absorption peak intensity changes indi-
cated that new interaction occurred between free ILQ 

Table 3 Summary of the Results of Regression Analysis for the Responses

Size (nm) Models Mean Square Error R2 Score Remark

Globule size (nm; Y1) Linear 627.31 −4.44 –
Quadratic 64.14 0.905 Suggest

Drug content 

(μg/mL; Y2)

Linear 18.74 0.91 Suggest

Quadratic 16.83 0.93 –

Figure 3 Physiochemistry characterization of ILQ-SMEDDS. (A) The appearance of freshly prepared ILQ suspension and ILQ-SMEDDS. (B) FTIR spectra of ILQ-SMEDDS 
(i), ILQ (ii), and physical mixture (iii). (C) Its globule size distribution, and (D) the TEM image of ILQ-SMEDDS (10 times dilution, 10×).
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and SMEDDS, which could explain the above appearance 
changes in Figure S2.45

When drug content of the optimized ILQ-SMEDDS 
was 58.87 ± 0.10 mg/g, it had a small and uniform mean 
globule size of 20.63 ± 1.95 nm (Figure 3C, with a PDI of 
0.11 ± 0.03), and its zeta potential was −12.64 ± 2.12 mV. 
In addition, the TEM image (Figure 3D) of ILQ-SMEDDS 
showed that most of the nanoemulsion globules were 
spherical in shape with uniform size in the range of 
16–38 nm which was consistent with the DLS results. 
Normally, the small globule size is very important for 
SMEDDS, which can promote the absorption and permea-
tion of drugs on the intestinal membrane by providing a 
larger surface area.46

In vitro Release Profiles and Stability of 
ILQ-SMEDDS
In addition, we were also concerned about the release 
behavior and stability of the ILQ-SMEDDS. The release 
profile under different media, the robustness to dilution, 
the pH difference of the GIT and the storage stability of 
ILQ-SMEDDS were investigated.

The in vitro cumulative release profiles of ILQ- 
SMEDDS showed 10.54 ± 1.82% of ILQ release in pH 
1.2 HCl (simulated gastric fluid) after 2 h and at the end of 
24 h, total 70.13 ± 3.47% of ILQ was released in phos-
phate buffer pH 6.8 (simulated intestinal fluid). ILQ-sus-
pension, meanwhile, exhibited only 6.624 ± 2.33% of ILQ 
release in pH 1.2 HCl (2 h), and total 37.25 ± 4.09% of 
ILQ was released in phosphate buffer pH 6.8 at the end of 
24 h (Figure 4A). ILQ-SMEDDS showed a much higher 
dissolution rate of ILQ than ILQ-Suspension and ILQ + 
SMEDDS in phosphate buffer at pH 6.8, and the dissolu-
tion rate of ILQ + SMEDDS was comparable to that of 

ILQ suspension (Figure 4B), revealing that only ILQ 
entrapped in SMEDDS could obtain a high dissolution 
rate. This result was consistent with earlier studies that 
SMEDDS showed significantly enhanced dissolution 
pattern.30 This indicated that more amount of ILQ would 
be carried to intestine in nano-size globule and this would 
play a crucial role in its bioavailability enhancement via 
intestinal lymphatic transport.44,46 And this result was 
further substantiated by the in vivo pharmacokinetics and 
pharmacodynamics studies.

The dilution stability of optimized ILQ-SMEDDS was 
also observed in simulated gastric and intestinal fluid (pH 
1.2 HCl and pH 6.8 phosphate buffer) (Table S2). The 
results showed that dilution and pH of the aqueous phase 
did not produce significant change of globule size and PDI 
(despite the slight increase), indicating that ILQ in the 
optimized formulation would be stabilized upon dilution 
throughout the GIT. In order to evaluate the effect of 
storage temperature on the stability of the formulation, 
its stability at 4°C and 40°C for 3 months was also studied 
and the result was shown in Table S3. Although ILQ- 
SMEDDS is a thermodynamically stable system, it prob-
ably coalesces under 40°C condition for long-term storage. 
It can be inferred from Table S3 that ILQ-SMEDDS is 
better preserved at low temperature. All the above results 
suggested that the formulation of ILQ-SMEDDS was 
stable for in vivo applications.

Intestinal Absorption in situ and 
Pharmacokinetic Study
The perfusion study in situ was used to ascertain the 
potential of SMEDDS formulation for improved absorp-
tion of ILQ across the GI. As shown in Figure 5A, the AP 
after 2 h in the proximal jejunum segment was about 

Figure 4 In vitro release profiles of ILQ from ILQ suspension and ILQ-SMEDDS (A), and ILQ + SMEDDS and ILQ-SMEDDS (B) in simulated gastric (pH 1.2, for the first 2h) 
and intestinal (pH 6.8 PBS for the rest 22h) fluid.
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10.36% and 16.45% for ILQ suspension and for ILQ- 
SMEDDS, respectively (p < 0.05). The parameters denot-
ing the enhancement of absorption, such as absorption rate 
constant (Ka), appearance permeability coefficient (Papp) 
and enhancement ratio (ER), were calculated and repre-
sented in (Table 4A). The obtained Ka and Papp of ILQ- 
SMEDDS were significantly higher than that of the ILQ 
suspension. And the enhancement ratio (ER) was greater 
than 2, which indicated that there was a high potential for 
SMEDDS to improve the oral administration of ILQ.

A single dose of 35 mg/kg of ILQ (dissolved in 2% 
Tween 80) suspension and ILQ-SMEDDS (equivalent to 
free ILQ) were orally administered to mice. As shown in 
Figure 5B, the maximum plasma concentration (Cmax) of 
ILQ was sharply elevated by 3.16 times by SMEDDS after 

oral administration. It took some time for ILQ to be more 
absorbed from the intestine, so, the time to reach peak 
plasma concentration of (Tmax) of ILQ was delayed by 
about 10 min by SMEDDS. The pharmacokinetic para-
meters summarized in Table 4B were calculated using a 
non-compartmental analysis after extravascular input. The 
values of area-under-the concentration–time curve (AUC0– 

12) of ILQ-SMEDDS were substantially higher than that of 
ILQ suspension. Due to its poor solubility, ILQ suspension 
exhibited poor bioavailability, its AUC0–12 was just 0.67 ± 
0.11 μg·h·mL−1. As might be expected, the AUC0-12 of 
ILQ-SMEDDS was 2.63 ± 0.55 μg·h·mL−1, and its bioa-
vailability was significantly increased by 3.92 times. The 
above results revealed that in vivo absorption of ILQ was 
markedly enhanced by SMEDDS, which was in line with in 
vitro drug release result of SMEDDS-ILQ and its improved 
anti-asthma effect in vivo. Hemolysis issue of Tween 80 has 
already attracted wide attention, and the dosage and usage 
of Tween-80 are the focus of safety issues. In the present 
study, although the dosage of tween-80 was a bit large, it 
would not cause serious hemolysis in the above maximum 
concentration of ILQ-SMEDDS (Figure S4).

The low bioavailability of free ILQ suspension was 
mainly attributed to its poor absorption, low intestinal perme-
ability and rapid elimination.20 Although SMEDDS signifi-
cantly increased the plasma concentration of ILQ, it caused 
little change in elimination rate (Ke) (0.16 ± 0.03 vs 0.22 ± 
0.02). Moreover, the elimination rate of ILQ-SMEDDS was 
very fast, even its t1/2 was a little shorter than that of free ILQ 
(3.06±0.29 vs 4.48±1.16). And further improvement of the 
prescription will be performed in follow-up research.

Altogether, the improvement of ILQ-SMEDDS bioavail-
ability could be attributed to the following two factors: (i) 
SMEDDS formulation could keep ILQ dissolved to avoid 

Figure 5 (A) Absorption percentage curve of ILQ suspension or ILQ-SMEDDS in rats’ proximal jejunum segment after perfusing 2 h with an ILQ dose of 200 μg/mL. Length 
of jejunum: 12–15cm; Each value represents the mean ± SD, *p < 0.05 (Prism Mann Whitney test, n=3). (B) Mean plasma concentration–time profiles of ILQ in mice after 
oral administration of ILQ suspension or ILQ-SMEDDS (equivalent dose) at a dose of 35 mg/kg of ILQ. Each value represents the mean ± SD, **p < 0.01, ***p < 0.001. (Each 
time point, n=3).

Table 4 (A) The Absorption Percentage (AP), The Absorption 
Rate Constant (KA), and the Apparent Permeability Coefficient 
(Papp) and the Enhancement Ratio (ER) Were Calculated by in 
situ Intestinal Perfusion Method (n=3). (B) Pharmacokinetic 
Parameters After Oral Administration of ILQ (35 mg/kg) or 
ILQ-SMEDDS (Equivalent Dose) in Mice

Items A ILQ Suspension ILQ-SMEDDS

AP/% 10.36 ± 1.06 16.45 ± 1.67±1

Ka/h
−1 0.059 ± 0.009 0.079 ± 0.011

Papp ·10−4/h−1· cm−2 4.93 ± 0.51 10.27 ± 0.92

Items B ILQ suspension ILQ-SMEDDS

Ke, h
−1 0.16 ± 0.03 0.22 ± 0.02

T1/2, h 4.48 ± 1.16 3.06 ± 0.29
Tmax, h 0.50 ± 0.0 0.67 ± 0.14

Cmax, μg·mL−1 0.37 ± 0.12 1.17 ± 0.35*

AUC0-12, μg·mL−1·h 0.67 ± 0.11 2.63 ± 0.55**
Vz/F, L 257.61 ± 55.49 56.31 ± 16.17**

Notes: *p < 0.05, **p < 0.01.
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determining the rate of dissolution steps. (ii) The small 
sphere size (less than 100nm) and lipid-based formulation 
of ILQ-SMEDDS would facilitate the intestinal lymph trans-
port of ILQ, which played an important role in oral absorp-
tion of ILQ.37 (iii) By being embedded in vesicles, ILQ could 
offer a long time contact with the intestinal wall in vivo due 
to the favorable adhesiveness of SMEDDS to the mucosal 
surface of intestine tenue, thereby prolonging the residence 
time of ILQ in the systemic circulation.

ILQ-SMEDDS Inhibits the Production of 
Eotaxin-1 on HFL-1 Cells
Eotaxin-1 is a major chemoattractant32 that contributes to 
eosinophilic inflammation in asthma, which is a potential use-
ful biomarker for the diagnosis and assessment of asthma 
severity and control.35 In our early study, we found that ILQ 
significantly suppressed eotaxin-1 production over 72h with 
the second lowest IC50 (half maximal inhibitory 

concentration) among the ten ingredients in Glycyrrhiza 
uralensis.35 As shown in Figure 6A, both free ILQ and ILQ- 
SMEDDS (with equivalent dose) showed dose-dependent 
inhibition of eotaxin-1 production by HFL-1 cells. Blank 
SMEDDS could neither inhibit eotaxin-1 production nor affect 
cell viability (Figure 6A and B). And free ILQ suspension and 
ILQ-SMEDDS had no significant difference in eotaxin-1 inhi-
bition under all dosage conditions. The IC50 of ILQ-SMEDDS 
was 2.66 μg·mL−1 (Figure 6C), showing a comparable inhibi-
tory effect on eotaxin-1 production with that of free ILQ (1.95 
μg·mL−1, Figure 6D).

However, ILQ-SMEDDS showed better safety profile than 
free ILQ at high concentrations. Even at an equal concentration 
of 50 μg/mL (as shown in Figure 6B), the cell viability of ILQ- 
SMEDDS was more than 80%, but free ILQ suspension caused 
nearly 50% of cell death. This was mainly because ILQ should 
be released from ILQ-SMEDDS before it could inhibit the 
production of eotaxin-1 (or cause cell death). In addition, 
dissolution was a very critical factor in the absorption study 

Figure 6 In vitro eotaxin-1 inhibition assay on HFL-1 cells. (A) Dose-dependent inhibitory effect of ILQ, ILQ-SMEDDS and blank SMEDSS (equivalent volume to ILQ- 
SMEDDS) on eotaxin-1 production by HFL-1 cells. Results were expressed as mean ± SD.* or #P <0.05; **or ##P <0.01; ***or ###P <0.001 (n=3), compared to the negative 
control. (B) Cell viability of HFL-1 cells at various concentrations of ILQ suspension, ILQ-SMEDDS and blank SMEDDS. **p < 0.01, ***p < 0.001 (n=3). (C and D) 
Percentage of eotaxin-1 inhibition vs log(x) ILQ-SMEDDS (C) and ILQ (D) concentration curve. HFL-1 cells (2×105 cells/mL) were cultured with ILQ, ILQ-SMEDD and blank 
SMEDDS at concentrations 0.63, 1.25, 2.5, 5, 10 and 15 μg/mL for 3 days. The supernatants were harvested and eotaxin-1 levels were measured by enzyme-linked 
immunosorbent assay.
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in vivo, but dissolution should not be a rate-limiting step at the 
cellular level. The negative surface charge carried by ILQ- 
SMEDDS might reduce the rate of cell uptake, resulting in a 
slight increase in its IC50 and obvious decreased toxicity.28,47 

For in vivo application of nano-drug delivery systems, it is 
important to have a neutral or negative charge, which can 
reduce non-specific interactions and thereby reduce toxic and 
side effects.48

Due to its inhibition on cell proliferation and viability in 
many types of cancer cells, ILQ also has potential as an 
anticancer agent.18,49 In the present study, the effective con-
centration of ILQ to inhibit the eotaxin-1 production was 
much lower than the effective concentration to inhibit cell 
proliferation, and in a wide range, ILQ-SMEDDS had almost 
no effect on the proliferation and viability of HFL-1 cells. 
Therefore, ILQ-SMEDDS is a very safe anti-allergic agent.

The Anti-Asthma Effects of ILQ-SMEDDS 
in vivo
ILQ-SMEDDS Reduced the Levels of OVA-sIgE in 
Peripheral Blood and IL4, IL-5 in BALF, and Increased 
the Levels of IFN-γ
OVA-induced allergic asthma murine model, which greatly 
mimics the characteristic asthma symptoms and pathological 
changes of asthma, was used to evaluate anti-asthma effect of 
ILQ-SMEDDS. Compared with the naïve mice, the model 

mice showed slow movement, poor hair gloss and loose stools 
after the second OVA challenge, and some of them also had red 
and swollen nose. These physiological conditions and asthma 
symptoms were gradually improved following the treatment of 
ILQ-SMEDDS or free ILQ. Asthma has long been regarded as 
a typical T helper 2 (Th2) cell-mediated disease, and this 
process is driven by IL-4 dependent class switching in B cell, 
resulting in a significant increase in the production of IgE.50 As 
shown in Figure 7A and B and E and F, the levels of OVA-sIgE, 
IL-4 and IL5 increased significantly in the sham group. After 
four weeks of treatment, the OVA-sIgE level of all treatment 
groups was accordingly significantly reduced. Especially in the 
high-dose ILQ-SMEDDS group, the inhibition rate reached 
67.4%, significantly higher than that of the ILQ group (53.3%) 
and slightly higher than that of the DEX group (63.6%) 
(Figure 7A). In addition, two days after the 4th and 5th OVA 
challenge, the OVA-sIgE levels of all ILQ treatment groups 
increased slightly. However, the sham group and the DEX 
group showed a significant increase, and even the DEX 
group increased by 2.41 times (p < 0.01) (Figure 7B). The 
results of cytokines in the BALF were consistent with the 
results of sIgE above. As shown in Figure 7C–F, the DEX 
group and all ILQ groups could significantly suppress the 
production of Th2-type cytokines, including IL-4 and IL-5, 
which were found greatly down-regulated compared to the 
sham group (p< 0.01). The high-dose ILQ-SMEDDS group 

Figure 7 Levels of OVA-sIgE in peripheral blood and cytokines of IL4, IL-5, and IFN-γ in BALF in the six groups (n = 6). Levels of OVA-sIgE at day 63 ((A) before 4th OVA 
intratracheally challenge) and at day 66 ((B) 2 days after 5th OVA intratracheally challenge) in peripheral blood. Levels of IL4 (C), IL5 (D) and IFN-γ (E) in BALF. (F) Th2/Th1 
cytokines fold change in the six groups. The data shown are the mean ± SD. *p < 0.05, **p <0.01, NS, no significant difference respectively.
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showed the most effective inhibition of Th2 cytokines, which 
was significantly higher than that of DEX (p < 0.05) and free 
ILQ (p < 0.01) treatment groups (Figure 7C and D). In addi-
tion, unlike the DEX group, the ILQ-SMEDDS group also 
showed a significantly elevated IFN-γ level (Figure 7E). 
Acting as an anti-inflammatory mediator, IFN-γ is considered 
to be one of the most critical cytokines and is involved in the 
alleviation of Th2 inflammation.50,51 These results demon-
strated that ILQ-SMEDDS treatment could more effectively 

ameliorate inflammation associated with asthma than DEX or 
free ILQ treatment.

ILQ-SMEDDS Markedly Suppressed the 
Inflammatory Cell Counts in BALF
Allergic asthma is defined as chronic reversible inflammatory 
airway disease,1 which is characterized by allergy, inflamma-
tion, airway hyperreactivity and air remodeling, and the num-
ber of immune cells increased in the airway.8,52 As shown in 
Figure 8A, total cells and the percentage of eosinophils in 

Figure 8 The inflammatory cell counts in BALF and lung histologic changes in the six groups (n = 6). (A) The inflammatory cell counts in BALF of each group. ILQ-SMEDDS 
treatment apparently decreased the inflammatory cell counts in BALF of OVA-induced asthma model. The data shown are the mean ± SD. * p < 0.05, **p < 0.01. (B and C) 
Lungs from the indicated mice sectioned and stained with Hematoxylin-Eosin stain ((B) H&E, ×400) and Periodic Acid-Schiff stain ((C) PAS, ×400). (i: Naïve group, PBS 
treatment; ii: Sham group, OVA i.p. and i.t. iii: Dex-treated mice (0.5 mg/kg) with OVA i.p. and i.t. iv: ILQ-treated mice (10 mg/kg) with OVA i.p. and i.t. v, vi: ILQ-SMEDDS- 
treated mice (10, 20 mg/kg) with OVA i.p. and i.t.).
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BALF in the sham group were dramatically increased com-
pared to that in the naïve group. Both the ILQ and ILQ- 
SMEDDS -treated mice showed markedly lower inflammatory 
cells. There was no significant difference between 20 mg/kg 
dose of ILQ-SMEDDS group and 0.5 mg/kg of DEX group in 
the number of eosinophils. As expected, ILQ-SMEDDS (with 
equivalent dose) showed to be more effective than ILQ in 
reducing the number of inflammatory cells and eosinophils (p 
< 0.05), which could be further verified by the results of the 
histologic analysis. These pathological changes in lung tissue 
were assessed by hematoxylin and eosin (HE) staining. 
Compared to that of the sham mice (Figure 8B and C), the 
lung inflammation (such as smooth muscle hypertropia, bron-
chial congestion and inflammatory cell infiltration, etc.) of 
mice in all four treatment groups was significantly relieved, 
especially in the H-ILQ-SMEDDS (high dose, Figure 8Bⅵ 

and Cⅵ) group.
Studies have shown that the accumulation of eosinophils 

correlated well with the levels of eotaxin-1 measured in the 
lung tissue of allergic asthma model mice.53 In the eotaxin-1 in 
vitro inhibition study, the IC50 of ILQ was lower than that of 
ILQ-SMEDDS. However, ILQ-SMEDDS with the equivalent 
dose showed more potent inhibition of eosinophils production 

than free ILQ suspension, which could be attributed to the 
increased absorption of ILQ in vivo by SMEDDS.

ILQ, a single component of ASHMI, also showed the same 
anti-asthma mechanism, which significantly reduced Th2 cyto-
kines and slightly increased the production of Th1 cytokines, 
thereby regulating the Th2/Th1 balance,9 and ILQ-SMEDDS 
(high dose) group showed the most effective regulation of Th2/ 
Th1 balance (Figure 7F). Lin et al divided asthma-related 
cytokines into three stages, firstly the epithelial environment 
stage, secondly the Th2 polarization stage, and finally the 
tissue injury stage, in which ILQ is mainly aimed at the second 
stage and inhibits the secretion of inflammatory factors by Th2 
cells.54 The effects of ILQ on airway inflammation in the 
murine asthma model have not been previously reported. 
ASHMI, like most traditional Chinese medicines, has a typical 
problem of poor patient compliance due to its large dose and 
difficulty in dissolution, so we tried to prepare the ILQ- 
SMEDDS to improve compliance of asthma patients. 
Whereas low dose of ILQ-SMEDDS group (10mg/kg) had 
better IL-4 suppression effect than the ILQ suspension group 
(20mg/kg) (p < 0.01), and there was no significant difference in 
the concentrations of OVA-sIgE, IL-5 and IFN-γ between the 
two groups. The results indicated that the ILQ-SMEDDS 

Scheme 1 Experimental design and results for the development of ILQ-SMEDDS.
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preparation had succeeded the objective of reducing the effec-
tive therapeutic dose.

In general, ILQ-SMEDDS treatment could significantly 
relieve asthma symptoms and lung morphological changes 
than ILQ treatment, which could be mainly attributed to 
the promotion of oral absorption of ILQ by SMEDDS.

Conclusion
In the present study, ILQ, an important component of 
ASHMI, was used as a model agent for the development 
of oral SMEDDS. The optimized SMEDDS consisted of 
30% ethyl oleate (oil phase), 60% Tween 80 (surfactant), 
and 10% PEG400 (co-surfactant), with satisfactory bio-
physical properties, including small droplet size, appropri-
ate negative zeta potential, high drug content and good 
stability. And these favorable properties of ILQ-SMEDDS 
led to improved bioavailability and anti-asthma activity of 
ILQ (Scheme 1). The intestinal absorption, pharmacoki-
netics and anti-asthma effect in vivo studies indicated that 
SMEDDS could significantly enhance the oral bioavail-
ability of ILQ, and displayed preferable anti-asthma activ-
ities in an ovalbumin-induced asthma model. In a word, 
the optimized SMEDDS formula could reduce the dose of 
ILQ by improving its anti-asthma effect. This study pro-
vides a new promising pharmaceutical candidate for aller-
gic asthma treatment.
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