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Background: Bruceine D (BD) is a major bioactive component isolated from the traditional 

Chinese medicinal plant Brucea javanica which has been widely utilized to treat dysentery (also 

known as ulcerative colitis [UC]).

Methods: To improve the water solubility and absolute bioavailability of BD, we developed a 

self-nanoemulsifying drug delivery system (SNEDDS) composing of MCT (oil), Solutol HS-15 

(surfactant), propylene glycol (co-surfactant) and BD. The physicochemical properties and 

pharmacokinetics of BD-SNEDDS were characterized, and its anti-UC activity and potential 

mechanism were evaluated in TNBS-induced UC rat model.

Results: The prepared nanoemulsion has multiple beneficial aspects including small mean drop-

let size, low polydispersity index (PDI), high zeta potential (ZP) and excellent stability. Trans-

mission electron microscopy showed that nanoemulsion droplets contained uniform shape and 

size of globules. Pharmacokinetic studies demonstrated that BD-SNEDDS exhibited enhanced 

pharmacokinetic parameters as compared with BD-suspension. Moreover, BD-SNEDDS sig-

nificantly restored the colon length and body weight, reduced disease activity index (DAI) and 

colon pathology, decreased histological scores, diminished oxidative stress, and suppressed 

TLR4, MyD88, TRAF6, NF-κB p65 protein expressions in TNBS-induced UC rat model. 

Conclusion: These results demonstrated that BD-SNEDDS exhibited highly improved oral 

bioavailability and advanced anti-UC efficacy. In conclusion, our current results provided a 

foundation for further research of BD-SNEDDS as a potential complementary therapeutic agent 

for UC treatment.

Keywords: bruceine D, self-nanoemulsifying drug delivery system, physicochemical proper-

ties, pharmacokinetics, anti-inflammation, anti-colitis activity

Introduction
Ulcerative colitis (UC) is a chronic inflammatory disorder of the gastrointestinal (GI) 

tract which is characterized by recurrent inflammatory involvement of colonic mucosa 

and submucosa. Physical signs of UC attack include bloody diarrhea, abdominal 

pain, constipation, abdominal distension, weight loss, fatigue, and vomiting.1 The 

mechanism underling pathophysiological process of UC is complicated and the exact 

pathogenesis is not clear.2,3 As the incidence of UC has increased rapidly over the past 

two decades, it has greatly affected the patients’ quality of life.4 To date, the principal 

drugs for UC are 5-aminosalicylic acid, immunosuppressive agents, antibiotics, and 

steroid hormones. Despite moderate therapeutic effects, these drugs have varying side 

effects that have greatly impeded their applications in clinical practice.5 Therefore, 

there is an urgent need to identify effective alternatives for UC treatment.
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UC is known as “changpi” in traditional Chinese medi-

cine (TCM) with the symptoms of diarrhea, pus and blood 

stool, bellyache, and tenesmus.6 Brucea javanica (L.) Merr, 

a family of Simaroubaceae, is a 10-feet tall shrub widely 

distributed in South China, Southeast Asia, and Northern 

Australia.7 The desiccative ripe fruit of B. javanica (Ya-dan-zi 

in Chinese) is a famous traditional Chinese folk medicine 

commonly used to treat dysentery, malaria, hemorrhoids, 

corns, and other diseases.8 Bruceine D (BD, C
20

H
26

O
9
; the 

chemical structure is shown in Figure 1A) is a natural quassi-

noid isolated from B. javanica fruit.9 BD has been reported 

to have various pharmacological activities including anti-

pancreatic cancer,10 anti-hepatocellular carcinoma,11 human 

papillomavirus inhibitory effect, and so on.12 Furthermore, 

BD exerts pronounced anti-inflammatory effects.13 Our pilot 

experiments suggested that BD effectively attenuated colonic 

inflammation in rats. However, BD is a fat-soluble compound 

and barely dissolves in water making it difficult to disperse in 

aqueous solution. The low solubility creates a barrier for its 

absorption and release which results in poor bioavailability.14 

A new type of carrier for solving bioavailability and absorp-

tion problems is vital for the production of new medicines.15 

In recent years, the advanced nanotechnology has dramati-

cally influenced drug delivery, especially in TCM. Nanoniza-

tion technique not only effectively increases drug absorption, 

reduces dosage, and diminishes adverse reactions, but also 

has a significant role in the drug’s sustained release and 

targeted therapy.16

Figure 1 (A) chemical structure of bruceine D. (B) solubility of BD in different excipients. (C) The diagrammatic drawing of BD-sNeDDs. (D) TeM image of droplet 
BD-sNeDDs.
Abbreviations: BD, bruceine D; BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; McT, medium-chain triglyceride; TeM, transmission electron 
microscopy.
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Self-nanoemulsifying drug delivery system (SNEDDS) is 

an anhydrous formula of nanoemulsion, a homogenous liquid mix 

of surfactant(s), cosurfactant, oil, and drugs. When aqueous phase 

is added with mild stirring, O/W nanoemulsion is spontaneously 

formed. In vivo, the gentle peristalsis of GI tract provides the 

agitation for forming nanoemulsions.17 SNEDDS can produce 

nanoemulsion droplets sized in the range of 20–200 nm under 

GI peristalsis.18 Small globule size of SNEDDS provides a large 

interfacial surface area, which improves drug absorption and bio-

availability by enhancing drug release and membrane permeation 

and reducing presystemic metabolism and efflux pump.17

The aim of the present study was to develop a formula-

tion to enhance the solubility and bioavailability of BD. 

The optimized nanoemulsion formulation was obtained via 

ternary phase diagram. BD-SNEDDS was characterized by 

evaluating physicochemical properties of droplet size, poly-

dispersity index (PDI), zeta potential (ZP), morphology, drug 

encapsulation efficiency, stability, and in vitro release test. 

Meanwhile, pharmacokinetics was investigated in parallel 

to the BD suspension. Furthermore, we tested the anti-UC 

activity and potential mechanism of BD-SNEDDS in rats 

with trinitrobenzenesulfonic acid (TNBS)-induced UC.

Materials and methods
chemical and reagents
Kolliphor® HS-15 (PEG-15-hydroxystearate; BASF, 

Ludwigshafen, Germany), propylene glycol, and TNBS were 

obtained from Sigma-Aldrich (St Louis, MO, USA). MCT 

(C8) was purchased from Guangdong Mingkang Flavors &  

Fragrances Co., Ltd. (Guangzhou, Guangdong, People’s 

Republic of China). Azathioprine (AZA) was from Aspen 

Pharmacare Australia Pty Ltd. (St Leonards, NSW, Australia). 

Pure water was supplied by A.S. Watson Group Ltd. (Hong 

Kong, People’s Republic of China). All other ingredients, 

reagents, and solvents were of analytical grade.

BD was isolated from the fruit of the B. javanica (pro-

vided by Ming Xing Pharmaceutical Co. Ltd., Guangzhou, 

Guangdong, People’s Republic of China). The structure of 

BD was elucidated by nuclear magnetic resonance (NMR).

Preparation of self-nanoemulsifying 
system and droplet size determination
Surfactant was dispersed in cosurfactant and then stirred 

(300 rpm, 25°C) with a magnetic stirrer for 30 minutes. 

Then, oil was added to the mixture, and stirred at 300 rpm 

for 30 minutes. After that, triplicate samples of various 

surfactants and oil compositions were diluted 100-fold with 

water, pre-equilibrated at 25°C, and gently mixed (300 rpm) 

by a magnetic stirrer, until homogeneous and clear.

The effects of different emulsifier structures, emulsifier 

concentrations, and oil structures on the nanoemulsion 

droplet size generated from SNEDDS were investigated. The 

droplet size and PDI were measured at 25°C by a Zetasizer 

Nano ZS (Malvern Instruments, Malvern, UK).

solubility study
An equal amount of BD was added into stoppered glass 

penicillin bottles containing 1 mL of surfactant, cosurfactant 

or oil phase. Samples were sonicated for 10 minutes at 25°C 

and the mixtures were shaken for 24 hours at 37°C in water 

bath. After equilibrium for 2 hours at room temperature, the 

samples were centrifuged at 6,000 rpm for 10 minutes and the 

supernatants were diluted with methanol and filtered through 

a 0.45-µm millipore membrane for HPLC analysis.

construction of pseudo-ternary 
phase diagrams
Different weight ratios (between 9:1 and 1:9) of surfactant 

and cosurfactant mixture (S
mix

) to oil were tested to optimize 

the conditions of pseudo-ternary phase diagrams. To deter-

mine the region of nanoemulsions, S
mix

 and oil titrated with 

water were gently stirred by magnetic stirrers at 300 rpm 

until the mixture became transparent and slightly bluish. 

Analysis software OriginPro 9.1 (OriginLab Corporation, 

Northampton, MA, USA) was used to construct the pseudo-

ternary phase diagrams. The experiment was performed in 

triplicate.

Preparation of BD-sNeDDs
BD-SNEDDS was prepared using HS-15, propylene glycol, 

and MCT at a weight ratio of 4:2:1 (w/w/w). BD was dis-

solved in MCT and then mixed with HS-15 and propylene 

glycol (PG) in a gentle magnetic stirring (300 rpm, 25°C, 

30 minutes). After pre-equilibrium at room temperature, the 

solution was diluted 100-fold with double-distilled water and 

stirred till clear and slightly bluish.

characterization of BD-sNeDDs
The droplet size, ZP, and PDI were measured at 25°C by a 

Zetasizer Nano ZS (Malvern Instruments) based on dynamic 

light scattering. The morphology of BD-SNEDDS was ana-

lyzed by Hitachi-HT7700 transmission electron microscope 

(Hitachi-Technologies Corp., Tokyo, Japan). Samples with a 

500-fold dilution were placed on a copper grid (400 mesh). 

After the samples were dried, they were stained with phos-

photungstic acid (2%) for 30 seconds prior to observation 

at room temperature.
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Determination of entrapment 
efficiency (EE)
Freshly prepared SNEDDS (with a known amount of BD) 

was diluted with double-distilled water and centrifuged at 

20,000 rpm for 2 hours at 4°C. The supernatant was collected 

and the free drug was quantified by HPLC (Shimadzu HPLC 

system, Kyoto, Japan). The EE was calculated according to 

the following equation:

 

EE%
W W

W
100s

t

=
−

×t

 

where EE represents the EE of BD-SNEDDS, W
t
 is the 

total BD quantity of sample, and W
s
 is the unentrapped BD 

in the supernatant. All these measurements were repeated 

three times.

stability of BD-sNeDDs
The stability of BD-SNEDDS under extreme conditions 

including thermodynamic stability, gravitational stability, 

and pH stability was examined. BD-SNEDDS was diluted 

with deionized water with pH 1.2 and 6.8 (simulating gastric 

fluid and intestinal fluid, respectively). The samples were 

centrifuged at 6,000 and 12,000 rpm for 30 minutes to test 

the gravitational stability. The thermodynamic stability was 

evaluated by exposure in heating and cooling cycle from 20°C 

to -20°C for three times. Samples were also tested by heating 

at 50°C and cooling at 4°C for 30 minutes. The droplet size 

and ZP were measured after the above treatments.

In vitro release of BD-sNeDDs
The in vitro drug release assay of BD-SNEDDS was carried 

out on USP 24 dissolution test apparatus II.19 In total, 5 mL of 

fresh BD-SNEDDS (containing 3 mg BD) or BD-suspension 

(3 mg BD suspended in 0.5% sodium carboxymethyl cellulose 

solution as control) was placed in a dialysis bag (molecular 

weight cut-off 8,000–14,000) surrounded by 500 mL of arti-

ficial gastric juice (0.1 M HCl, pH 1.2) or artificial intestinal 

juice (PBS pH 6.8). Then, the release medium was stirred at 

100 rpm (37°C±0.5°C). At predetermined time points (0, 0.5, 1, 

2, 4, 6, 8, 12, and 24 hours), 5 mL of sample solution was taken 

and replaced with the same volume of fresh release medium 

(37°C±0.5°C). After centrifugation at 10,000 rpm for 10 min-

utes, the supernatant was collected and analyzed by HPLC.

Pharmacological study
Male Sprague Dawley rats (200–220 g, n=12) were obtained 

from the Guangdong Medical Laboratory Animal Center 

(GDMLAC, Guangzhou, People’s Republic of China). 

The Ethics Review Committee for Experimental Animal Cen-

ter of Guangzhou University of Chinese Medicine approved 

the study (Permit ID: 2013–0020). All the experimental 

procedures were performed in accordance with the guidelines 

and regulations of Guangzhou University of Chinese Medi-

cine. The animals were housed at controlled temperature of 

22°C–24°C, humidity of 50%–60%, and 12-hour light/dark 

cycles. All rats were fasted for 12 hours with free access to 

water before experiments.

Twelve rats were randomly distributed into two groups, 

based on respective treatment at a dose of 3.0 mg/kg each: 

BD-SNEDDS and BD-suspension. The dosage was selected 

based on previous report20 and our preliminary experiment.

Blood samples (0.25 mL each) were collected at 5, 15, 30, 

45, 60, 90, 120, 240, 360, 480, 720, and 1,440 minutes from 

collecting blood from the rat eye socket veins after adminis-

tration of respective doses. After centrifugation (3,000 rpm, 

10 minutes), plasma was collected and stored at -20°C for 

further analysis. For deproteinization of plasma, ethyl acetate 

(200 µL) was added into the mixture and vortexed for 3 

minutes. After centrifugation for 10 minutes (5,000 rpm), the 

supernatant was collected and vacuum dried at 40°C, -0.8 

Mpa. The residue was redissolved with 100 µL methanol/

water (v/v). After centrifugation (5,000 rpm, 10 minutes), the 

supernatant was analyzed by LC-MS/MS system.

Analysis software DAS (Version 3.0; Data Analysis 

System, Shanghai, People’s Republic of China) was used 

to assess the pharmacokinetic parameters according to the 

non-compartmental model. With the concentration time curve 

ranging from 0 to 24 hours (AUC
0–24

), the maximum plasma 

concentration (C
max

), and peak time (T
max

) were obtained 

directly from the plasma concentration vs time curve. The 

mean residence time (MRT
0–24

), and the biological half-life 

time (t
1/2

) were estimated from the terminal linear portion 

of the plasma concentration–time profile. The comparative 

t-test was applied by SPSS software to assess the statistical 

significance. All data are denoted as the mean±SD.

anti-colitis activity of BD-sNeDDs
experimental animals and colitis induction
Male Sprague Dawley rats (7 weeks; weighing 210–230 g) 

were supplied by Guangdong Medical Laboratory Animal 

Center. The animals were housed under a temperature-

controlled environment (22°C–24°C), relative humidity 

(50%±10%), and 12:12 hours light–dark cycle with standard 

laboratory diet and water available ad libitum.
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After acclimation for 1 week, animals were randomly 

divided into seven groups: Normal control (intact), TNBS group 

(vehicle), positive group (AZA), three doses of BD-SNEDDS 

groups (BDL-SNEDDS, BDM-SNEDDS, and BDH-SNEDDS; 

L-, M-, H-  correspond to low-dosage, medium-dosage and 

high-dosage, respectively), and BD-suspension group (BD-

suspended in 0.5% CMC-Na) (n=6). Before induction of 

colitis, all rats were fasted but with free access to clean water 

overnight to clean the bowel of animals. Briefly, animals were 

weighed and slightly anesthetized with pentobarbital sodium 

(25 mg/kg, i.p). TNBS solution was prepared by dissolving 

single dose of TNBS (25 mg/kg) in 50% alcohol (1 mL/kg 

of rat body weight). The TNBS solution was injected into the 

colon of rats through medical-grade rubber catheters inserted 

proximally 8 cm (from anus to colon). To prevent leakage of the 

instillation, rats were maintained in an upside-down position for 

5 minutes after injection of TNBS. The intact group received 

0.9% saline instead of TNBS solution. After installation, rats 

were recovered from anesthesia. During the experiment, body 

weight, feces characteristics, and activity were recorded every 

day for disease activity index (DAI) assessment.

Pharmacological treatment
After induction of colitis, drugs were administered by 

oral gavage for seven consecutive days. The intact group 

and TNBS group were given the same volume of blank 

SNEDDS. BD-SNEDDS group was given different doses 

of BD-SNEDDS (0.75, 1.5, and 3.0 mg/kg). The selection 

of BD dosage was based on the previous literature21 and our 

pre-experiment. BD-suspension group was given BD suspen-

sion (3.0 mg/kg). Positive group received AZA (9.0 mg/kg) 

according to a previous report.22 Animals were sacrificed on 

the eighth day of the experiment.

evaluation of colonic damage
According to the standard scoring system, weight changes, 

diarrhea, and hematochezia were evaluated every day by an 

investigator blinded to the experimental protocol. DAI was 

determined as Sun et al previously described.23 DAI was 

calculated according to the weight loss, stool consistency, 

and bleeding. On day 8, following induction with TNBS, 

animals were sacrificed under anesthetized condition by 

pentobarbital sodium. Colorectums were removed and the 

length was measured. The macroscopically visible damage 

on the colon was assessed by two observers unaware of the 

treatments according to a reported scoring system.24 Scoring 

rules were as follows: 0, normal; 1, localized hyperemia, 

no ulcers; 2, ulceration without hyperemia or bowel wall 

thickening; 3, ulceration with inflammation at one site; 

4, two or more sites of ulceration and inflammation; 5, major 

sites of damage extending .1 cm along the length of the 

colon; and 6–10, if major sites of damage extending .2 cm 

along the length of the colon, the score is increased by one 

for each additional centimeter of involvement.

histologic assessment of colons
Colons were cut into small segments, fixed in 4% para-

formaldehyde, embedded in paraffin, and stained with 

hematoxylin and eosin (H&E). Histological evaluation 

was performed under a light microscope (Olympus DP73, 

Tokyo, Japan). Histological scores were blindly evaluated  by 

two pathologists in accordance with the standard described 

previously.25

assessment of tissue cytokine levels
The concentrations of pro-inflammatory cytokines (tumor 

necrosis factor-α [TNF-α], interleukin-1β [IL-1β], IL-6, and 

IL-8) and anti-inflammatory cytokines (transforming growth 

factor-β [TGF-β] and IL-10) in the colorectal tissues were 

detected by ELISA kits (CUSABIO Biotech Co., Ltd, Wuhan, 

People’s Republic of China) according to the corresponding 

manufacturer’s instructions. Colon tissues were homogenized 

in PBS and the levels of superoxide dismutase (SOD), malon-

dialdehyde (MDA), myeloperoxidase (MPO), glutathione 

peroxidase (GSH-Px), and reactive oxygen species (ROS) 

were measured by assay kits (Jiancheng Company, Nanjing, 

China). The total protein concentrations were determined 

by bicinchoninic acid (BCA) protein assay kit (Jiancheng 

Company, Nanjing, China). The absorbance was measured 

using a multimode microplate reader (Multiskan GO 1510, 

Thermo Fisher Scientific, Waltham, MA USA).

Immunohistochemistry analysis
Formalin-fixed, paraffin-embedded colorectal tissues were 

sectioned into slices (thickness, 4 µm). The paraffin sections 

were dewaxed, rehydrated, and incubated with anti-NF-κB 

p65 (Abcam, Cambridge, UK) antibody at 4°C overnight. Sec-

tions were then incubated with corresponding goat anti-rabbit 

secondary antibody and labeled with horseradish peroxidase 

(37°C, 30 minutes). After wash, the slides were stained with 

3,3′-diaminobenzidine (DAB) followed by re-dyeing with 

hematoxylin. Finally, the sections were photographed under 

a DP73 light microscope. The integrated optical density of 

each section was calculated by Image-Pro Plus 6.0 software 

(Media Cybernetics, Inc., Rockville, WA, USA).
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Determination of iNOS and COX-2 mrNa 
expression by qrT-Pcr
Total tissue RNAs was extracted using TRIzol™ (Thermo 

Fisher Scientific, Waltham, MA, USA) and processed with 

RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific) per the manufacturer’s instructions. Real-time 

PCR was performed with FastStart Universal SYBR Green 

Master (Rox; Roche, Basel, Switzerland). Primer sequences 

are listed in Table 1.

Western blot analysis
Colorectal tissues were homogenized using RIPA buffer with 

Protease Inhibitor Cocktail (1:100). Supernatants were col-

lected after centrifugation. Protein content was determined 

by BCA protein assay kit (Cell Signaling Technology, 

Danvers, MA, USA). Equal volume of proteins was loaded 

onto SDS-PAGE gels and electrophoretically transferred 

onto polyvinylidene difluoride membranes. Subsequently, 

membranes were blocked with 5% skimmed milk in TBST 

(20 mM Tris/HCl pH 7.2, 150 mM NaCl, and 0.1% Tween 

20) at room temperature for 1 hour. After incubation at 4°C 

overnight with the corresponding primary antibodies against 

TLR4, MyD88, TRAF6, and NF-κB p65, and β-actin (inter-

nal control) (Abcam, Cambridge, UK), the membranes were 

then incubated with secondary antibodies for 2 hours at room 

temperature. Finally, the membranes were treated with an 

enhanced chemiluminescence (ECL) reagent (Thermo Fisher 

Scientific, USA). The immunoreactive proteins were detected 

by ECL Western blot system (Tanon 4200 SF; Tanon Science 

& Technology, Shanghai, China). Protein bands were quanti-

fied by the software Quantity One (Version 4.6.2; Bio-Rad 

Corporation, Hercules, CA, USA).

Data analysis
The experimental data were expressed as mean±SD and ana-

lyzed with statistical analysis software SPSS (Statistical Prod-

uct and Service Solutions, Version 23.0; IBM Corporation, 

Armonk, NY, USA). To analyze the statistical differences 

among groups, one-way ANOVA was applied. To determine 

the statistical significance, Dunnett’s significant post hoc test 

was used. Statistical significance was set at P,0.05.

Results
structure elucidation of BD
1H NMR (400 MHz, DMSO-d

6
) δ ppm: 5.25 (1H, s, H-1), 

5.98 (1H, s, H-3), 2.89 (1H, d, J=13.5 Hz, H-5), 2.14 (1H, 

d, J=14.6 Hz, H-6α), 1.68 (1H, m, H-6β), 5.12 (1H, s, 

H-7), 2.32 (1H, d, J=4.5 Hz, H-9), 4.96 (1H, s, H-11), 4.26 

(1H, m, H-12), 3.53 (1H, d, J=4.2 Hz, H-14), 3.60 (1H, d, 

J=6.7 Hz, H-15), 1.25 (3H, s, H-18), 1.89 (3H, s, H-19), 3.64 

(1H, m, H-20a), 4.91 (1H, s, H-20b), 1.04 (3H, s, H-22), 

5.35 (1H, s, 1-OH), 4.38 (1H, d, J=3.5 Hz, 11-OH), 4.30 

(1H, d, J=6.8 Hz, 12-OH), 5.34 (1H, s, 15-OH), 13C NMR 

(100 MHz, DMSO-d
6
) δ ppm: 81.4 (C-1), 198.3 (C-2), 124.0 

(C-3), 163.4 (C-4), 48.7 (C-5), 27.1 (C-6), 80.8 (C-7), 47.6 

(C-8), 42.3 (C-9), 43.7 (C-10), 73.7 (C-11), 79.8 (C-12), 

83.1 (C-13), 78.6 (C-14), 69.0 (C-15), 173.7 (C-16), 22.1 

(C-18), 10.9 (C-19), 68.5 (C-20), 18.3 (C-22). By compar-

ing its NMR with the published data,26 this compound was 

confirmed to be bruceine D  (the NMR spectra of BD is 

shown in Figures S1 and S2).

Effects of emulsifier structure on the 
nanoemulsion droplet size generated 
from sNeDDs
Effects of different emulsifiers on droplet size were mea-

sured (Table 2). The results showed that HS-15 (POE stear-

ate, hydrophilic–lipophilic balance (HLB) value ranging 

12–14) had the smallest droplet size and PDI compared 

with Cremophor RH 40 (POE castor oil, HLB value ranging 

Table 1 Primer sequences

Targeted gene Direction and sequence

iNOS Forward: cTcagcagcaTccacgccaag
reverse: agaacaaTccacaacTcgcTccaag

COX-2 Forward: TTcTccaaccTcTccTacTacaccag
reverse: aTacaccTcTccaccgaTgaccTg

GAPDH Forward: acagcaacagggTggTggac
reverse: TTTgagggTgcagcgaacTT

Abbreviations: iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Table 2 Effects of emulsifier structures on droplet size

Surfactant DS (nm) PDI

cremophor rh 40
(hlB=14–16)

48.42±0.79 0.182±0.0214

hs-15
(hlB=12–14)

18.13±0.34 0.047±0.0051

Pluronic F68
(hlB=29)

71.97±1.76 0.265±0.0660

Tween 80
(hlB=15)

94.91±2.17 0.445±0.0512

Notes: McT and propylene glycol as oil and cosurfactant, respectively. surfactant, 
cosurfactant, and oil at a weight ratio of 4:2:1 (w/w/w). Data are expressed as 
mean±sD (n=3).
Abbreviations: Ds, droplet size; PDI, polydispersity index; hlB, hydrophilic–
lipophilic balance; cremophor rh40, a polyoxyl 40 hydrogenated castor oil; hs-15, 
Peg-15-hydroxystearate; Pluronic F68, poloxamer 188; Tween 80, polysorbate 80; 
McT, medium-chain triglyceride.
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Table 3 Effects of emulsifier concentrations on droplet size

Km ratio DS (nm) PDI index

1:4 68.35±0.76 0.067±0.0065
1:3 56.21±0.87 0.056±0.0042
1:2 44.19±0.52 0.053±0.0075
1:1 32.82±0.42 0.051±0.0065
2:1 18.33±0.28 0.047±0.0045
3:1 17.62±0.44 0.042±0.0031
4:1 16.21±0.12 0.042±0.0050

Notes: hs-15, McT, and propylene glycol as surfactant, oil, and cosurfactant, 
respectively. smix and oil at a weight ratio of 6:1 (w/w). Data are expressed as 
mean±sD (n=3).
Abbreviations: Ds, droplet size; PDI, polydispersity index; Km ratio, the ratio 
of surfactant to cosurfactant; hs-15, Peg-15-hydroxystearate; McT, medium-chain 
triglyceride.

Table 4 effects of different oil structures on droplet size

Oil DS (nm) PDI

capmul-gMO 122.99±1.65 0.245±0.0255
capmul-McM 44.95±0.39 0.179±0.0172
McT 18.22±0.23 0.047±0.0080
capryol-90 31.71±0.43 0.145±0.0129

Notes: hs-15 and propylene glycol as surfactant and cosurfactant, respectively. 
surfactant, cosurfactant and oil at a weight ratio of 4:2:1 (w/w/w). Data are expressed 
as mean±sD (n=3).
Abbreviations: Ds, droplet size; PDI, polydispersity index; gMO, long-chain 
mono-glycerides; McM, medium-chain mono-diglycerides; McT, medium-chain 
triglyceride.

14–16), Pluronic F68 (poly(ethylene oxide)–poly(propylene 

oxide)–poly(ethylene oxide)-triblock copolymers, HLB 

value of 29), and Tween 80 (polysorbates, average HLB 

value of 15).

Effects of emulsifier concentration 
and oil structure on the droplet size
In the present study, we investigated the effects of different 

emulsifier concentrations on droplet size. As shown in Table 3, 

different ratios of S
mix

 (1:4, 1:3, 1:2, 1:1, 2:1, 3:1, and 4:1 

for HS-15:propylene glycol) displayed different droplet size 

distributions. The S
mix

 ratio of 2:1 resulted in small droplet 

size and PDI, and no significant change of droplet size was 

observed when the ratio of S
mix

 was greater than 2:1.

In addition, we also explored the effects of different 

types of oil on droplet size. The result obtained showed 

that castor oil and olive oil (fatty oil) could not form 

SNEDDS. When compared with Capryol-90 (PG fatty 

acid esters), Capmul-GMO (long-chain mono-glycerides), 

and Capmul-MCM (medium-chain mono-diglycerides), 

MCT exhibited the smallest droplet size and PDI (Table 4). 

Herewith, MCT was employed as the oil phase in preparing 

BD-SNEDDS.

solubility study
In order to select the best excipient for BD-SNEDDS system, 

the solubility of BD in different solvent media was evalu-

ated, as shown in Figure 1B. The best surfactant containing 

maximum solubility of BD was HS-15 (1.578 mg/mL), a 

commonly used solubilizing and emulsifying agent.27–29 

Propylene glycol and MCT (0.950 and 1.045 mg/mL, respec-

tively) displayed the highest solubilizing capacity among 

cosurfactants and oil phases. Propylene glycol (propane-

1,2-diol) is a common organic solvent and drug excipient. 

MCTs are often used to prepare nano- and micro-particulate 

formulations.30–32 Therefore, HS-15, propylene glycol, and 

MCT were selected as the surfactant, cosurfactant, and oil, 

respectively.

construction of pseudo-ternary 
phase diagrams
Pseudo-ternary phase diagrams were constructed in the 

absence of BD to identify the self-emulsifying region and 

to optimize the proportion of SNEDDS formulations. Based 

on the results of solubility studies, HS-15 (surfactant), pro-

pylene glycol (cosurfactant), and MCT (oil) were applied 

to construct the pseudo-ternary phase diagrams. As shown 

in Figure 2, different ratios of S
mix

 (1:1, 2:1, 3:1, and 4:1 for 

HS-15:propylene glycol) had different nanoemulsion areas 

(Figure 2). Notably, SNEDDS had the largest region with 

the S
mix

 ratio of 2:1. Therefore, the optimum ratio of S
mix

 was 

determined as 2:1.

characterization of BD-sNeDDs
At the optimum formulation, BD-SNEDDS had a mean 

droplet size of 18.03±0.59 nm, ZP of -15.76±0.42 mV, and 

PDI of 0.045±0.0098, respectively (Figure 3). Transmission 

electron microscopy (TEM) images indicated that BD-

SNEDDS exhibited homogeneous and spherical globules 

with small droplet size of less than 100 nm (Figure 1D). 

The EE of BD-SNEDDS determined by ultracentrifugation 

was 84.2%±1.5%. According to the definition of SNEDDS 

and the characterizations of BD-SNEDDS, a diagram of 

BD-SNEDDS is displayed in Figure 1C.

stability of BD-sNeDDs
After centrifugation, heating, cooling, and freeze–thaw 

cycles, the formulation was still homogeneous and all the 

indexes had no significant difference (P.0.05; Table 5). 

In addition, dilutions with different pHs had no obvious 

effect on BD-SNEDDS (P.0.05; Table 5).
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Figure 2 Pseudo-ternary phase diagrams of blank sNeDDs in Km value of 1:1, 2:1, 3:1, and 4:1.
Abbreviations: Km, the ratio of surfactant to cosurfactant; McT, medium-chain triglyceride; sNeDDs, self-nanoemulsifying drug delivery system; smix, the mixture of surfactant 
and cosurfactant.

Figure 3 (A) Droplet size and distribution of BD-sNeDDs. (B) Zeta potential of BD-sNeDDs.
Abbreviation: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system.
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Drug release
The release of BD from BD-SNEDDS was evaluated in simu-

lated intestinal fluid (pH 6.8) and gastric fluid (pH 1.2), respec-

tively. As illustrated in Figure 4B, the accumulative release 

percentage of BD from SNEDDS in simulated intestinal fluid 

(pH 6.8) was significantly greater than that in simulated gastric 

fluid (pH 1.2). Meanwhile, BD-suspension exhibited similar 

release efficiency. In both release media, the release rate of BD-

SNEDDS was far more than that of BD-suspension. The accu-

mulative release of BD-SNEDDS was 86.35% in phosphate 

buffer (pH 6.8) and 42.41% in HCl (pH 1.2) within 24 hours, 

while BD-suspension was 25.37% and 20.59%, respectively.

Pharmacokinetic behavior
The pharmacokinetic study was performed to quantify the 

amount of BD in SNEDDS or suspension through oral 

administration (3 mg/kg) in rats (Figure 4A). The result 

showed a significantly higher plasma drug concentration in 

BD-SNEDDS-treated rats compared with BD-suspension 

treated control. The C
max

 of BD-SNEDDS was found to be 

considerably higher than that of BD-suspension (P,0.05). 

In particular, T
max

 was shorter and AUC
0–24h

 was larger in 

BD-SNEDDS group than that of BD-suspension group 

(P,0.05; Table 6).

anti-colitis activity of BD-sNeDDs
BD-sNeDDs reduces macroscopic damage
The body weight of all experimental groups had no signifi-

cant difference at the beginning of the experiment. During 

the experiment, there was a noticeable body weight loss in 

rats treated with TNBS compared with control group which 

had a continuous weight gain. However, the body weight 

loss was significantly attenuated in BD-SNEDDS groups and 

AZA group (Figure 5C).

On the following day of TNBS induction, rats exhibited 

significant watery stool and bleeding till the termination of the 

study. Oral administration of BD-SNEDDS significantly alle-

viated diarrhea and bloody stool in a dose-dependent manner. 

As a common parameter for evaluating the severity of colonic 

inflammation, a higher DAI score indicates more severe colitis 

damage. After TNBS induction, the score of DAI increased 

rapidly compared with the normal group (P,0.01). However, 

the DAI scores of BD-SNEDDS groups were significantly 

lower in a dose-dependent manner (P,0.01). The BD-sus-

pension group showed no statistically significant difference 

compared with BDM-SNEDDS group and positive control 

(P.0.05). Nevertheless, the score of BDH-SNEDDS group 

Table 5 effects of centrifugation, heating, cooling, and freeze–
thaw cycles and aqueous phase ph on droplet size, polydispersity 
index, and zeta potential of BD-sNeDDs

Treatment DS (nm) ZP (mV) PDI

No treatment 18.03±0.59 -15.76±0.42 0.045±0.0098
6,000 rpm, 30 minutes 18.79±0.52 -15.56±0.70 0.047±0.0078
12,000 rpm, 30 minutes 18.75±0.47 -15.48±0.26 0.039±0.0025
50°c, 30 minutes 18.82±0.33 -15.16±0.24 0.044±0.0062
4°c, 30 minutes 18.69±0.30 -15.63±0.35 0.042±0.0095
Freezing and thawing  
(-20°c, 20°c)

18.60±0.51 -14.90±0.88 0.042±0.0072

ph 1.2 18.64±0.42 -15.77±0.45 0.039±0.0089
ph 6.8 18.60±0.32 -15.93±0.32 0.039±0.0072

Note: Data are expressed as mean±sD (n=3).
Abbreviations: Ds, droplet size; PDI, polydispersity index; ZP, zeta potential; 
BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system.

Figure 4 (A) Plasma concentration–time profiles of rats after oral administration of BD-SNEDDS and BD-suspension. (B) The in vitro release of BD-sNeDDs and 
BD-suspension in artificial intestinal juice (PBS, pH=6.8) and artificial gastric juice (HCl, pH=1.2).
Notes: Data are expressed as mean±sD (n=6). **P,0.01 vs suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution.
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(3 mg/mL) was significantly lower than that of BD-suspension 

group (3 mg/mL; P,0.01; Figure 6A).

Colon length is another important index to reflect the 

severity of TNBS-induced colitis. Compared with the normal 

group, TNBS group showed a significant decrease of colonic 

length (P,0.01), whereas the shortening of colon length was 

significantly prevented by the BDM-SNEDDS and BDH-

SNEDDS treatments (P,0.01; Figure 5B).

BD-SNEDDS treatments effectively ameliorated the 

colon mucosal damage in TNBS-treated rats, including 

edema, hyperemia, bowel wall thickening, mucosal erosions, 

and ulcers (Figure 7). The macroscopic score of colonic dam-

age was 5.08±0.95 in TNBS group and reduced to 1.92±0.64 

with AZA, 3.42±0.76 with BD-suspension, 4.58±0.86 

with BDL-SNEDDS, 2.92±0.86 with BDM-SNEDDS, 

and 2.08±0.78 with BDH-SNEDDS (all P,0.01 vs TNBS 

group).

effects of BD-sNeDDs on histological alternation
As demonstrated in Figure 5A, colon tissues from the control 

group exhibited intact mucosa, submucosa, smooth muscular 

layer, and outer membrane. TNBS group exhibited a number 

of inflammatory features, including inflammatory cells 

infiltration in the mucosa and lamina propria, distortion or 

Table 6 Pharmacokinetic parameters of BD after oral adminis-
tration of BD-sNeDDs and BD-suspension

Parameter BD-SNEDDS BD-suspension

cmax (ng⋅ml-1) 258.34±34.68 108.36±13.75
Tmax (hour) 1.08±0.20 1.58±0.20
t1/2 (hour) 2.59±0.13 1.49±0.04
aUc0–24 (ng⋅hour⋅ml-1) 703.51±93.51 251.34±14.93
MrT0–24 (hour) 3.00±0.17 2.79±0.08
relative bioavailability (%) 280.0

Note: Data are expressed as mean±sD (n=6).
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery 
system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose 
solution as control; cmax, maximum plasma concentration; Tmax, time to reach the 
maximum plasma drug concentration; t1/2, half-life elimination time; aUc0–24, area 
under the plasma drug concentration–time curve ranging from 0 to 24 hours; 
MrT0–24, mean residence time.

Figure 5 (A) Effects of BD-SNEDDS on histological changes (H&E staining slices from colorectal sections; original magnification 100×) and corresponding histological damage 
score. (B) The colon lengths. (C) effects of BD-sNeDDs on body weight change.
Notes: Data are presented as mean±sD (n=6). ##P,0.01 vs intact group, *P,0.05 and **P,0.01 vs vehicle group, P,0.05 and P,0.01 vs BD-suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution; 
h&e, hematoxylin-eosin; aZa, azathioprine; BDl-sNeDDs, low-dosage BD-loaded self-nanoemulsifying drug delivery system; BDM-sNeDDs, medium-dosage BD-loaded 
self-nanoemulsifying drug delivery system; BDh-sNeDDs, high-dosage BD-loaded self-nanoemulsifying drug delivery system.
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Figure 6 (A) Disease activity index. (B–L) Effects of BD-SNEDDS on colon levels of inflammatory cytokines and oxidative stress.
Notes: Data are expressed as mean±sD and analyzed by aNOVa followed by Dunnett’s test. ##P,0.01 vs intact group, **P,0.01 and *P,0.05 vs the vehicle group, P,0.05 
and P,0.01 vs BD-suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution; DaI, 
disease activity index; TNF-α, tumor necrosis factor-α; Il-1β, Il-6, Il-8, and Il-10, interleukin-1β, -6, -8 and -10; TgF-β, transforming growth factor-β; sOD, superoxide 
dismutase; MDa, malondialdehyde; MPO, myeloperoxidase; gsh-Px, glutathione peroxidase; rOs, reactive oxygen species; aZa, azathioprine; BDl-sNeDDs, low-dosage 
BD-loaded self-nanoemulsifying drug delivery system; BDM-sNeDDs, medium-dosage BD-loaded self-nanoemulsifying drug delivery system; BDh-sNeDDs, high-dosage 
BD-loaded self-nanoemulsifying drug delivery system.
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disappearance of crypt structure, and enterocyte loss, result-

ing in a low microscopic score (Figure 5A). On the contrary, 

BD-SNEDDS, BD-suspension, and positive drug effectively 

restored crypt architecture epithelium and reduced histologic 

inflammation. The beneficial effect in attenuating deteriorat-

ing pathologies was also observed in the BDH-SNEDDS 

group (3 mg/kg) (P,0.01). BD-suspension (3 mg/kg) group 

exerted a similar therapeutic effect to BDM-SNEDDS 

group (P.0.05). These results indicated that BD exhibited 

strong potency against TNBS-induced colitis in a dose- and 

formulation-dependent manner.

Effects of BD-SNEDDS on inflammatory cytokines
Pro-inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α) 

levels were significantly increased in TNBS-treated rats 

compared with the intact group (Figure 6B–E; P,0.01). 

Administration of BD or the positive drug dramatically 

suppressed the levels of these pro-inflammatory cytokines. 

On the contrary, the anti-inflammatory cytokines including 

IL-10 and TGF-β were decreased to a low level after TNBS 

exposure, whereas treatment with middle- or high-dose of 

BD-SNEDDS, BD-suspension, or AZA notably restored 

these anti-inflammatory cytokines (Figure 6F–G; P,0.01).

Compared with BD-suspension, BDH-SNEDDS 

displayed substantially greater effects in suppressing pro-

inflammatory cytokines and promoting anti-inflammatory 

cytokines (P,0.05). In the attenuation of inflammatory 

cytokines, BD-suspension showed similar effects to BDM-

SNEDDS.

effects of BD-sNeDDs on oxidative stress
Oxidative stress is highly correlated with the process of colon 

inflammation. As shown in Figure 6H–L, MPO, MDA, and 

ROS levels were significantly increased in the TNBS group, 

while SOD and GSH-Px activities were markedly decreased 

in comparison to the intact group (P,0.01). However, the 

MPO, MDA, and ROS levels were significantly suppressed 

by AZA and BD treatments (P,0.05). These test particles 

(AZA and BD) could relieve the oxidative stress by increas-

ing SOD and GSH-Px contents, and there was significant 

statistical difference (P,0.05) between the BDH-SNEDDS 

and BD-suspension in reducing oxidative stress.

effects of BD-sNeDDs on NF-κB p65 protein 
expression in colon tissues
TNBS administration substantially increased the expression 

of NF-κB p65 (P,0.01; Figure 8), while BD-SNEDDS 

markedly reversed this trend (P,0.01 vs TNBS group) in 

a dose-dependent manner. At the same dose of BD, BDH-

SNEDDS displayed superior effect in suppressing NF-κB 

p65 expression than BD-suspension.

effects of BD-sNeDDs on iNOS and COX-2 
mrNa expressions
The mRNA expressions of iNOS and COX-2 significantly 

increased after dextran sulfate sodium induction compared 

with the normal group (Figure 9). However, these alterna-

tions were significantly prohibited by BD-SNEDDS in a 

dose-dependent manner (P,0.01).

effects of BD-sNeDDs on the colonic levels 
of Tlr4, MyD88, TraF6, and NF-κB p65
NF-κB, an important pro-inflammatory factor, plays a key 

role in UC.33 To investigate the potential anti-UC mechanism 

of BD-SNEDDS in TNBS-induced colitis rats, we examined 

the effects of BD-SNEDDS on the expressions of TLR4, 

MyD88, TRAF6, and NF-κB by Western blot analysis. As 

illustrated in Figure 10, TLR4, MyD88, TRAF6, and NF-κB 

total proteins were upregulated in the colon tissue compared 

with the intact control (P,0.01), whereas treatment with 

different doses of BD-SNEDDS significantly suppressed the 

Figure 7 effects of BD-sNeDDs on macroscopic changes in TNBs-induced Uc 
in rats.
Note: Data are expressed as mean±sD (n=6).
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; 
aZa, azathioprine; TNBs, trinitrobenzenesulfonic acid; Uc, ulcerative colitis; BDl-
sNeDDs, low-dosage BD-loaded self-nanoemulsifying drug delivery system; BDM-
sNeDDs, medium-dosage BD-loaded self-nanoemulsifying drug delivery system; 
BDh-sNeDDs, high-dosage BD-loaded self-nanoemulsifying drug delivery system.
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expression of TLR4 in a dose-dependent manner (P,0.05). 

MyD88, TRAF6, and NF-κB expression levels were signifi-

cantly reduced by medium and high doses of BD-SNEDDS 

and AZA (P,0.05).

Discussion
The desiccative ripe fruit of B. javanica is traditionally uti-

lized as a therapy for dysentery in TCM.34 Nowadays, most 

research on B. javanica focuses on anti-cancer properties; 

however, less attention has been paid to its traditional 

applications such as dysentery.

BD is a quassinoid isolated from the seeds of B. javanica. 

This natural compound has been found to exhibit various 

promising pharmacological properties. Our pilot studies 

showed that BD could effectively alleviate TNBS-induced 

UC in rats. However, oral administration of BD faces a plight 

of low aqueous solubility and low bioavailability, which 

largely limits its medicinal application in clinical practice. 

κ

Figure 8 effects of BD-sNeDDs on the protein expression of NF-κB in rats with TNBs-induced Uc (immunohistochemistry analysis of colorectal sections; original 
magnification 100×).
Notes: The IOD is expressed as mean±sD and analyzed by aNOVa followed by Dunnett’s test. ##P,0.01 vs intact group, **P,0.01 vs vehicle group, P,0.01 vs BD-
suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution; IOD, 
integrated optical density; aZa, azathioprine; TNBs, trinitrobenzenesulfonic acid; NF-κB, nuclear factor-κB; Uc, ulcerative colitis; BDl-sNeDDs, low-dosage BD-loaded 
self-nanoemulsifying drug delivery system; BDM-sNeDDs, medium-dosage BD-loaded self-nanoemulsifying drug delivery system; BDh-sNeDDs, high-dosage BD-loaded 
self-nanoemulsifying drug delivery system.

Figure 9 The mrNa expression levels of iNOS (A) and COX-2 (B) in rats with TNBs-induced Uc.
Notes: results are expressed as the means±sD and analyzed by aNOVa followed by Dunnett’s test (n=6). ##P,0.01 vs vehicle group; **P,0.01 vs vehicle group; P,0.01 
vs BD-suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution; iNOS, 
inducible nitric oxide synthase; COX-2, cyclooxygenase-2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; aZa, azathioprine; TNBs, trinitrobenzenesulfonic acid; Uc, 
ulcerative colitis; BDl-sNeDDs, low-dosage BD-loaded self-nanoemulsifying drug delivery system; BDM-sNeDDs, medium-dosage BD-loaded self-nanoemulsifying drug 
delivery system; BDh-sNeDDs, high-dosage BD-loaded self-nanoemulsifying drug delivery system.
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Therefore, it is necessary to break these predicaments by 

exploring a suitable drug delivery system to improve its 

aqueous solubility and bioavailability, as well as to minimize 

adverse reactions.

In recent years, nano-sized drug delivery system have 

become a promising strategy which has been widely used in 

treatment of UC.35–37 SNEDDS, a promising drug delivery 

system, contains various advantages including improved 

long-term storage stability, increased drug efficacy, reduced 

side effects, and enhanced bioavailability.17 Because of 

convenient manufacturing, improved drug bioavailability, 

and lack of toxicity, SNEDDS has been recognized as a 

promising drug carrier.

In order to search for an appropriate formulation for BD 

with outstanding emulsifying ability and low side effects, we 

screened various surfactants, cosurfactants, and oils. In terms 

of surfactants, an optimized surfactant to emulsify the oil 

spontaneously to form SNEDDS is preferred to be nonionic 

(being less toxic), water-soluble, and has a HLB of 12–18.5 

HS-15 is a nonionic surfactant consisting of monoesters and 

diesters of 12-hydroxystearic acid, with HLB value between 

12 and 14. HS-15 is a safe surfactant with short formation 

time of self-emulsification.38 Additionally, HS-15 with a 

suitable HLB value is favorable to form the smallest globule 

size nanoemulsion.39

Other nonionic surfactants, such as Tweens and Cre-

mophor RH40 and Pluronic F68, are widely employed to 

improve the dissolution and delivery of drugs.40,41 Tween 80, 

a polyoxyethylene sorbitan monooleate (average HLB 

value of 15), has been deemed as a low-cost and powerful 

emulsifier.42–44 Cremophor RH40, a polyoxyl 40 hydroge-

nated castor oil (HLB value ranging 14–16), is an efficient 

emulsifier used to formulate several drugs such as paclitaxel 

and teniposide.44 Pluronic F68 (Poloxamer 188), a PEO–

PPO–PEO-triblock copolymer (HLB value of 29), is known 

to enhance the drug solubility and formulation stability in 

drug delivery system.45,46 Among the various selected sur-

factants, HS-15 was therefore selected as the surfactant in 

Figure 10 effects of BD-sNeDDs on the protein expressions of Tlr4, MyD88, TraF-6, and NF-κB p65 in colonic tissue by Western blot.
Notes: (A) representative Western blot images of Tlr4, MyD88, TraF-6, and NF-κB p65 protein expressions in TNBs-induced colonic tissues. Protein expression levels of 
Tlr4 (B), MyD88 (C), TraF-6 (D), and NF-κB p65 (E) in colonic tissue. Data are presented as mean±sD (n=3). ##P,0.01 vs intact group, *P,0.05 and **P,0.01 vs vehicle 
group, P,0.05 vs BD-suspension group.
Abbreviations: BD-sNeDDs, BD-loaded self-nanoemulsifying drug delivery system; BD-suspension, BD suspended in 0.5% sodium carboxymethyl cellulose solution; Tlr4, 
toll-like receptor 4; MyD88, myeloid differentiation primary response 88; TraF-6, TNF receptor-associated factor 6; NF-κB, nuclear factor-kappa B; aZa, azathioprine; 
TNBs, trinitrobenzenesulfonic acid; BDl-sNeDDs, low-dosage BD-loaded self-nanoemulsifying drug delivery system; BDM-sNeDDs, medium-dosage BD-loaded self-
nanoemulsifying drug delivery system; BDh-sNeDDs, high-dosage BD-loaded self-nanoemulsifying drug delivery system.
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formulating SNEDDS, as it exhibited high solubility of BD 

and the smallest droplet size.

From the results obtained, even though the HLB values 

were similar, a wide difference was observed in the emulsion 

droplet size between different emulsifiers. The observation 

indicated that droplet size of the emulsions generated from 

SNEDDS seemed to be independent of the HLB of the emul-

sifier. By contrast, the structure of the emulsifier was found 

to significantly influence the emulsion droplet size. Hence, it 

could be deduced that the droplet size might depend primarily 

on the emulsifier molecular structure.

The concentration of surfactants is one of the key ele-

ments in forming emulsion.18 A higher proportion of sur-

factant has been proposed to cause smaller mean droplet or 

particle size that favors faster emulsification.47 However, 

higher concentrations of surfactants might cause irritation to 

the GI mucosa. Surfactant concentration in SNEDDS should 

be kept at a minimal level as far as possible.17 In the present 

study, the S
mix

 ratio of 2:1 resulted in small droplet size and 

PDI, and no significant change of droplet size was observed 

when the ratio of S
mix

 was greater than 2:1. Therefore, the 

S
mix

 ratio of 2:1 was selected to form SNEDDS.

An appropriate cosurfactant provides sufficient flexibility 

to the interfacial film to take up different curvatures which 

is important for SNEDDS formulations.38 Cosurfactant is 

commonly employed in SNEDDS formulation to reduce 

interfacial tension.39,48,49 Propylene glycol is a kind of fre-

quently used cosurfactant in nano-formulation, indicating 

efficient spontaneous nanoemulsion.50–52 In the present work, 

propylene glycol exerted the strongest dissolving capacity 

for BD among all other cosurfactants.

In the oils test, BD was found to have maximum solubility 

in MCT. Our result also indicated that MCT resulted in the 

smallest droplet size and PDI compared with other selected 

oils. MCT is commonly served as a dispersible and absorb-

able lipid-solubilizing agent. This property enhances lym-

phatic transport of drug and avoids degradation by first-pass 

hepatic metabolism to improve bioavailability.53 To obtain 

an optimum drug loading, form the smallest particles, and 

improve lymphatic transport of BD, MCT was selected as 

the oil phase in preparing BD-SNEDDS. Thus, HS-15, MCT, 

propylene glycol, and water were selected as the surfactant, 

oil phase, cosurfactant, and pseudo-ternary phase, respec-

tively. Based on the results of pseudo-ternary phase diagram, 

HS-15, propylene glycol, and MCT at a weight ratio of 4:2:1 

(w/w/w) were used for the integration of SNEDDS.

Droplet size is an important parameter indicating formu-

lation performance. As shown in droplet size determination 

and TEM images, BD-SNEDDS exhibited a homogeneous 

morphology. ZP is an electrokinetic potential at the slipping/

shear plane of a colloid droplet moving under electric field 

in colloidal systems and nano-medicines.54 As an important 

indicator of stability, ZP is widely used to evaluate the 

stability of nanoemulsion system.55–57 Higher ZP of nano-

emulsion indicates a higher stabilization to avoid degradation 

and aggregation.58 In a general way, ZP values of nanoemul-

sions above ±30 mV represent a relatively good stability.59 

PDI is an assessment index of the dispersion of droplet size 

distribution. As a general rule, PDI value ranges from 0 to 1. 

PDI values ,0.3 indicate narrow distribution. Our results 

demonstrated that BD-SNEDDS could self-emulsify to form 

nano-emulsion when gently agitated with distilled water. Fur-

thermore, the BD-SNEDDS formulation exhibited a higher 

negative average ZP, which showed a favorable stability. 

Consistently, the PDI value of 0.045±0.0098 indicated the 

homogeneity of droplet size.60–62

Next, we evaluated the stability of BD-SNEDDS in simu-

lated harsh GI environment. In general, nano-sized spheres 

of SNEDDS indicate a huge surface area and surface energy, 

which may lead to physical and chemical instability under 

different conditions of pH, temperature change, or gravita-

tional force. Therefore, evaluation of dilution stability and 

thermodynamic stability of BD-SNEDDS is of vital impor-

tance. The stability results demonstrated that BD-SNEDDS 

had satisfactory physicochemical stability, which indicated 

it could remain stable in different storage environments and 

harsh GI environment.

The in vitro release profile of BD-SNEDDS formula-

tion was evaluated by using dialysis bag to determine the 

release behavior. The release of BD from BD-SNEDDS in 

simulated intestinal fluid (pH 6.8) was significantly higher 

than that from BD suspension. Possible reasons include the 

following: 1) small droplet size of SNEDDS provided a large 

surface area for drug release into the aqueous phase; 2) BD 

might readily pass through dialysis membrane with the oil 

phase in SNEDDS;63 3) release of BD from SNEDDS into 

the simulated gastric fluid (pH 1.2) was slower than that 

from suspension. This nature might allow BD-SNEDDS to 

survive in the harsh gastric environment and release in the 

intestine. These results indicated the crucial role of SNEDDS 

in enhancing BD solubilization and in vitro release, which 

may affect the bioavailability of BD.

Based on the results mentioned above, we further evalu-

ated the in vivo bioavailability of BD-SNEDDS. From the 

results, the higher values of C
max

 observed in BD-SNEDDS 

were consistent with the prior in vitro finding. In addition, 
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compared with the free drug suspension, higher AUC
0–24

 was 

observed in BD-SNEDDS formulation, indicating improved 

absorption of BD from the GI tract.64 Compared with the BD-

suspension, t
1/2

 was significantly prolonged, suggesting that 

BD in SNEDDS could stay longer in the body. The better 

pharmacokinetic parameters observed with BD-SNEDDS 

in comparison to BD-suspension might be due to the small 

droplet size that forms a large interfacial surface area for drug 

penetration into epithelial cells and enhanced absorption.55 

Furthermore, it has been reported that a larger portion of 

formulas with long- and medium-chain fatty acids have the 

ability to by-pass portal circulation via lymphatic transport.65 

The presence of MCT enhances lipoprotein synthesis and 

subsequent lymphatic absorption.66 Nevertheless, the exact 

mechanism merited further investigation.

In the present study, we evaluated the anti-colitis efficacy 

of BD-SNEDDS in parallel to BD-suspension. Using the 

TNBS-induced model,67,68 we assessed the clinical symptoms 

including body weight loss, diarrhea, hematochezia, DAI, 

histological alterations, and shortened colons. The DAI 

score is a common indicator for the evaluation of severity 

of colitis, wherein a higher DAI score represents more dis-

comfort conditions.69 It was found that TNBS-induced colitis 

rats exhibited dramatic body weight loss, higher DAI score, 

and shorter colon length compared with the control group. 

However, rats treated with BD-SNEDDS exhibited a notable 

therapeutic effect, resulting in attenuated loss of body weight, 

decreased intestinal bleeding, and reduced DAI score in a 

dose-dependent manner. Furthermore, the salutary effect of 

BD-SNEDDS was further confirmed by histological observa-

tion. Mucosal damage and infiltration of inflammatory cells 

were significantly ameliorated by BD-SNEDDS treatment. 

It is noteworthy that BD-SNEDDS had advanced therapeutic 

effect compared with the positive drug and BD-suspension. 

All these results suggested that the improved pharmacoki-

netic properties by SNEDDS might significantly contribute 

to the beneficial therapeutic effects of BD against UC.

UC is a chronic and relapsing inflammatory disease. Under 

UC attack, imbalanced release of cytokines results in inflam-

mation and damage of intestinal mucosa. It has been generally 

accepted that various cytokines are considered crucial signals 

in the intestinal immune system.70 As key pro-inflammatory 

mediators, TNF-α, IL-8, IL-1β, and IL-6 cause intestinal 

mucosal impairment resulting in inflammation.70,71 Elevated 

levels of the pro-inflammatory cytokines, such as IL-1β and 

TNF-α, are present in the gut mucosa of patients suffering 

from UC. The cytokines TNF-α and IL-1β have been inti-

mately related to the stimulation of the production of IL-8 

during the pathogenesis of UC.72 Blocking the productions 

of these cytokines can effectively ameliorate inflammation in 

colitis rats. The cytokines IL-10 and TGF-β, known as strong 

immunosuppressive and immunoregulatory factors, could 

effectively inhibit pro-inflammatory cytokine synthesis and 

antigen presentation, leading to alleviation of inflammation 

responses.73 In our experiments, BD-SNEDDS dramatically 

inhibited TNBS-induced production of TNF-α, IL-8, IL-1β, 

and IL-6 and substantially promoted the production of 

immune-regulatory mediators in a dose-dependent manner. 

High dose of BD-SNEDDS had a better anti-inflammatory 

effect than middle- and low-dose counterparts, positive drugs, 

and BD-suspension. These results indicated that the ameliora-

tive effects of BD-SNEDDS against TNBS-induced colitis 

might be closely related to the decrease of infiltration of 

inflammatory cells and attenuation of the mucosal damage.

The increase of inflammatory cells and disruption of the 

mucosal immune response cause accumulation of oxidative 

stress which inflicts intestinal injuries in UC.74 Oxidative 

stress and its consequent lipid peroxidation are known to 

damage cellular macromolecules such as DNA, lipids, and 

proteins, which could exacerbate free radical chain reac-

tions and activate the release of pro-inflammatory media-

tors, disrupt the integrity of the intestinal mucosal barrier, 

and activate inflammatory mediators.75 MPO is an enzyme 

abundantly found in neutrophils which has been used as 

a marker of cell-specific infiltration and the severity of 

inflammation.76 As a marker for free radicals-induced lipid 

peroxidation, MDA is widely used as a biochemical marker 

of oxidative stress.77 ROS is the natural product of aerobic 

metabolism of animal and human cells, which is implicated 

as a mediator of intestinal inflammation and plays a vital role 

in the pathophysiology of UC.78 Overproduction of ROS in 

intestinal mucosal cells induces the immune response, which 

leads to the injury of intestinal epithelial cells, disruption 

of integrity of the intestinal barrier, and initiation of the 

intestinal inflammation.79 It is involved in anti-inflammation 

process and cleared by a series of constitutively expressed 

antioxidant enzymes, such as SOD and GSH-Px. These two 

enzymes can counteract the overaccumulation of ROS.80 

Therefore, measurement of enzymatic activities can manifest 

acute intestinal inflammation.

Hence, we evaluated the potential effect of BD-SNEDDS  

on antioxidant enzymes including SOD and GSH-Px, as 

well as ROS, MPO, and MDA levels. In this study, the 

decrease of SOD and GSH-Px after TNBS treatment was 

found to be noticeably inhibited by BD-SNEDDS treat-

ment, while the levels of ROS, MPO, and MDA were 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5903

self-nanoemulsifying drug delivery system of bruceine D

suppressed significantly. All the results indicated that the 

amelioration of histopathological deterioration might be 

intimately associated with the positive regulation of anti-

oxidative and anti-inflammatory status by BD-SNEDDS 

treatment.

Meanwhile, our real-time PCR results indicated that 

BD-SNEDDS exerted better anti-inflammatory effects by 

regulating the expression of several important enzymes. BD-

SNEDDS effectively suppressed COX-2, which was upregu-

lated in colitis,81 and iNOS, which produced nitric oxide (NO) 

during the pathogenesis of colitis.82 It is hypothesized that 

downregulation of iNOS and COX-2 gene expression by 

BD-SNEDDS might be tightly related to the suppression of 

NF-κB activation.83

TLR4/NF-κB pathway has been found to be closely 

related to the immune system and anti-inflammatory signal-

ing pathways, in recent years.71 The MyD88-dependent TLR4 

signaling pathway is one of major signaling pathways in 

stimulating the production of NF-κB by activating TRAF6.33 

As a member of the toll-like receptors (TLRs) family, TLR4 

can mediate the transport of signal factors across the plasma 

membrane.84 TLR4 triggers the recruitment of the down-

stream regulator MyD88 which induces NF-κB expression 

and ultimately results in inflammatory response.85 In the 

present study, we demonstrated that the upregulated protein 

expressions of TLR4, MyD88, TRAF6, and NF-κB after 

TNBS induction were largely attenuated by BD-SNEDDS or 

BD-suspension treatment. These results suggested that TLR4/

NF-κB signaling pathway was at least partially involved in 

the BD-initiated anti-colitis effects.

In conclusion, our results provide experimental evidence 

for the traditional application of B. javanica in the treatment 

of dysentery. This is the first report on the regulation of 

TLR4-linked NF-κB signaling pathway by C20 quassinoids, 

and also the pioneer study illuminating the anti-UC activ-

ity and action mechanism of C20 quassinoids. For the first 

time, BD is found to exert similar anti-UC activity as the 

current first-line antidote AZA, with much lower dosage. The 

profound therapeutic efficacy of BD against UC is further 

improved by SNEDDS-mediated physicochemical optimiza-

tion. We consider this study as a good example in develop-

ing effective UC treatments with SNEDDS from traditional 

herbal remedies. Our optimized formulation of SNEDDS 

may represent a promising drug carrier for improving the 

physiochemical properties and enhancing the bioactivities of 

BD and many other analogous quassinoids. However, more 

detailed mechanisms for anti-inflammatory effects of BD 

on colitis are heavily merited. The current results provided 

a foundation and justification for further research of this new 

drug delivery system for conventional medications.

Conclusion
The SNEDDS helps overcome the inadequate bioavailability 

challenges of BD by favorably improving physicochemical 

properties, enhancing drug assimilation, and prolonging the 

in vivo retention time. The present study demonstrates that 

BD in SNEDDS possesses strong anti-inflammatory effects 

against colonic inflammation in rats via inhibition of inflam-

matory mediators and oxidative stress and downregulation 

of TLR4-linked NF-κB transduction pathways. Compared 

with BD suspension, BD-SNEDDS significantly improves 

oral bioavailability and enhances anti-colitis efficiency. 

Thus, this system represents promising potential for new 

drug development for UC treatment.
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