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Background: A sequential release co-delivery system is an effective strategy to improve anti-cancer efficacy. Herein, multicompo-
nent-based liposomes (TET-CTM/L) loaded with tetrandrine (TET) and celastrol (CEL)-loaded coix seed oil microemulsion (CTM)
were fabricated, which showed synergistic anti-liver cancer activities. By virtue of Enhanced Permeability and Retention (EPR) effect,
TET-CTM/L can achieve efficient accumulation at the tumor site. TET was released initially to repair abnormal vessels and decrease
the fibroblasts, and CTM was released subsequently for eradication of tumor tissue.

Methods: TEM (transmission electron microscopy) and DLS (dynamic light scattering) were adopted to characterize the TET-CTM/L.
Flow cytometry was adopted to examine the cellular uptake and cytotoxicity of HepG2 cells. The HepG2 xenograft nude mice were
adopted to evaluate the anti-tumor efficacy and systemic safety of TET-CTM/L.

Results: TEM images of TET-CTM/L showed the structure of small particle size of CTM within large-size liposomes, indicating that
CTM can be encapsulated in liposomes by film dispersion method. In in vitro studies, TET-CTM/L induced massive apoptosis toward
HepG2 cells, indicating synergistic cytotoxicity against HepG2 cells. In in vivo studies, TET-CTM/L displayed diminished systemic
toxicity compared to celastrol or TET used alone. TET-CTM/L showed the excellent potential for tumor-targeting ability in
a biodistribution study.

Conclusion: Our study provides a new strategy for combining anti-cancer therapy that has good potential not only in the treatment of
liver cancer but also can be applied to the treatment of other solid tumors.
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Introduction

Liposome-based nano drug delivery systems are emerging as one of the most promising anticancer drugs, but still face
increasing challenges in the dilemma of chemotherapy.'* On account of the EPR effect, the nano-drug delivery system
can reduce the targeting toxicity and enhance the accumulation at the tumor site compared with conventional
chemotherapy.”® Commercially available liposomes, such as Doxil®, Marqibo®, DepoCyt® were studied in alternative
chemotherapy, have already shown significant advantages in reducing systemic cytotoxicity.

Tumor-associated fibroblasts (CAFs) can induce massive collagen deposition and scaffold protein remodeling,
resulting in dense tissue and increased osmotic pressure.””® This obstacle hinders the intra-tumoral permeation and
therapeutic efficacy of nanomedicine. Therefore, reasonable intervention of CAFs may not only inhibit the tumor-
promoting efficacy but also normalize the intra-tumoral delivery pathway of nanomedicine by regulating the tumor
microenvironment to achieve better therapeutic efficacy.”

Tetrandrine, an alkaloid that was extracted from traditional Chinese medicine herb Stephania tetrandra S, displayed
significant anti-hepatic fibrosis efficacy. It has been reported that tetrandrine can inhibit the production of TLR-related ligand,

International Journal of Nanomedicine 2024:19 727-742 727
Received: 3 November 2023 © 2024 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati /by-nc/3.0/). By accessing the work

Accepted: 16 January 2024
Published: 23 January 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-2137-9780
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Chen et al Dove

which in turn inhibits TLR4-mediated secretion of inflammatory factors such as TGF-f; and decreases TGF-B;-mediated
activation of fibroblasts. Tetrandrine can also inhibit the proliferation of hepatic fibroblasts indirectly by down-regulating the
expression of TIMP-1 and MMP, and then reduce the deposition of collagen and the expression of fibrosis-related genes in the
extracellular matrix.'®'? In addition, TET has a very broad range of different pharmacological activities, including anti-
inflammatory, anti-rheumatoid arthritis, anti-adipogenic, and so on.'*?*

Celastrol is one of the main active components of Tripterygium wilfordii, which is one of five promising natural drug
molecules and has shown excellent activities in the treatment of various cancers, inflammation, and so on. However, due
to the non-selective distribution of the drug, its hepatotoxicity, nephrotoxicity, and immunosuppressive effects have
severely limited the clinical application of celastrol. In our previous study, we have prepared a celastrol-loaded coix seed
oil microemulsion, which has excellent anti-tumor efficacy.”®>2

In this study, by constructing a TET and celastrol-loaded coix seed oil microemulsion lipid complex (TET-CTM/L)
(Scheme 1). TET can be initially released to target CAFs precisely to restore the abnormal vessel and decrease the
fibroblast at the tumor site. Meanwhile, CTM was released subsequently to improve the anti-tumor efficacy, which can
achieve deep penetration by virtue of small size at the tumor site. This project integrates the advantages of “normalization
window” and small-sized microemulsions which promotes the efficient penetration of anti-tumor components, it provides
a new idea for further improving the delivery efficiency and anti-tumor efficacy of multi-component nano-drug delivery

system of traditional Chinese medicine (TCM).

Materials and Methods

Materials

Celastrol and tetrandrine were provided by the Aladdin Technology Co., LTD. (purity >98%, China). Coix seed oil was
procurement of goods from Yuanye Biotechnology Co., Ltd. (Shanghai, China). HS15 was purchased from BASF Co.,
Ltd. (Ludwigshafen, Germany). PEG 400, CHCl;, Methanol, and DMSO were all obtained from Sinopharm Group Co.,
Ltd. (Shanghai, China). DPPC, S-lysoPC, and DSPE-mPEG, were purchased from AVT Co., Ltd. (Shanghai, China).
DMEM, fetal bovine serum (FBS), EDTA-0.25% trypsin solution, and phosphate buffer were obtained from Gibco Co.,
Ltd. (California, USA). BestBio™ Reagent was provided by BestBio Co., Ltd. (Shanghai, China). LysoTracker Red was
purchased from Abcam Co., Ltd. (Massachusetts, UK). Human liver cancer (HepG2) cells were bought from Heyuan
Biotechnology Co., Ltd. (Shanghai, China). The water used is pure water. Unless otherwise noted, all other chemicals
and reagents adopted in this study were of analytical grade.

Animals

Nude mice (BALB/c, 25 + 2 g) were procurement of goods from Jiangsu Huachuang Cigna Pharmaceutical Technology
Co., LTD. Before the trial, all the Nude mice were fed on light—dark cycle (12 h) and acclimated for at least a week with
free access to water and food. Animal welfare and experimental procedures were strictly in accordance with the Guide
for the Care and Use of Laboratory Animals (US National Research Council, 2011) and the related ethics regulations of
Wannan Medical College, and this protocol was approved by the Animal Experiment Ethics Committee of Wannan
Medical College (No. LLSC-2022-044).%-*

Preparation and Characterization of TET-CTM/L
CTM is prepared according to the following method: Firstly, HS 15 (450 mg), PEG 400 (150 mg), coix seed oil
(400 mg), and celastrol (10 mg) were weighed precisely and then stirred for 4 h at 400 rpm under heating conditions at
42°C. After stirring well, pure water (10 mL) was added to obtain celastrol-loaded coix seed oil microemulsion
(CTM). 3334

TET-CTM/L was prepared according to the following method: DPPC (18.00 mg), S-lysoPC (1.60 mg), DSPE-
mPEG, (4.00 mg), and TET (5.00 mg) were weighed precisely and add 10 mL of CHCI; to dissolve completely.>* Using
a rotary evaporator, after vacuum evaporation for 2.5 h at 37°C, the prepared CTM was hydrated at 50°C for 3 h at
atmospheric pressure to produce TET and celastrol-loaded coix seed oil microemulsion lipid complex.
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Scheme | TET-CTM/L with a “small-in-large” structure is composed of tetrandrine and celastrol-loaded coix seed oil microemulsion. Due to a dual-encapsulation of
microemulsion and liposome, tetrandrine could be released from TET-CTMI/L rapidly. However, celastrol and coix seed oil are capable of slower release. When TET-CTM/L
accumulates at the tumor site, the initial released tetrandrine restores the abnormal vessel and decreases the fibroblast of the tumor site to open a “normalization window”.
The subsequent liposomes as well as released celastrol and coix seed oil.
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TET/L is prepared based on the preparation of TET-CTM/L. Pure water replaced the prepared CTM, followed by
hydrated at 50°C for 3 h at atmospheric pressure to produce TET/L.*

Dynamic light scattering (DLS) laser scattering particle size analyzer (Nano-Z, Malvern, UK) was adopted to measure
the zeta potential and particle size of TET-CTM/L. Transmission electron microscope (TEM, JEM-2100F, JEOL, Japan)
was adopted to observe the morphology of TET-CTM/L.*’

Drug Measurement by HPLC
The chromatographic conditions for celastrol were as follows: Wonda Cract ODS-2 column (4.6 X 250 mm, 5 pm);
mobile phase, Methanol-water—0.1% glacial acetic acid (90:10); detection wavelength, 426 nm.

The chromatographic conditions for tetrandrine were as follows: Wonda Cract ODS-2 column (4.6 X 250 mm, 5 pm);
mobile phase, Methanol-water—0.03 triethylamine (85:15); detection wavelength, 215 nm.

The calculations of encapsulation efficiency (EE) and loading efficiency (LE) of celastrol and tetrandrine were as

follows:** 37

EE (%) = Wencapsulated CEL/TET /ereding CEL/TET X 100%

0/) — 0
LE ( A’) = Wencapsulated CEL/TET/Wweight of the freeze—dried TET—CTM/L X 100%

Drug Release in vitro

Determination of celastrol and tetrandrine release in TET-CTM/L using a classical dialysis method.>*>7 1 mL of
TET-CTM/L was precisely pipetted into a dialysis bag, then incubated in a solution containing a mixture of PBS and
Tween 80 (0.5%) at rate of 60 r/min. At predetermined time intervals (0—48 h), aspirate 50 uL. of PBS solution and add an
equal amount of fresh medium supplement. Determination of cumulative release of celastrol and tetrandrine from TET-
CTM/L by HPLC.

Cell Culture
A cell incubator with 5% CO, and 95% humidity at 37°C was adopted to culture human liver cancer cells (HepG2),
which were cultured with DMEM containing 10% FBS (v/v), streptomycin and penicillin (1%, 100 pg/mL).

Intracellular Delivery and Cellular uptake

HepG2 (5 x 10°) cells were seeded into 6-well cell culture plates and incubated for 24 h. All the treatments were labeled
with fluorescein isothiocyanate (FITC). To detect the cellular uptake of FITC/CT-MEs/Lip, FITC, FITC/C-MEs, and
FITC/C-MEs/Lip were adopted as controls. FITC, FITC/C-MEs, FITC/C-MEs/Lip, and FITC/CT-MEs/Lip were admi-
nistered to HepG2 cells at 1 mL/well (10 uM, calculated as FITC concentration) and then incubated for 2 h.***” The
fluorescence intensity of all treatments was observed by flow cytometry (BD FACSVerse, New Jersey, USA).

HepG2 (2 x 10°) cells were diluted and seeded into laser confocal glass dishes. DiD, DiD-MEs, and DiD-C-MEs/L
were administered at 1 mL/well (5 uM, calculated as DiD concentration) and then incubated for 2 h. LysoTracker Red
was added and followed by incubation for 30 min and finally observed by confocal laser scanning microscopy (Leica,
TCS SPS8, Germany).

Cytotoxicity

HepG?2 cells in logarithmic growth phase were collected to seed in 96-well plates and incubated for 24 h. All celastrol
treatments were divided into CEL, TET, CTM, TET/L, and TET-CTM/L at a concentration of 0.675~20 pg/mL as
calculated by celastrol. After 24 h, MTT (5 mg/mL) was added and followed by incubation for 4 h at 37°C. DMSO was
added (100 pL/well), and the absorbance (A) value of was detected by a microplate reader at 490 nm (Tecan M200Pro,
Thermo, USA).>*3
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Cell Apoptosis Induction

The BestBio®™ Reagent Apoptosis Kit (BestBio, China) was adopted to detect the apoptosis in HepG2 cells by TET-CTM/L.
HepG2 cells (2 x 10°) were seeded in 6-well plates and incubated at 37°C for 24 h. The concentration of celastrol in all
treatments was set at 2 pg/mL, and the incubation time was 12 h. The apoptosis of HepG2 cells was measured by flow
cytometry.

Xenograft Tumor Models

The HepG2 cell suspension containing 2 x 107 cells was injected subcutaneously into the right hind limb of mice to
establish a HepG2 xenograft tumor model. The tumor size was measured with a Vernier caliper, calculated as
v :(LXW2 )/ 2, where L is the vertical length and W is the vertical width.

In vivo Imaging

The HepG2 xenograft nude mice were adopted and randomly divided into 4 groups in case the tumor volume increased to
120 mm®. The experimental groups were as follows: DiD, DiD+TET, DiD/C-MEs, TET-DiD/L, and DiD-C-MEs/L. 0.2 mL of
each treatment was intraperitoneally injected into the HepG2 xenograft nude mice, and the dose of DiD was 30 pg/mL.>**
After isoflurane anesthesia, NIR images were obtained using an in vivo imaging system (PerkinElmer, IVIS Lumina LT,
USA). Region-of-interest (ROI) function was used to measure the fluorescence after administration at the stated delivery time.
After treatment for 12 hours, the mice were euthanized to collect the fluorescent images of major normal organs including

heart, liver, spleen, lung, kidney, and tumor tissues, adopting the in vivo imaging system.> 3*

Antitumor Efficacy and Systemic Safety

Thirty-five HepG2 xenograft-bearing nude mice with a mean tumor size of approximately 100 mm® were injected sub-
cutaneously once every two days with CEL, CEL+TET, CTM, TET/L, and TET-CTM/L at concentration of 1.5 mg/kg as
calculated by celastrol.>**® Tumor size and body weight of each group of mice were recorded daily. Each nude mouse was
subjected to eye blood sampling and collection of heart, liver, spleen, lung, kidney, and the tumor tissues. All blood (or serum)
collected will be used for analysis of liver/kidney function and blood route analysis. Paraffin embedding and pathological
sectioning were performed on the peeled tumor tissue and then stained with hematoxylin and eosin (H&E). Finally,
a fluorescence microscope was used to observe the images of the stained sections.

Tumor Microenvironment Characterization

Based on our previous study, a-SMA can be used to characterize the tumor microenvironment. Tumor sections of all
celastrol treatments were deparaffinized via dimethylbenzene thrice, followed by water-alcohol solutions rinsing, and
then incubated with 0.1% Triton X-100 (15 min) and finally blocking with 1% BSA (30 min).>* All tumor sections were
incubated with primary polyclonal human a-SMA antibody (Abcam, UK) and then further incubated with Alexa Fluor
555-conjugated secondary antibody both for 1 h. Staining with DAPI (30 min), fixing with 4% paraformaldehyde

(15 min), and subsequent observation by CLSM were conducted.****

Data Analysis
All data were analyzed using GraphPad Prism Software 9 and expressed as mean =+ standard deviation (SD). *P < 0.05
indicates statistical difference, **P < 0.01 indicates extreme statistical significance.

Results and Discussion
Characterization of TET-CTM/L

TET-CTM/L is comprised of two constitutes: tetrandrine encapsulated in the lipid layer and celastrol-loaded coix seed oil
microemulsion loaded within liposome (Scheme 1). The particle size of CTM and TET-CTM/L were approximately 25 nm
and 120 nm, respectively (Figure 1A). The zeta potentials of CTM and TET-CTM/L were —0.374 £ 0.073 mV and —0.204 +
0.067 mV. In particular, the appearance of CTM is spherical, and TEM images of TET-CTM/L showed the structure of small
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Figure | Characterization of TET-CTM/L (A) Size and Zeta-potential of TET-CTM/L by DLS. Data are represented as mean * SD; n=3. **P<0.0l. (B) TEM images of
TET-CTM/L. The red arrows represent the liposome-internal CTM. (C) Drug encapsulation efficiency and loading efficiency of TET-CTM/L. Data are represented as mean *
SD; n=3. (D) In vitro accumulative drug release of TET-CTM/L within 24 h (pH 7.4). Data are represented as mean * SD; n = 3. *P < 0.01.

particle size of CTM within large particle size of liposomes, indicating that CTM can be encapsulated into liposomes by film
dispersion method (Figure 1B).**** Therefore, TET-CTM/L liposome complexes can have two optimal particle sizes
simultaneously. The encapsulation efficiency (EE) of celastrol and TET in TET-CTM/L were 71.86% and 98.45%,
separately. Compared with TET, the EE of celastrol decreased gradually, which may be related to the increase in excipients
and the structure of lipid bilayer. The drug loading efficiency (LE) of celastrol and tetrandrine in TET-CTM/L was 37.921%
and 37.425% (Figure 1C). According to the combined therapy of tetrandrine and celastrol in vivo, we preliminarily realized
the necessity of sustained release administration to achieve better anti-cancer efficacy. In this study, the staged-release of
celastrol and tetrandrine in TET-CTM/L was verified by classical dialysis method in vitro.** After incubation for 24 h,
83.10% of tetrandrine was released from TET-CTM/L in PBS at pH 7.4, which was 1.96 times faster than celastrol, the
slower release rate of celastrol indicates that TET-CTM/L can be used as a model for stepwise drug release (Figure 1D). It
offers the possibility that TET-CTM/L could release tetrandrine firstly to restore abnormal blood vessels and thus to reduce

fibroblasts, and meanwhile to open a “normalization window” for subsequent retention of CTM in tumor tissue.*®

Internalization and Intracellular Delivery of TET-CTM/L

We evaluated the cellular uptake of various celastrol treatments in the internalization and intracellular delivery study.
The intracellular fluorescence of FITC/C-MEs and FITC/CT-MEs/Lip was more intense than that of free FITC,
suggesting enhanced endocytosis of HepG2 cells by nanoparticles (**p < 0.01) (Figure 2A and B).**7® In particular,
the uptake fluorescence intensity of FITC/CT-MEs/Lip to HepG2 cells was (344.00 + 6.56), it was 1.11-fold higher
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Figure 2 Cellular uptake. (A) Fluorescent images of HepG2 cells incubated with FITC, FITC/C-MEs, FITC/C-MEs/Lip, and FITC/CT-MEs/Lip for 3 h (Scale bar: 100 pum).
(B) Mean fluorescence intensity of HepG2 cells were analyzed by flow cytometry after incubation with preparations for 3 h (n = 3, *p < 0.01). Data are represented as
mean + SD. (C) Intracellular delivery of DiD, DiD-MEs, and DiD-C-MEs/L within HepG2 cells observed using CLSM (custom pseudo-color). The arrows represent
treatments entrapped in the endo/lysosomes (Scale bar: 50 um).

than that of FITC/C-MEs (310.33 + 8.33), indicating that small-sized nanoparticles have inherent advantages in
internalization.

Laser confocal microscopy was adopted to examine the intracellular localization of various celastrol treatments. DiD
was adopted to label various celastrol treatments with red fluorescence, and LysoTracker Red was adopted to label the endo/
lysosomes with green fluorescence (custom pseudo-color). Notably, HepG2 cells treated with FITC/CT-MEs/Lip indicated
distinct yellow fluorescence, suggesting that TET-CTM/L may be retained by endo/lysosomes (Figure 2C).*

Cell Apoptosis Induction

To confirm our new strategy for combining anti-cancer therapy, Annexin V-PE/7-AAD staining method was adopted to
detect the apoptosis in HepG2 cells caused by CEL, CEL + TET, CTM, TET/L, and TET-CTM/L.** HepG2 cells were
treated with celastrol at a dose of 2 pg/mL, and after 12-h incubation, the apoptosis of HepG2 cells was detected.**** The
apoptosis rates of HepG2 cells in CEL, CEL+TET, CTM, TET/L, and TET-CTM/L were (64.6 + 2.79)%, (65.6 £ 4.57)%,
(63.3 £1.04)%, (41.4 £ 3.52)%, and (71.2 = 1.07)%, respectively (Figure 3A and B). Notably, the HepG2 cells all exhibited
excellent total apoptosis rates, mainly due to the synergistic anti-tumor efficacy of nano drug delivery system and inherent
advantages in internalization. In particular, our study verified that TET-CTM/L can significantly induce massive apoptosis in
HepG2 cells, suggesting that TET-CTM/L is expected to achieve excellent anti-tumor efficacy in vivo.

Antiproliferative Effects in vitro
Here, to validate the synergistic anti-tumor efficacy of TET-CTM/L, all celastrol treatments including CEL, CEL+TET,
CTM, and TET/L were taken as controls, our study evaluated the cytotoxicity of TET-CTM/L against HepG2 cells.*"**
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Figure 3 Cell apoptosis and cytotoxicity (A) Apoptosis ratio of HepG2 cells treated with various celastrol treatments at concentration of 2 pg/mL for 12 h. (B) The
quantitative analysis of total apoptosis rate of HepG2 cells treated with various celastrol treatments. Data are represented as mean  SD; n = 3. **P < 0.01. Cytotoxicity of
various celastrol treatments against HepG2 cells for (C) 24 h and (D) 48 h. Data are represented as mean = SD; n = 6. **P < 0.01.

All various celastrol treatments had obvious proliferation inhibition of HepG2 cells, meanwhile we found that the
intensity of proliferation inhibition increased significantly with the increase in celastrol concentration after treatment for
24 and 48 h (Figure 3C and D). The ICs, values of various celastrol treatments against HepG2 cells for 24 h were 3.31 £
0.64, 2.99 + 0.48, 9.04 = 0.88, 34.47 + 1.63, 8.89 £ 0.55 ng/mL, respectively. The ICs, values of various celastrol
treatments against HepG2 cells for 48 h were 1.04 + 0.14, 0.92 = 0.12, 9.14 £+ 1.88, 21.03 £+ 1.83, 6.90 + 0.60 pug/mL,
respectively. It is worth noting that the antiproliferative effect of TET-CTM/L against HepG2 cells in vitro indicates that
TET-CTM/L has a significant sustained release of celastrol on the basis of good anti-tumor efficacy.

Biodistribution

To demonstrate the biodistribution of TET-CTM/L in the NIR in vivo imaging system, all various celastrol
treatments were labeled as DiD+TET, DiD/C-MEs, TET-DiD/L, and DiD-C-MEs/L, DiD were adopted to act as
controls.**® DiD group exhibited almost no accumulation at the tumor site between 1~8 h, and the fluorescence
intensity was weaker in contrast to other Did treatments. DiD + TET group exhibited weak fluorescence at 6 h and
meanwhile the accumulation increased gradually at the tumor site. At 1 h, DiD-C-MEs/L exhibited aggregation at the
tumor site. After 4 h, DiD-C-MEs/L group was observed the highest fluorescence intensity at the tumor site, demonstrat-
ing that DiD-C-MEs/L can achieve efficient accumulation at the tumor site by virtue of EPR effect in vivo (Figure 4A).
The NIR images of isolated organs showed basically no accumulation in the heart, lung, and kidney of all various DiD
treatments, while both DiD-C-MEs and DiD-C-MEs/L groups accumulated in the spleens (Figure 4B). The NIR images
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Figure 4 Investigation of biodistribution (A) Distribution of NIR signal on nude mice treated with various DiD-labeled formulations at the predetermined intervals.
(B) Fluorescence images of normal organs at 12 h post-injection. (C) Fluorescence images of tumor tissues at 12 h post-injection. (D) Quantitative analysis of fluorescence
in the tumor tissues after 12 h of the administration. Data are represented as mean * SD, n=3. *p < 0.01. (i), (ii), (iii), (iv) and (v) represent DiD, DiD+TET, DiD/C-MEs,
TET-DiD/L and DiD-C-MEs/L, respectively.

International Journal of Nanomedicine 2024:19 https: 735
Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

of tumors showed that each group exhibits a certain degree of tumor accumulation. Related to the EPR effect, DiD-
C-MEs/L group showed the strongest fluorescence intensity among all various Did treatments (Figure 4C). In our study,
we also evaluated the fluorescence intensity quantitatively of isolated tumors after the administration of various Did
treatments (Figure 4D). In particular, DiD-C-MEs/L group had the highest fluorescence intensity and showed significant
differences compared to the DiD-C-MEs and TET-DiD/L groups. Additionally, DiD-C-MEs/L group showed the
excellent potential for tumor-targeting ability.

Evaluation of Antitumor Efficacy

Adopting saline, CEL, CEL+TET, CTM, and TET/L as controls, the antitumor efficacy of TET-CTM/L in vivo was studied.
The nude mice were intraperitoneally injected once every 2 days, at a dosage of 1.5 mg/kg for all various celastrol
treatments.”>*

Changes in tumor size of nude mice treated with all various celastrol treatments showed that the TET-CTM/L group
can significantly inhibit tumor growth (Figure 5A). The TET-CTM/L group has the most prominent tumor inhibition rate
after being treated with various treatments at day 24 post-xenograft implantation, with a tumor inhibition rate of 86.37%
(Figure 5B). We also plotted the weight of the nude mice during the whole period of treatment to assess systemic toxicity.
The weight of the nude mice after being treated with various celastrol treatments showed a slightly decreasing trend
compared to the saline group (Figure 5C). After a period of administration, the body weight remained stable and there
were no significant differences between various celastrol treatments. The efficient accumulation of TET-CTM/L at the
tumor site and the release of CTM with small particle size is the cornerstone of predominant anti-tumor efficacy. The
nude mice treated with various celastrol treatments at the end of the observed period, the tumor weight of TET-CTM/L
was the lowest among various celastrol treatments (Figures 5D and S1). Compared to the saline group, the H&E staining
of tumor tissue of various celastrol treatments all showed a certain killing effect on HepG2 cells at the tumor site
(Figure 5E). Notably, TET-CTM/L induced tumor nucleus division in the maximum necrotic area, showing overwhelm-
ing anti-tumor potency.

Evaluation of Systemic Safety

Drug toxicity seriously limits the application of antitumor drugs in clinical. Celastrol also faces the following barriers:
high toxicity, poor solubility, and narrow therapeutic window.*>** All the reasons above severely limit the clinical
application of celastrol. In this part of the study, all the blood and organ samples were detected to assess the potential
toxicity of various kinds of celastrol treatments. There were no significant changes in liver and spleen index after
treatment with TET-CTM/L, using HepG2 xenograft tumor-bearing mice (Figure 6A and B). For all the HE staining of
major normal organs, TET-CTM/L hardly caused pathological changes in the heart, liver, spleen, lung, and kidney
(Figure 6C). TET-CTM/L had negligible effects on white blood cells (WBC) and platelets (PLT) compared to normal
nude mice, but after 14 days of treatment, TET-CTM/L had slightly altered the levels of hemoglobin (HGB) and red
blood cells (RBC) (Figure 6D-G).

Normalization of Tumor Microenvironment

The underlying mechanism of the antitumor efficacy may be related to the normalization of tumor microenvironment by
TET-CTM/L. TET-CTM/L with a “small-in-large” structure is composed of tetrandrine and celastrol-loaded coix seed oil
microemulsion. Firstly, TET-CTM/L accumulates at the tumor site, and the initial release of tetrandrine restores abnormal
blood vessels and reduces fibroblasts at the tumor site, opening a “normalization window”. Subsequently, celastrol and
coix seed oil (CTM) were released by the liposomes to kill tumor cells.

Cytokines are closely associated with the occurrence and development of tumor. CCL, is positively correlated with
the degree of tumor malignancy. Recently, lots of studies have reported that CCL, is highly expressed in various tumor
tissues and involved in the progress of tumor development and metastasis.*>*® TNF-0, a pro-inflammatory cytokine
formed by macrophages and monocytes, which can participate in normal inflammatory and immune responses.*’ > In
our study, TET-CTM/L can significantly inhibit the expression of chemokine CCL, and TNF-a, which is significantly
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Figure 5 Antitumor efficacy in vivo (A) Changes in tumor volume of nude mice treated with different treatments. **p < 0.01. (B) Tumor inhibition rate of nude mice treated
with different treatments at day 24 post-xenograft implantation. **p < 0.01. (C) Alterations in body weight of nude mice during the treatment. (D) Tumor weight of nude
mice treated with various treatments at the end of the observed period. **p < 0.01 vs celastrol. Data are represented as mean * SD. (E) HE-stained images of the tumor
slides of nude mice after treatment. The bar is 100 um.

different from the saline group, indicating that TET-CTM/L may inhibit tumor growth by inhibiting the expression of
CCL; and TNF-a (Figure 7A and B).

IFN-y, which can activate M1-type tumor-associated macrophage TAMs, and meanwhile reduce CAFs by inhibiting
the proliferation of tumor cells by blocking the pathway of angiogenesis.>* IL-2, which also plays an important role in
the immune response.”~° In particular, the expression of IFN-y and IL-2 after treatment with TET-CTM/L was higher
than the saline group, suggesting that the TET-CTM/L has an significant advantage in reducing the formation of CAFs
(Figure 7C and D).
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CAFs, the major obstacle to tumor drug delivery, and fibroblasts were stained using 0-SMA.>” Notably, compared to the
saline group, the level of a-SMA was significantly reduced after treatment with TET-CTM/L (Figure 7E). TET-CTM/L
played a role in suppressing tumor angiogenesis by the initial release of tetrandrine to restore abnormal blood vessels and

reduce fibroblasts at the tumor site, opening a “normalization window”.”®

Conclusions

In summary, we have developed a sequential release co-delivery system which is an effective strategy to improve anti-
cancer efficacy. Herein, multicomponent-based liposomes (TET-CTM/L) loaded with tetrandrine (TET) and celastrol-
loaded coix seed oil microemulsion (CTM) were fabricated, which showed synergistic anti-liver cancer activities by
release of TET initially for regulation of the tumor microenvironment and CTM subsequently for eradication of tumor
tissue. Our study provides a novel strategy for combined anti-cancer therapy that has promising potential not only in the
treatment of liver cancer but also can be applied in the treatment of other solid tumors.
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