Preclinical report 515

Preparation, characterization, and assessment

of the antiglioma effects of liposomal celastrol

Yulun Huang®®, Dai Zhou?, Taijun Hang®, Zhenghong Wu¢, Jiangang Liu?,
Qinan Xu®, Xuesun Xie?, Jianling Zuo®, Zhong Wang® and Youxin Zhou®

The role of celastrol in the treatment of cancer has been
an area of growing interest. To circumvent the issues

of low solubility, poor bioavailability, and systemic toxicity
of celastrol, we prepared liposomal celastrol using the
thin-film dispersion method. We characterized particle size,
encapsulation efficiency, and pharmacological parameters
of liposomal celastrol. The drug concentration in plasma
and tissues was measured using LC-MS/MS. In addition,
the sulforhodamine B assay was used to determine the
50% inhibiting concentration. We assessed the effects

of the compound in SHG-44 glioma subcutaneous
xenografts in BALB/c nude mice. To compare the toxic
effects of liposomal and free celastrol, the weight as well
as hematologic, heart, liver, and kidney parameters were
measured weekly and the morphology of organ tissues
was observed pathologically. We found that liposomal
celastrol had high encapsulation efficiency (71.67%) and
liposomal celastrol had a higher C,,., and area under
the curve, longer t,,,, and better biodistribution than free
celastrol. A cytotoxicity assay indicated that free celastrol
had lower 50% inhibiting concentration values than the
liposomal celastrol; however, treatment of subcutaneous
xenografts with 1 mg/kg of liposomal celastrol induced

Introduction

Celastrol is a natural biologically active compound ex-
tracted from the Chinese medicine herb 7riprerygium
wilfordii Hook. It has attracted interest for its potential
anti-inflammatory and antitumor effects and has been
reported to have in-vitro and in-vivo therapeutic efficacy
against various cancer types, including prostate [1],
melanoma [2], breast [3], pancreatic [4], non-small-cell
lung cancer [5], and glioma [6]. Celastrol can also reduce
metastatic tumor burden in mesenterium [7], bone [8],
and lung metastatic nodules [9]. Therefore, it is
an interesting developmental candidate as a novel che-
motherapeutic cancer agent. However, no systematic
clinical trials in humans have been conducted with
celastrol to date.

The free form of celastrol is only soluble in dimethyl sulf-
oxide (DMSO) or ethanol. The poor solubility in water
makes intravenous and intramuscular administration rather
difficult. For all in-vivo cancer models assessed with
celastrol, an intraperitoneal injection was used as the route
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greater antitumor activity than free celastrol at an
equimolar concentration. In addition, a 4 mg/kg dose

of liposomal celastrol had fewer severe side effects than
free celastrol at the same dose. In this study, we found
that the use of liposomes as a carrier of celastrol
increased the bioavailability and reduced the side effects
of the compound. Our findings suggest that liposomal
celastrol should be further investigated in the clinical
setting. Anti-Cancer Drugs 23:515-524 © 2012 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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of administration. Celastrol is limited in its clinical utility
because of poor bioavailability as well as the occurrence
of some side effects, such as weight loss (Y. Huang and
Y. Zhou, unpublished observation). To circumvent these
limitations, alternative drug delivery vehicles for the
administration of celastrol are needed.

Liposomes are lipid bilayer vesicles formed by phospho-
lipids dispersed in water and have the ability to encap-
sulate both hydrophilic and hydrophobic molecules [10].
As celastrol is hydrophobic, it is considered to be a good
candidate for liposome incorporation, as it can be encap-
sulated in the lipid layer of the liposomes. The encapsula-
tion of drugs into liposomes alters their pharmacokinetics
and biodistribution, resulting in an increase in therapeutic
efficacy and a decrease in toxicity [11].

The aims of this study were to develop a type of lipo-
somal celastrol and evaluate the pharmacokinetics and
tissue distribution of the compound. In addition, we wished
to determine whether incorporating celastrol in liposomes
could enhance the antitumor effects and reduce the side
effects compared with free drug.
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Materials and methods

Materials

Celastrol was purchased from Paypaytech Co. (Purity
> 99.3%; Shenzhen, China); soybean phosphatidylcho-
line (SPC) was purchased from Dongshang Co. (Purity
> 90%; Shanghai, China); sodium deoxycholate was pur-
chased from Sigma Co. (St Louis, Missouri, USA); metha-
nol was of chromatographic grade and purchased from Yu
Wang Co. (Shandong, China); chloroform was of super
grade and purchased from Jiangsu Hanbang Co. (Nanjing,
China); polydextran gel Sephadex G-50 was purchased
from Pharmacia Biotech (Uppsala, Sweden); absolute
methanol was of chromatographic grade and purchased
from Merck Co. (Victoria, Australia); ciclesonide was used
as an internal standard (IS) and was obtained from the
National Institute for the Control of Pharmaceutical and
Biological Products(Beijing, China). Other reagents used
were analytical grade. Kunming (KM) mice (8-10 weeks
old) were obtained from the Experimental Animal Center
of Suzhou University (Suzhou, China).

Preparation of liposomes

Liposomes were prepared using the thin-film hydration
method previously described [12]. On the basis of this
method, 2 mg celastrol, 60 mg SPC, and 4 mg sodium deo-
xycholate were dissolved in 15ml chloroform/methanol
(2:1, v/v). The solution was evaporated under vacuum to
remove the solvent at 30°C and 100 rpm. This process
yielded a lipid film on the wall of the round-bottom flask
and was then placed in a vacuum dryer overnight. The
next day, 10 ml of phosphate buffer (pH 7.4) was added
to the flask for hydration. After 2 h of incubation at 37°C
for hydration, the membranes of the liposomes were
resuspended and then sonicated (JY92; Xinzhi Co.,
Ningbo, China) in an ice bath 60 times using a 2's pulse
with a 3s interval between pulses. The solution was
then filtered through a 0.45 um polycarbonate membrane
filter.

Particle size measurement

Particle size and distribution measurements were con-
ducted using a Malvern Instruments Zetasizer 3000HS
laser diffraction grain size analyzer (Malvern, UK). All
measurements were performed in triplicate.

Transmission electron microscopic studies

The morphology of the liposomal celastrol was examined
by transmission electron microscopy (TEM). Briefly, the
liposomal celastrol was sonicated for 30s. A drop of this
suspension was placed on a copper TEM grid and allowed
to air dry. The samples were imaged using a Tecnai G220
transmission electron microscope (FEI Co., Hillsboro,
Oregon, USA) at 120 keV.

Determination of the encapsulation efficiency
The Sephadex column chromatography method (Sepha-
dex G-50) was used to separate free celastrol from drug-

loaded liposomes. After the separation, the encapsulation
efficiency (EE) was determined by high-performance lig-
uid chromatography (HPLC) analysis with a Shimadzu
HPLC system (LLC-10A; Shimadzu Co., Japan) using a
Hypersil ODS chromatographic column (200 mm X 4.6 mm,
Sum; Thermo Scientific Inc., Waltham, Massachusetts,
USA) with the wavelength set to 425nm. The mobile
phase consisted of methanol: 1% acetic acid (90:10, v/v)
at a flow rate of 1.0 ml/min. The celastrol EE was calculated
using the following equation: EE (%) = (total amount of
celastrol — free celastrol)/total amount of celastrol x 100%.

LC-MS/MS analysis of plasma and tissues

The analysis of samples obtained from KM mice was
performed using LC-MS/MS. A Thermo Finnigan TSQ
Quantum Ultra AM tandem mass spectrometer equip-
ped with an electrospray ionization source (San Jose,
California, USA), a Finnigan surveyor LLC pump, and an
autosampler were used for the LC-MS/MS analysis. Data
acquisition was performed using Xcalibur 1.2 software
(Thermo Finnigan). The separation of celastrol and the
IS ciclesonide was achieved by an automated injection of
20 pl samples into a reverse-phase C18 analytical column
(Hedera ODS-2 4.6 mm x 150 mm, 5 um) under isocratic
conditions that included methanol and water with 0.1%
formic acid using the following gradient elution: 0 min
(70% methanol) -8 min (100% methanol) at a flow rate
of 1.0 ml/min. All analyses were carried out in positive
electrospray ionization with the spray voltage set at 5kV.
The heated capillary temperature was set at 350°C.
Nitrogen sheath and auxiliary gas were set at 37 and
5.0 psi, respectively. The argon gas collision-induced
dissociation was used with a pressure of 1.0 mTorr. The
collision energies were set at 30 eV for celastrol and 18eV
for the IS. The ion transitions chosen for selected
reaction monitoring (SRM) were m/z 451.3—201.1 for
celastrol (Fig. S1A) and m/z 541.1-523.1 for the IS
(ciclesonide), respectively (Fig. S1B). Biological samples
were quantified using the ratio of peak area of celastrol to
that of the IS.

Pharmacokinetic studies and biodistribution study

Plasma pharmacokinetic analysis was performed in normal
KM mice. All animal experimental protocols were ap-
proved by the Institutional Animal Care and Use Com-
mittee of Suzhou University and complied with the code
of ethics for animal experiments. Sixty KM mice weighing
18-22 g were divided into 10 groups (#=6 for cach
group). Five groups were administered 4 mg/kg celastrol
dissolved in 0.1% DMSO in physiological saline by an
intraperitoneal injection. The other five groups were
administered 4 mg/kg liposomal celastrol by an intraper-
itoneal injection. In each treatment group, the mice were
sacrificed at 10, 30, 60, 120, and 240 min after drug ad-
ministration. Blood samples were collected at the time of
sacrifice and the brain, kidney, heart, lung, and liver were
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removed. Each specimen was rinsed with saline, dried,
and weighed.

Tissue and plasma samples were carefully excised. Each
tissue sample was precisely weighed and mixed ata 1:5
(w/v) ratio with sterile saline and then homogenized. The
IS working solution (5.0 pg/ml) was then added to 0.1 ml
of plasma samples or 0.5ml of tissue samples (20 pl for
plasma samples and 50 pl for tissue samples, respectively)
and the tubes were vortex-mixed for 30s. After mixing,
5ml of acetic ether was added and then vortex-mixed
again for 3min. The samples were then centrifuged at
3500 rpm for 10 min and 4ml of the organic layer was
transferred into another tube and evaporated to dryness
at 40°C under a gentle stream of nitrogen. The residue
was reconstituted with 0.1 ml of the mobile phase by
vortex mixing for 1 min. The supernatant obtained after
centrifugation at 16 000 rpm for 10 min was transferred to
an autosampler vial, and 20 pl of this was injected into the
LC-MS/MS system. A peak area ratio (R,) was calculated
from the celastrol and IS chromatographic peak areas.
The concentration of celastrol in the plasma or tissues
was calculated using the formula R,/R, = (,/C,, where C,
is the concentration of celastrol in the plasma or tissues,
C, the concentration of the sample, and R, the peak area
ratio of the sample. Pharmacokinetic parameters were
determined using the software Drug and Statistics (DAS,
ver. 2.0; Mathematical Pharmacology Professional Com-
mittee of China, Beijing, China).

In-vitro anticancer activity evaluation

Glioma cell culture

The U251 human glioma and murine C6 glioma cell lines
were purchased from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). The
human glioma cell line SHG44 was established by our
laboratory in 1984 and has been widely used in China.
Cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100IU/ml
penicillin, and 100 pg/ml streptomycin. The cells were
cultured at 37°C in a humidified atmosphere containing 5%
carbon dioxide.

Cytotoxicity

Cell growth inhibition was assessed by the sulforhoda-
mine B (SRB) staining assay as previously described [13].
Briefly, the glioma cell lines (U251, SHG44, and C6) were
seeded at a density of 5000 cells per well in 96-well
plates. The next day, the cells were treated with different
concentrations (0.037, 0.111, 0.333, 1, 3, 9, and 27 pg/ml)
of either free celastrol dissolved in DMSO or the equiv-
alent concentration of liposomal celastrol. The concen-
tration of DMSO was maintained below 0.1% (w/v) to
ensure that it did not have a significant effect on cell pro-
liferation. Cells incubated in Dulbecco’s modified Eagle’s
medium alone were used as blank controls. The cells
were incubated for 48 h after treatment. After incubation,
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the media in the wells were removed and all wells were
fixed by adding 200 pl of cold 10% (w/v) TCA at 4°C for
1h. After removal of TCA, the wells were washed five
times with deionized water and then dried. A volume of
100 ul 0.4% (w/v) SRB solution was added to each well
and stained at room temperature for 20 min. The wells
were then washed five times with 1% acetic acid to
remove uncoupled SRB and dried. A volume of 200 pl Tris
buffer (10 mmol/l) was added to each well. The plates
were gently shaken on an oscillator for 30 min to dissolve
the SRB. Finally, the absorbance of each well was read on
a microplate reader (BIO-RAD model 680; Bio-Rad
Laboratories Inc., Shanghai, China) at a wavelength of
540 nm. The survival rates were calculated using the fol-
lowing formula: survival % = [(As4g of the treated cells)/
(As40 of the blank control cells)] x 100, where Asy is the
absorbance value. The 50% inhibiting concentration
(ICsg) was calculated for all samples using SPSS software
(version 13.0; IBM Inc., Armonk, New York, USA).

In-vivo anticancer experiments

For the in-vivo xenograft model, 4-week-old adult female
BALB/c mice weighing approximately 20 g were subjected
to subcutaneous implantations of 5 x 10° SHG44 cells [14].
Starting on the 15th day postimplantation, 36 mice were
divided into the following six groups (# = 6 for each group):
blank liposomes (negative control), cisplatin (2 mg/kg/day,
positive control), liposomal celastrol (1 and 4 mg/kg/day),
and free celastrol (1 and 4 mg/kg/day). All groups were ad-
ministered the appropriate treatment by an intraperitoneal
injection 5 days per week for 4 weeks. Tumor diameters
were measured every day, and tumor volumes were calcu-
lated as (width)? x (length)/2. After 4 weeks, the mice
were sacrificed 2 h after the last treatment and the tumors
were excised and rapidly frozen in liquid nitrogen. "Tumors
were fixed in 10% formalin and embedded in paraffin
wax. After fixation, the tumors were sectioned at 4pm
thickness.

Evaluation of side effects related to celastrol

Mice were monitored daily for survival and general health.
Animal weights were determined weekly. Whole blood was
directly taken from the heart using a heparinized syringe
immediately after the animals were euthanatized. Ery-
throcytes, leukocyte hemoglobin, and platelet numbers
were assayed from the whole blood. To assess hepatic
function, renal function, and myocardial zymogram, the
alanine aminotransferase), aspartate aminotransferase, total
protein, albumin, creatinine, blood urea nitrogen, lactate
dehydrogenase, creatine kinase, and hydroxybutyrate dehy-
drogenase were assayed using an automatic biochemistry
analyzer. The liver, kidney, lung, heart, and brain from the
animals were dissected and fixed in 10% formalin for 48 h
and embedded in paraffin. Five-micrometer sections were
stained with hematoxylin and eosin and assessed under
a light microscope.
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Statistical analysis

All data were expressed as average = SD. A paired 7-test
was used to compare two groups. One-way analysis of vari-
ance was used to compare the difference between multi-
ple groups. SPSS v13.0 software was used for statistical
analysis. Differences were considered to be statistically
significant if P-value was less than 0.05.

Results

Preparation and characterization of liposomes
Liposomal celastrol consisted of a homogeneous, semi-
transparent, colloid solution. The average diameter of the
liposomes was 128.1 £39.5nm (z=3). TEM showed
that the liposomes were spherical and had smooth sur-
faces (Fig. 1). The liposomes and free drug separated well
with the Sephadex column chromatography method. The
liposomes were collected in the 8-20 ml fraction and free
drug was collected in the 28-60 ml fraction, which showed
a clear separation (Fig. 2). An HPLC analysis calibration
curve of celastrol was created by plotting the absorbance
(Fig. 3). The EE of celastrol was found to be 71.67
2.32% (n =3).

Pharmacokinetics

Figure 4 and Table 1 show the plasma concentration, time
curves, and pharmacokinetic parameters for liposomal and
free celastrol. After administration of liposomal celastrol,
the plasma celastrol concentration slowly increased over
time and reached the highest peak of 497.3 ng/ml during
the initial phase, which was a 59.5% increase compared
with free celastrol. The concentration also remained high
during the terminal phase. Pharmacokinetics parameters
were calculated according to a noncompartmental model.
The Cha, AUC)_; and AUC_,, of liposomal celastrol
were significantly higher than those for free celastrol
(P<0.05), and the Ty, 712, and MRT also exhibited
a marked prolongation (P < 0.05).

Tissue distribution

The liposomes provided a prolonged and steady level of
celastrol in the kidney, lung, heart, and brain after intra-
peritoneal administration of 4 mg/kg liposomal celastrol
(Fig. 5). The AUC,_ , values in the lung, brain, and heart
after liposomal celastrol administration were 3.54-, 2.79-,
and 2.66-fold higher than those of free celastrol, respec-
tively (P < 0.01). The AUC_,, for other tissues was not
significantly different in mice given liposomal celastrol or
free celastrol (P > 0.05) ('Table 2).

Cytotoxicity assay

Treatment of all cell lines with celastrol induced a dose-
dependent antiproliferative effect for both formulations
(Fig. S2). The ICsq values of liposomal and free celastrol
for the three cell lines tested are shown in Table 3. The
results indicated that liposomal celastrol had higher ICs
values than free celastrol in glioma cells after 48h of
treatment.

Fig. 1

. ®
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A

100 nm

Transmission electron microscopic scan of liposomal celastrol. (a) Low
magnification and (b) high magnification.

In-vivo antitumor activity

To test whether liposomal celastrol could enhance the
inhibition of human glioma growth, we examined the
effects of different celastrol formulations on the growth
of human glioma xenografts in nude mice using cisplatin
treatment as a positive control. As shown in Fig. 6, the
growth of human glioma xenografts was slower in mice
treated with liposomal celastrol (1 and 4 mg/kg), free
celastrol (4 mg/kg), and cisplatin (2 mg/kg) compared
with the blank liposome control. Treatment with 1 mg/kg
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intraperitoneal injection of 4 mg/kg liposomal and free celastrol (n=6).
*P<0.05, **P<0.01 vs. free celastrol.

liposomal celastrol induced a significantly greater inhibi-
tion of tumor growth than 1 mg/kg of free celastrol (32.8
vs. 18.1%, respectively; P < 0.05). However, no significant
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difference was observed between these two treatments at
the 4 mg/kg dose (68.4 vs. 66.5%, respectively; P > 0.05).

Assessment of side effects

The mice from the free celastrol (4 mg/kg) and cisplatin
groups steadily lost weight between days 7 and 28, where-
as the liposomal celastrol-treated groups (1 and 4 mg/kg)
only experienced a slight variation in weight by day 28
(Fig. 7). The blood analysis of mice from the free celastrol
(4 mg/kg) and liposomal celastrol (4 mg/kg) groups showed
an increase in leukocyte number compared with the con-
trol group, whereas the cisplatin group showed an increase
in erythrocyte and hemoglobin values. All other para-
meters were normal in all groups (data not shown). Only
the cisplatin group showed higher blood urea nitrogen
values in the renal, hepatic, and myocardial zymogram
assessments (data not shown).

In mice treated with free celastrol, the hematoxylin and
eosin histopathology examination showed lymphocyte in-
filtration in liver sinuses, which suggested hepatic pro-
phase injury and slight congestion of renal tubules in the
kidney (Figs 8 and 9). The kidney histopathology analysis
showed swelling of the renal tubular cells in mice from
the cisplatin group, which indicated partial hydropic de-
generation. Importantly, none of the groups showed any
abnormalities in the lung, heart, or brain.

Discussion

Plant-derived compounds are historically some of the
most effective medicines commonly used for therapeutic
purposes. Several contemporary, evidence-based thera-
pies are plant derived, including chemotherapeutic drugs,
such as paclitaxel and vinca alkaloids. Celastrol is an
active ingredient that was originally identified from the
traditional Chinese medicine plant 71 wifordu Hook
almost three decades ago and is generally used for the
treatment of inflammatory and autoimmune diseases.
Celastrol has attracted great interest recently, especially
for its potential antitumor effects. This triterpene has
also been found to inhibit the proliferation of a variety of
tumor cell lines # vitro and inhibit tumor growth in
various cancer models 7 vivo [3,6,15-17]. Accumulating
experimental evidence suggests that celastrol interferes
with a variety of molecular targets, such as the protea-
some, heat shock protein 90 (hsp90), nuclear factor-kB,
and vascular endothelial growth factor receptor, which are
involved in cancer development, progression, and angio-
genesis [1,6,18,19]. Importantly, the inhibition of these
pathways can lead to the inhibition of cancer cell growth.

The highly hydrophobic nature of celastrol makes in-
travenous dosing or systemic administration impossible;
however, effective methods for the delivery of chemo-
therapeutics to tumors have recently appeared in the
literature. Nanotechnology-based tools and techniques
are rapidly emerging in the fields of targeted drug

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



520 Anti-Cancer Drugs 2012, Vol 23 No 5

Table 1 Mean pharmacokinetic parameters of liposomal celastrol and free celastrol after administration to mice

Crax (ng/ml) Tnax (h) tio (h) MRT (h) AUC,_. (ugh/l) AUC,_.. (ugh/l)
Liposomal celastrol 497.3+94.4% 1.5+0.6% 7.4+4.8% 9.6+6.3* 1046+ 140%* 2718+ 1510*
Free celastrol 311.8+136.3 0.4%0.2 24+0.8 3.3+0.9 505+216 729+ 395
n=6; mean+ SD.
AUC, area under the curve.
*P<0.05, **P<0.01.
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Table 2 Area under tissue concentration time curve after an
intraperitoneal injection in mice

AUC,__, of free
celastrol (ngh/g)

Ratio of AUC
liposomal/free celastrol

AUC,_., of liposomal
celastrol (ngh/g)

Liver 4950+ 1882 2975+1165 1.66
Kidney 2182+ 1004 1253+ 550 1.74
Lung 496 + 148%* 140+70 3.54
Heart 1111 £201%* 417+228 2.66
Brain 243 £ 75%* 8727 2.79

n=6; mean x SD.
AUC, area under the curve.
**P<0.01 vs. free celastrol.

Table 3 50% inhibiting concentration values of liposomal celastrol
and free celastrol in three glioma cells as observed in the
cytotoxicity assay

ICs0 (ng/ml) SHG44 U251 C6
Free celastrol 0.30+0.06 5.62+0.54 0.69+0.21
Liposomal celastrol 0.89+0.34% 5.70+0.86 3.55+0.92%

n=3; mean+ SD.
AUC, area under the curve; ICso, 50% inhibiting concentration.
*P<0.05 vs. free celastrol.
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The effects of liposomal and free celastrol on tumor growth in vivo. On
the 15th day postimplantation, 36 mice were divided into the following
six groups (n=6 for each group): blank liposomes (negative control),
cisplatin (2 mg/kg/day, positive control), liposomal celastrol (1 and

4 mg/kg/day), and free celastrol (1 and 4 mg/kg/day). All groups were
administered the appropriate treatment by intraperitoneal injection

5 days per week for 4 weeks. *P<0.05, **P<0.01 vs. free celastrol;
#P<0.05 vs. free celastrol (1 mg/kg).

delivery [20]. Among the various drug delivery vehicles,
liposomes have been extensively explored over the past
40 years due to their biodegradability and the potential to
load large concentrations of therapeutic agents. Lipo-
somes have the capacity to alter the biodistribution of
drugs that they encapsulate through delayed clearance
and longer intravascular circulation time. Loonger circula-
tion times allow for increased concentration of the lipo-
somal drug in regions of increased vascular permeability,
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Fig. 7
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The body weight change in mice administered different treatment
options. The mice from the free celastrol (4 mg/kg) and cisplatin groups
steadily lost weight between days 7 and 28, whereas the liposomal
celastrol-treated groups (4 mg/kg) only experienced a slight variation
in weight by day 28. *P<0.05, **P<0.01 vs. blank liposomal;
#P<0.05 vs. free celastrol (4 mg/kg).

such as solid tumors [21]. The current clinical trials
exploring various liposome formulations and the large
number of commercially available therapeutics appear
promising for the future development of this technol-
ogy [22]. Liposome entrapment greatly enhances drug
accumulation at the tumor site through the enhanced
permeability and retention effect. It may also reduce the
toxicity of drugs known to have substantial side effects,
such as paclitaxel, doxorubicin, and cisplatin. In addition,
the liposome has good biocompatibility and does not
induce immune system activation or suppression [23].

The thin-film hydration method was first invented by
Bangham and colleagues in 1965 [24]. In our study, we
developed a new liposomal nanoconstruct composed of
celastrol. We used SPC and sodium deoxycholate as the
material for the membrane. The EE of this method was
71.67%, and this high efficiency indicated that the lipo-
somal system was well constructed and suitable for large-
scale manufacture. The liposome that was created was a
large unilamellar vesicle that had a diameter of 128.1 nm.
The majority of tumors had a vascular pore cutoff size
that ranges between 380 and 780 nm [25]. Therefore, a
smaller liposome particle size may be advantageous for
passive delivery of the carrier into the tumor interstitium.
The accumulation of liposomes in tumor tissue is dif-
ferent from that in normal tissues. Normal tissue contains
capillaries with tight junctions that are less permeable to
nanosized particles. Scherphof ¢z @/. [26] demonstrated
that the liver sinusoids are permeable to liposomes
100 nm in diameter.
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Fig. 8

Hepatic histological sections. Histological sections were taken from the following treatment groups and stained with hematoxylin and eosin:
(a) blank liposomes, (b) cisplatin, (c) free celastrol (4 mg/kg), (d) free celastrol (1 mg/kg), (e) liposomal celastrol (4 mg/kg), and (f) liposomal
celastrol (1 mg/kg). In (c) and (d), arrows indicate lymphocyte infiltration in liver sinuses, which suggested hepatic prophase injury.

To date, a complete pharmacokinetic analysis of celastrol
has not been described in the literature. To compare the
two formulations, both free and liposomal celastrol were
administered to mice by intraperitoneal injection, even
though liposomal celastrol can be administered by in-
travenous injection. When the pharmacokinetics of lipo-
somal and free celastrol were compared, we found that
the Cn. and area under the curve (AUC) of liposomal
celastrol in the plasma were increased 1.59- and 3.73-fold
compared with free celastrol, and that the MRTand 7y, of
liposomal celastrol were prolonged by 2.9- and 3.1-fold,

respectively. We hypothesize that the improved pharma-
cokinetics of liposomal celastrol enhanced the antitumor
activity observed  vivo. The AUC of liposomal celastrol
in the lung, brain, and heart was 3.54-, 2.79-, and 2.66-
fold higher than free celastrol, respectively, which were
very similar to the ratios observed in the plasma. There-
fore, these observations may be attributed to the high
plasma concentration and long MRT of liposomal celastrol.

We found that liposomal celastrol had a lower in-vitro
ICsg than free celastrol in C6, U251, and SHG44 glioma
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Renal histological sections. Histological sections were taken from the following treatment groups and stained with hematoxylin and eosin:

(a) blank liposomes, (b) cisplatin, (c) free celastrol (4 mg/kg), (d) free celastrol (1 mg/kg), (e) liposomal celastrol (4 mg/kg), and (f) liposomal
celastrol (1 mg/kg). In (b), the white arrow indicates swelling of the renal tubular cells in mice from the cisplatin group, which indicated partial
hydropic degeneration. In (c), the black arrow indicates slight congestion of renal tubules in the kidney.

cell lines. It is possible that free celastrol is directly ex-
posed to glioma cells through passive diffusion and there-
fore is more easily taken up by glioma cells. In addition,
liposomal celastrol may have a reduced uptake rate due to
the delay in membrane fusion between the liposome and
the cell membrane or a delay in endocytosis [27].

Liposomal celastrol was also found to be active in an
in-vivo animal model. The 1mg/kg dose of liposomal
celastrol exhibited greater antitumor activity than free

celastrol at equimolar concentrations. However, the
4mg/kg dose of liposomal celastrol had equivalent
antitumor activity # vivo as free celastrol at an equimolar
concentration, although the side effects were attenuated
in the liposomal celastrol group. This type of celastrol
administration could also be used for multiple cancer
types, such as prostate, breast, and lung cancer.

Because of the blood-brain barrier in the brain, the anti-
glioma effects of liposomal celastrol will depend on the
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ability of the compound to pass through the blood-brain
barrier. This characteristic will need to be explored in an
intracranial graft model in future studies.

"To date, a complete toxicological analysis of celastrol has
not been described in the literature. In our study, we
found that free celastrol induced some side effects  vivo,
including weight loss, mild hepatic injury, and slight
kidney dysfunction. In contrast, these changes were not
observed in the liposomal celastrol group. The body
weight of the mice in the free celastrol (4 mg/kg) group
decreased 37%, whereas the decrease in weight in mice of
the liposomal celastrol group was less than 12.8%. There-
fore, liposomalization of celastrol appears to be able to
reduce its toxicity. Taken together, our observations sug-
gest that liposomal celastrol should be investigated in the
clinical setting.

Conclusion

In this study, we assessed the use of liposomes as a
delivery method for celastrol. The results presented here
provide strong evidence that liposomes can be effective
delivery vehicles of celastrol that increase the antitumor
activity and reduce the side effects of the compound.
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