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Abstract. Glucocorticoids have been confirmed to be effective in the treatment of a
variety of inflammatory diseases. However, their application encounters limitations in terms
of tissue distribution and bioavailability in vivo. To address these key issues, we designed and
developed a nanopreparation by using egg yolk lecithin/sodium glycocholate (EYL/SGC)
and utilize such mixed micelles (MMs) to encapsulate dexamethasone palmitate (DMP) for
the treatment of rheumatoid arthritis (RA). The prepared DMP-MMs had an average
particle size of 49.18 £0.43 nm and were compared with an emulsion-based dexamethasone
palmitate. Pharmacokinetic and in vivo fluorescence imaging showed that mixed micelles had
higher bioavailability and targeting efficiency in inflammatory sites. An arthritis rat model
was established via induction by Complete Freund’s Adjuvant (CFA), followed by the
efficacy studies by the observations of paw volume, histology, spleen index, pro-inflammatory
cytokines, and CT images. It was confirmed that intravenous injection of DMP-MMs
exhibited advantages in alleviating joint inflammation compared with the emulsion system.
Composed of pharmaceutical adjuvants only, the nanoscale mixed micelles seem a promising
carrier system for the RA treatment with lipophilic drugs.

KEY WORDS: mixed micelles; nanomedicine; passive targeting; dexamethasone palmitate; rheumatoid

arthritis.

INTRODUCTION

Rheumatoid arthritis (RA), a chronic inflammatory
disorder, afflicts approximately 1% of the population world-
wide (1). Its mainly pathological symptom is synovial
hyperplasia. Over-proliferated synovial cells together with
inflammatory cells and small blood vessels form pannus and
cover the cartilage surface, and finally block the nutrient
supply. Moreover, the over-proliferated cells secrete a variety
of proteases, collagenases, etc., which would degrade cartilage
and bone, eventually leading to loss of joint function. The
inflammatory environment in the synovial cavity is regulated
by complex cytokines and chemokine networks. For example,
macrophages overexpress inflammatory factors, including
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tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p),
and interleukin-6 (IL-6) (2-4).

Although RA is far from being completely cured at
present, pharmacotherapy could prevent its progression.
Glucocorticoids (GCs) play an irreplaceable role in the
treatment of RA because they enable rapid alleviation of
joint swelling and joint damage (5-7). GCs exert anti-
inflammatory effects through a variety of mechanisms (8,9).
Meanwhile, due to the multi-target effect of GCs, a variety of
adverse effects have been reported after its systemic admin-
istration, such as weight loss and high blood sugar (10).
Therefore, it is urgent to improve the safety of GC treatment
and the life quality of RA patients.

Due to the leaky vessels in tumors, the nanoparticles
selectively accumulate in the malignant tissues; the phe-
nomenon is well known as enhanced permeability and
retention (EPR) effects (11-14). This strategy also applies
to the RA treatment. Studies show that the vascular
permeability in the inflammation site of RA was enhanced
due to the leaky vascular networks (15). Actually, the
therapeutic effects of some nanoformulations on RA have
been confirmed (16-19). In addition, lecithin-based nano-
particles could enhance the oral bioavailability of hydro-
phobic drugs and improve their anti-inflammatory activity
(20,21).
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It was demonstrated that the nanoparticles bigger than
200 nm were easily eliminated from the circulation system by
liver and spleen (22), and small nanoparticles (less than
10 nm) were quickly excreted through the urine. As a result,
moderate particle size is necessary to realize the long
circulation of the nanoparticles and finally guarantee the
satisfying accumulation in the synovial cavity. From this
aspect, despite the extensive employment of the micron
emulsions for insoluble drugs, it is not a suitable vector for
RA treatment as its size is approximately 200 nm. Micelles
exhibit moderate particle size of about 100 nm for RA
treatment. Mixed micelles may be a better system with EPR
effect. It has smaller particle size, good stability in vivo, and
simple preparation compared with the existing marketed
preparations, especially emulsions.

Egg yolk lecithin and sodium glycocholate are frequently
employed in micron emulsions and have good physiological
compatibility and safety (23,24). In this project, these two
materials are used to prepare the mixed micelles. Dexameth-
asone palmitate, a derivative of dexamethasone, was loaded
in the center of mixed micelles. Despite similar components,
the mixed micelles was supposed to show smaller particle size
than the commercially available emulsion Limethason® (25).
In the RA rat model, the therapeutic effect of the micelles on
chronic RA is evaluated by the paw volume, pathological
examination, spleen index, and pro-inflammatory factor. We
also studied the preventive effect of the drug delivery system
in the acute inflammation model. Furthermore, the pharma-
cokinetics and biodistribution were also investigated.

MATERIALS AND METHODS

Materials

Egg yolk lecithin (PL-100M) was obtained from Kewpie
Corporation (Japan). Glycocholic acid was purchased from
Aladdin (Shanghai, China). Dexamethasone palmitate was
purchased from Hekang Pharmaceutical Co., Ltd. (Henan,
China). Complete Freund’s adjuvant (10 mg/mL of the heat-
killed Mycobacterium) was purchased from Chondrex (Wash-
ington DC, USA). Carrageenan was purchased from Sigma-
Aldrich Chemical Co. (Missouri, USA). The near-infrared
fluorescence dye Dir was purchased from Biorj (Beijing,
China).

Animals

Male Sprague-Dawley rats (180 +20 g) were purchased
from Beijing Vital River Laboratory Animal Technology.
Rats were housed and fed in specific pathogen-free environ-
ment in the animal facility of the School of Peking University
Health Science Center. All animal studies conformed to the
guidelines of care and use of laboratory animals of Institu-
tional Animal Care and Use Committee of Peking University.

Preparation of DMP-MMs

We prepared DMP-MMs as a previously reported
method (26). Brieflyy, DMP, EYL, NaOH, and glycocholic
acid were dissolved in 8 mL of anhydrous ethanol by
ultrasonication. Then, the solution was evaporated at 40°C
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with a rotating evaporator (SHZ-DIII; Yuhua Tech, China).
We obtained a thin film of drug-carrier materials. The film
was immediately hydrated in 5 mL of deionized water for
5 min via ultrasound (KQ-100DE; Kunshan Tech, China).
The micellar solution was centrifuged at 12,000 rpm for
10 min to remove un-encapsulated drug. The DMP-MMs
existed in the supernatant.

The Dir-loaded mixed micelles (Dir-MMs) were pre-
pared according to the above methods. The Dir emulsion
with the same prescription as Limethason® (Dir-EL) was
prepared by probe ultrasonic (SCIENTZ-IID; Xinzhi Tech,
China) method as previously described (27).

Characterization of DMP-MMs

The diameter, distribution, and zeta potential were
measured in triplicates by dynamic light scattering (DLS;
Malvern, UK) at 25°C. Transmission electron microscope
(TEM; JEMI1200EX, Japan) and atomic force microscope
(AFM; Dimension Icon, USA) were used to confirm the
surface morphology of DMP-MMs.

The concentration of the DMP encapsulated in micelles
was determined using high-performance liquid chromatogra-
phy (HPLC; Shimadzu Tech, Japan) using an RP-18¢-5 pm
column (250 mm x 4.6 mm). The micellar solution was diluted
100 times with methanol, and 20 pL. was injected into the
HPLC. The detection wavelength of DMP was 240 nm. The
mobile phase consists of methanol and water with a volume
ratio of 95:5. The flow rate was set at 1.0 ml/min with column
temperature of 37°C. The formulas for calculating entrap-
ment efficiency (EE%) and drug loading (DL%) are as
follows:

EE% = (Mdmp/Mdmp added) x 100%

DL% = (Mdmp/Mdmp + Mingrediems) x 100%

where Mgy, is the weight of the loaded (solubilized)
DMP and Mingrediens are carrier material in the micellar
solution, while Mgmp added is the weight of the DMP originally
added to the prescription.

Critical Micelle Concentration (CMC)

The CMC of EPC-SGC-MMs in deionized water was
confirmed using pyrene fluorescence probe method. Pyrene
was dissolved in acetone to form standard solution (1.0 x
107> M). Then, 400 pL of standard solution was added into
different brown vials. Brown vials were placed in vacuum
drying oven under 50°C for 30 min to make acetone
evaporate completely. Blank mixed micellar solutions were
diluted with deionized water to serial concentrations from
4.88x107* to 2 mg/mL and were added into brown vials to
make the final pyrene concentration reach 2.0x107° M.
Then, the solutions were balanced via ultrasound treatment
for 30 min before measurement. Fluorescence spectra were
measured using a fluorescence spectrometer (RF-6000;
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Fig. 1. Passive targeting of DMP-MMs on inflammatory joint

Shimadzu Tech, Japan). The excitation wavelength was set at
334 nm. Scanning range of emission wavelength ranges from
350 nm to 450 nm with the scanning speed of 60 nm/min. The
bandwidths of excitation and emission were 5 nm and 3 nm,

respectively (28).
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Carrageenan-Induced Paw Edema in Rats

The preventive effect of DMP on acute inflammation
was studied as previously described (29-32). Rats were
administered saline or DMP-MMs (M 0.08, 0.16, 0.32 mg/kg)
or commercially available Limethason® (L 0.16 mg/kg) via

20+

—— Limedason®

154

)]
1

Intensity (Percent)
S

10 100 1000
Diameter (nm)

2.0
1.9
1.8
1.7
1.6 1
1.5
1.4 -
1.3 1
1.2 1
1.1

——E—

35 30 25 -20 15 -1.0 05 00 05
IgC

Fig. 2. Characterization of DMP-MMs. a Size distribution by intensity of DMP-MMs using dynamic light scattering. b
Transmission electron microscopy of DMP-MMs. ¢ Atomic force microscopy of preparation. d Size distribution by intensity
of Limethason® using dynamic light scattering. e Critical micelle concentration of EYL/SGC-MMs
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Table I. Encapsulation Efficiency and Drug Loading of DMP-MMs

Diameter (nm) PDI

Zeta potential (mV)

Encapsulation efficiency (%) Drug loading (%)

49.14 +0.44 0.176 +0.013 —33.07 £ 1.35

95.0 + 1.6 128 +0.2

Mean =+ standard deviation (SD; n =3)

PDI polydispersity index, DMP-MMs mixed micelles loaded with dexamethasone palmitate

tail vein. After 30 min, rats were subcutaneously injected
100 pL of 1% N-carrageenan solution into the right hind
paw to induce inflammation. For evaluation of joint
swelling, paw volume was measured with the
plethysmometer (YSL-7C; Yiyan Tech, China) and the hind
paws of rats were photographed by camera at 3 h after
injecting carrageenan. At 4 h, the rats were sacrificed and
plantar tissue was stripped for pathological examination of
inflammation by staining with hematoxylin and eosin
(H&E).

Evaluation of Anti-Arthritis Effect In Vivo

The CFA-induced chronic RA model was established
according to other reports (33-36). SD rats were subcuta-
neously injected with 100 pL CFA solution into the right
hind paw. At day 9, the arthritic rats were evenly divided
into the test and control groups (n=6) randomly. The
different groups were intravenously treated as follows:
saline, DMP-MMs (M 0.2, 0.4, 0.8 mg/kg), and
Limethason® (L 0.4 mg/kg). The preparations were given
every other day.

Increase in Paw Volume

The paw volume in the right hind paw was measured
using the plethysmometer. The ankles were marked in each
group. All the measurements were carried out by one
experimenter in a blinded manner.

CT Imaging

The ankle joints of rats sacrificed at day 28 were soaked
in 4% buffered paraformaldehyde for 48 h. Then we took out
joints for scanning at 50 kV for 5 min (NanoSPECT/CT,
Mediso, Hungary).

Histological Analysis

After the rats were sacrificed at day 28, ankle joints of
rats on the right hind paw were dissected and fixed in 4%
buffered paraformaldehyde for 48 h. Then, the joints were
immersed in EDTA decalcifying solution at room tempera-
ture for 4 weeks. After decalcification, the joints were
removed and embedded in paraffin. Then paraffin blocks
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Fig. 3. Preventive effect on carrageenan-induced paw swelling. a Experiment process of rats study. b Increase in paw volume within 4 h. ¢

Photographs at 3rd hour after the carrageenan administration
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Fig. 4. H&E staining images of plantar tissue. Necrosis and dissolution of muscle fibers (black arrow), infiltration of
lymphocytes (blue arrow), neutrophils (yellow arrow), and mast cells (red arrow)

were cut into sections of 4 pm. After H&E staining, the
degree of joint damage was evaluated by optical microscope
digital imaging system (Nikon, Japan).

Spleen index (splenic weight/rat weight) was calculated
after weighing the spleen of rats. Then, the spleen was also
observed pathologically according to the above steps (elim-
inating decalcification).

Pro-Inflammatory Cytokine Expression in Serum

Before the rats were sacrificed at day 28, blood samples
were collected in the tubes. The tubes were centrifuged to
separate serum samples. Final concentrations of cytokine
containing TNF-«, IL-6, and IL-1p were confirmed by ELISA
kits (37).
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Fig. 5. DMP-MMs improved arthritic condition of rats induced by CFA. a Experimental scheme for model establishment
and arthritic treatment. b Increase in paw volume from inflammation induction to the end of the experiment. ¢ Cumulative
disease load means the area under the curves of paw volume b from day 10 to day 28. d Body weight curves during the study.

e Spleen index = splenic weight/rat weight
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Biodistribution of Dir-Loaded Micelles and Emulsion

The hydrophobic fluorescent dye Dir was selected to
label the nanocarriers. Free Dir solution (dissolved in 1%
ethanol), Dir-MMs, and Dir-EL were intravenously injected
into the rats with a swollen right hind paw. After adminis-
tration, the fluorescence in rats was detected using the IVIS
Spectrum system (IVIS Spectrum; Xenogen, USA) (38).

Pharmacokinetics of the DMP-MMs and Limethason® in
Healthy Rats

DMP-MMs or Limethason® (1 mg/kg) were intrave-
nously injected into the healthy male SD rats. Then, blood
samples were collected and centrifuged to obtain plasma.
Acetonitrile was used to extract plasma. The extracted
solutions were analyzed by HPLC. Dexamethasone (DEX),
an active metabolite of DMP, was detected. Pharmacoki-
netic parameters were analyzed by DAS2.0.

Statistical Analysis

Results were expressed as mean +SD. Comparison of
data between the two groups was done using 7 tests.
Significant statistical differences were expressed when P <
0.05.

RESULTS AND DISCUSSION

Characterization of DMP-MMs

As shown in Fig. 1, the amphiphilic materials EPC and
SGC self-assembled into core-shell structure. DMP, a poorly
water-soluble drug, was contained in the center of mixed
micelles. The results of dynamic light scattering show that the
particle size of DMP-loaded micelles is approximately 49 nm
with a narrow size distribution (Fig. 2a). This size of micelles
provides a precondition for better targeting inflammation (39).
The zeta potential was —33 mV. TEM and AFM images
illustrated that DMP-MMs had a spherical structure with
uniform distribution (Fig. 2b, c). Figure 2d shows the results of
dynamic light scattering of Limethason®. EE% and DL% of
DMP were 94.5 +1.4% and 12.7 £ 0.2%, respectively (Table I).
The two tangent equations are Y =—0.0283X + 1.1816 and Y =
—0.5106X +0.6917 and the CMC value determined by the
intersection of the tangent lines was 0.096 mg/mL (Fig. 2¢).

Prophylactic Efficacy of DMP-MMs on Carrageenan-Induced
Paw Edema in Rats

The experimental process is shown in Fig. 3a. The data
of the paw volume show that the drug-administered groups
had different degrees of inhibition on carrageenan-induced
paw swelling in rats (Fig. 3b).

Photographs are displayed in Fig. 3c. In comparison to
the saline treated group, both the DMP-MMs with different
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Fig. 7. DMP-MMs alleviated paw swelling and bone damage for AIA model. a, b Histopathology in ankle joints with staining reagent of
hematoxylin and eosin (H&E). ¢ H&E staining images of spleen. d Pictures of the hind paws of rats. ¢ CT images of the right hind paw of rats

doses and Limethason® exhibited significant inhibition ef-
fects on carrageenan-induced paw swelling.

H&E staining images (Fig. 4) of plantar tissue illustrated
that large areas of necrosis and dissolution of muscle fibers
(black arrow) were observed in the saline group and
Limethason® group, accompanied by a large number of
lymphocytes (blue arrow), neutrophils (yellow arrow), and a
small amount of mast cell (red arrow) infiltration. Yet, the
amount of inflammatory cells in the Limethason® group was
less than the saline group. The degree of inflammation in the
middle and high-dose groups of DMP-MMs also decreased.

Therapeutic Efficacy of DMP-MMs on CFA-Induced Chronic
Inflammation in Rats

The AIA model is a classical animal model to study RA.
Studies have shown that AIA model is easy to establish and

Table II. Key Pharmacokinetic Parameters

AUCo, (pg/l*h) Ty (h) Crmax (ng/l)

293 £ 091 472.51 + 66.40%***
2.48 +0.25 238.09 + 33.10

DMP-MMs 1047.78 + 98.92%#xx
Limethason® 681.19 + 84.62

**%% represent significant differences (P <0.0001) between micelles
and emulsion groups, which was calculated by the T test using
GraphPad

Mean + standard deviation (SD; n = 6)

AUC area under the concentration-time curve, 7, half-life, C,,,,, the
maximum concentration of dexamethasone in plasma, DMP-MMs
mixed micelles loaded with dexamethasone palmitate

has many similarities with human RA in clinical manifesta-
tions, pathology, and immunology. Therefore, AIA model is
widely used in RA-related research (40). The inflammatory
response in rats is divided into acute phase and chronic phase
(41). One day after induction of inflammation, acute local
inflammatory reaction appeared and gradually decreased
after 3 days. Secondary lesions usually appeared from 11 to
14 days after inflammation (42). They were characterized by
multiple arthritis, accompanied by inconvenient movement,
nasal congestion, redness and swelling of bilateral ear, and
nodules in the tail of rats.

As shown in Fig. 5a, rats were injected with CFA to
induce RA at day 0, and treated with saline, DMP-MMs, and
Limethason® from the 9th day.

Paw volume is a crucial index for evaluating anti-
inflammatory effect. Figure 5b shows an increase in paw
volume of DMP-MMs, Limethason®, and the control group.
The degree of paw swelling obviously decreased in all drug-
treated groups from days 12 to 28. The improvement of anti-
inflammatory activity could be further explained by cumu-
lated disease load. As shown in Fig. 5c, the cumulated disease
load between the DMP-MMs and Limethason® group with
0.4 mg/kg was significantly different (P < 0.05).

The weight curves of rats within 28 days are displayed in
Fig. 5d. Compared with normal rats, the body weight in saline
group decreased remarkably when inflammation appeared
(P<0.01). The body weight in Limethason® group was
remarkably lower than DMP-MMs group (P <0.05) from
15th day to the end.

As shown in Fig. Se, the spleen index shows significant
difference (P <0.05) between DMP-MMs group and
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Fig. 8. Fluorescent images after intravenous injecting different Dir preparations (n =3)

Limethason® group with the dose of 0.4 mg/kg. The spleen
structure of the normal group was intact, and the spleen
morphological structure was clear, and the boundary with the
red pulp was obvious (Fig. 7c). In the model group, the
morphology of splenic corpuscles was abnormal, and germi-
nal centers began to appear. The erythrocyte in red pulp
increased with congestion and inflammatory cell infiltration.
For the drug treatment groups, the pathological changes of
spleen in AIA rats were improved in different extent.

Pro-inflammatory cytokines were key parameters for
evaluating therapeutic effect. The serum levels of three
cytokines in the saline group were evidently upregulated in
comparison to the normal group. The concentration of
cytokines in DMP-MMs groups showed dose-dependent
downregulation. Especially in medium and high-dose groups,
the reduction of inflammatory factors was significant com-
pared with saline group (Fig. 6a—c).

H&E photographs of the ankle joints show inflammatory
cellinfiltration on the surface of articular cartilage (black arrow),
synovial cell lining hyperplasia (red arrow), synovial connective
tissue hyperplasia, accompanied by inflammatory cell

infiltration, and visible vasospasm (yellow arrow) in CFA model
group (Fig. 7a, b). Articular cartilage surface is smooth and flat;
no obvious hyperplasia and other changes in synovial membrane
were observed in the DMP-MM high-dose group. The remain-
ing drug-administered groups had different degrees of relief.

Pictures in Fig. 7d show that the rats of the saline-
treated group had swollen hind paws. Also, fester
symptoms appeared in the paw injected with CFA.
However, the high-dose administration of DMP-MMs
(0.8 mg/kg) completely prevented the progression of
arthritis. DMP-MMs and Limethason® groups with
0.4 mg/kg both significantly alleviated paw swelling of
rats. A lower dose of DMP-MMs (0.2 mg/kg) had a slight
therapeutic effect.

Figure 7e shows the CT scanning images of the ankle
joints in each group. For saline group, swelling of ankle joint
and soft tissue, narrowing of joint space, osteoporosis at the
end of bone, and deformity of the distal interphalangeal joint
appeared. For treated groups, there was no obvious meta-
morphosis of the joints, but there was mild osteoporosis in the
proximal joint.
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Pharmacokinetics of DMP-MMs and Limethason®

The pharmacokinetic results are shown in Fig. 6d and
Table II. The concentration of DEX was used to study the
dynamic changes of DMP-MMs and Limethason® in vivo. As
shown in Table II, DMP-MM group was significantly higher
than Limethason® group in the aspects of AUC _,
(P<0.0001) and Cpax (P<0.0001). This result explains the
superior anti-inflammatory effects of the DMP-MMs to some
extent.

Biodistribution of Dir-Loaded Micelles and Emulsion

Using the Dir-labeled micelles and emulsions, the
fluorescence strength difference between the injured right
paw and the healthy left paw reflected the selective accumu-
lation of different preparations in the inflammatory sites.
Meantime, the DMP-MMs exhibited significantly higher
enrichment in the CFA-treated right paw than Limethason®.
Radioactive-labeled liposomes below 100 nm have been
successfully used for imaging and detecting inflammatory
sites in animal models and humans (43-45). The superior
targeting ability of the DMP-MMs explains its better anti-
inflammatory effects.

Figure 8a displays the fluorescence images of different
Dir preparations in AIA rats. The fluorescence intensity of
the Dir-MMs was stronger than that of the Dir-EL in the
inflammatory paw (Fig. 8b). What is more, the difference was
highly significant at the time point of 5 min (P <0.01). Free
Dir rarely distributed in the inflamed paw (Fig. 9).

CONCLUSION

Mixed micelles encapsulated with DMP were prepared
by a simple and mature process. It is well known that lecithin
and bile salts are important physiological substances in the
normal human body. Also, the egg yolk lecithin in the

prescription is an injection-grade pharmaceutical excipient
with high safety. In addition, micelles exhibited higher
bioavailability and passive targeting of inflammatory sites in
this research. Therefore, it has guiding significance for the
clinical treatment of inflammatory diseases, and it is promis-
ing for industrial production.
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