Chinese Chemical Letters 31 (2020) 3178-3182

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication

Delivery of triptolide with reduction-sensitive polymer nanoparticles ®)

for liver cancer therapy on patient-derived xenografts models

Mengxue He®!, Ling Yu®!, Yuanyuan Yang®, Binhua Zou¢, Wen Ma¢, Meng Yu¢,
Jiandong Lu®, Guoliang Xiong®*, Zhigiang Yu®*, Aimin Li**

2 Integrated Hospital of Traditional Chinese Medicine, Southern Medical University, Guangzhou 510315, China

Y Traditional Chinese Medicine Department, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou 510080, China

€ Department of Nephrology, Shenzhen Traditional Chinese Medicine Hospital, Guangzhou University of Chinese Medicine, Shenzhen 518033, China
4 School of Pharmaceutical Sciences, Guangdong Provincial Key Laboratory of New Drug Screening, Southern Medical University, Guangzhou 510515, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 March 2020

Received in revised form 20 May 2020
Accepted 22 May 2020

Available online 26 May 2020

Hepatocellular carcinoma (HCC) has become the fourth predominant cause of cancer-related deaths
worldwide, and HCC is still one of the worst prognoses for survival as it is poorly responsive to both
chemotherapy and surgical treatment due to drug resistance and great toxic effects. Triptolide (TP), a key
ingredient from the traditional Chinese medical herb, has been utilized to treat inflammation and
antitumor for centuries. However, investigations of this potent agent have been met with only limited
success due to the severe systemic toxicities in patients and low water solubility as well as its high
toxicity over the past two decades. Herein, we reported the development of a reduction-responsive drug
delivery system loaded with TP for glutathione (GSH)-triggered drug release for cancer therapy. With the
GSH-sensitive TP loaded nanoparticles, the remarkable increases in tumor accumulation and
amelioration of drug toxicity in animals are demonstrated, which is likely due to sustained stepwise
release of active TP within cancer cells. Moreover, in a patient-derived tumor xenograft model of liver
cancer, administration of tritolide nanoparticles enhances the antitumor efficacy relative to
administration of free TP. These findings indicate that GSH-sensitive release of TP may be a promising
strategy for cancer treatment.
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Hepatocellular carcinoma (HCC) is the most common form of
primary liver cancer and second leading cause of cancer-associated
death worldwide [1]. The clinical management of advanced and
metastatic HCC is challenging in many countries. Unfortunately, at
diagnosis less than 30% of patients are deemed eligible for curative
interventions including surgical resection, liver transplantation,
and chemoembolization. Moreover, conventional chemotherapeu-
tic drugs such as doxorubicin have not been shown to significantly
extend the survival of the patients with HCC [2,3]. Other
conventional chemotherapeutic drugs such as cisplatin, 5-fluoro-
uracil, or their combinations therein were found to have even
lower efficacy than doxorubicin alone [4-6]. Many ongoing clinical
trials aim to improve the treatment of HCC by targeting specific
subpopulations of patients. In 2007, sorafenib, was approved by the
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FDA as a first-line treatment for advanced HCC, but the treatment
only increased progression-free survival by a paltry two months
compared to placebo [7]. Meanwhile, over 80% of phase three trials
for targeted molecular therapies with in the last five years have
failed to prolong survival of patients with advanced diseases.
Therefore, it is of great clinical significance to develop novel and
efficient therapeutic strategies against HCC due to the lack of target
selectivity, conventional systemic chemotherapies.

Triptolide (TP), a diterpenoid triepoxide isolated from the plant
Tripterygium wilfordii, is a natural product that has already been
found to be highly eff ;ective against many malignant cancer types
including pancreatic cancer, liver cancer, and cholangiocarcinoma
[8-10]. TP causes liver cancer cell death in vitro and in vivo by the
induction of apoptosis. Therefore, TP is a potential therapeutic
agent. Although TP was initially considered to be a promising
chemotherapeutic agent, its potential clinical application has been
limited due to its poor solubility and extremely high toxicity.

Nanotechnology-based drug delivery systems have been shown
to improve tumor drug therapeutically efficiency and reduce
toxicity effect [11-17]. Nano-medicines are emerging as the next-
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generation anticancer agents [18-26]. Nanoparticles can be
designed to be responsive to the local tumor microenvironment
or to tissue-specific inter actions with selectively over-expressed
receptors in tumors [27-29]. This can include “active targeting” of
tumor cells surface receptors (e.g., folate receptor) [30] or drug
release triggered by the intracellular enzymes. Moreover, the
extracellular pH of solid tumors is more acidic (pH ~6.8) in
comparison to normal tissue, and the endolysosomes of cancer
cells are even more acidic (pH < 6) [31].

Moreover, it is reported that redox balance in the tumor cells is
higher with more reduced reductive agents such as glutathione
(GSH) and reactive oxygen species such as H,0, [32,33]. Utilization
of the different GSH level in tumor can be considered as a robust
and simple strategy to achieve tumor microenviromently respon-
sive drug release [34]. Herein, we report on the design and
synthesis of a tumor-responsive nanoformulated triptolide (Nf-TP)
for HCC targeted therapy (Scheme 1).

In this case, we prepare a new polymer drug carrier for TP
delivery. Firstly, we polymerized the isocyanate and bis(2-
hydroxyethyl)-disulfide, and then the hydrophilic PEG as the
end block was added to prepare a new amphiphilic polymer (PSSP)
which contained both hydrophobic parts and hydrophilic heads.
This polymer was further systematically characterized by 'H NMR
(Fig. S1 in Supporting information). The result demonstrated the
successful synthesis of the polymer carrier.

We then dissolved 10 mg PSSP and 2 mg TP in anhydrous DMF
(800 pL). After the mixture was stirring for 30 min, the deionized
water (2.4mL) was added dropwise in it and to prepare the
nanoparticles (PSSP@TP). The nanoparticles were further purified
by dialysis (M = 3500 Da).

According to the TEM images in Fig. 1A, the shape of PSSP@TP is
perfect spherical. According to our previous measurement on DLS,
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Scheme 1. Schematic illustration of preparation, cell uptake, synchronous
intracellular drug release, and mechanism of action.
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Fig. 1. Characterizations of PSSP@TP. Typical TEM images of PSSP@TP (A) and
PSSP@TP with 10 mmol/L GSH (B) for 7 h; (C) DLS intensity of PSSP@TP before and
after treated with 10 mmol/L GSH for 7 h; (D) Time and GSH dependent TP release
profiles of PSSP@TP in deionized water at GSH 0 and 10 mmol/L, pH 7.4. Scale bars:
200 nm.

the size was 186 +10 nm (PDI < 0.3). Then PSSP@TP was treated
with 10 mmol/L GSH for 7 h. The TEM and DLS images (Figs. 1B and
C) revealed the complete disassembly of NPs. These results
confirmed that the PSSP@TP would disassemble and the TP would
release in the reductive environment. Furthermore, we monitored
the stability of PSSP@TP in H,O and 10% FBS at 37 °C for 7 days. Base
on the results, we did not detect significant change in size or PDI,
proving that the nano-system was stable enough (Fig. S2 in
Supporting information). Drug-loading capacity (DL) and encap-
sulation efficiency (EE) are the key factors in drug delivery. To
obtain high drug loading and reach the therapeutic needs, we
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Fig. 2. In vitro evaluation of intracellular uptake of nanoparticles by fluorescence.
(A) CLSM of 7404 cells after incubation with PSSP@RhB for 4 h, 7 h. The cell nucleus
was stained blue by Hoechst 33342. The actin cytoskeleton was stained green by
Phalloidin FITC. The PSSP@RhB fluorescence was marked as red. Scale bar: 20 pm.
Flow cytometry (B) and statistics (C) of cellular uptake of NPs after treated with
PSSP@RhB for 1h, 4h and 7 h.
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Table 1

ICso values of Pt, So, Dox, TP and PSSP@TP on different cell lines.
ICs0 (umol/L) Pt So Dox TP PSSP@TP
Bel-7404 242 0.62 1.57 0.03 0.06
HepG2 4.19 8.61 2.97 0.87 118

processed the optimized formulations to prepare for PSSP@TP. As
mentioned above, the PSSP@TP has a satisfactory DL of 2% 4 0.76%;
whilst EE is only 16% + 5.6%. The cleavage of polymer chain by GSH
can cause the break of PSSP@TP to release TP (Scheme S1 in
Supporting information). Then we set up two experimental groups
to conduct drug release experiments: PSSP@TP and PSSP@TP with
10 mmol/L GSH, to continuously monitor the release of PSSP@TP.
Fig. 1D showed that PSSP@TP released TP rapidly in the presence of
10 mmol/L GSH. The existence of GSH can significantly accelerate
the release of PSSP@TP.

To determine the mechanism and characterize the intracellular
uptake of NPs, we started to load the PSSP with the hydrophobic
fluorescent dye rhodamine B (RhB) and incubated Bel-7404 cells
with PSSP@RhB for 4 h and 7 h. Confocal laser scanning microscopy
(CLSM) were used to observe cells (Fig. 2A). According to the image
from CLSM, the red fluorescence signal intensity increased over
time from 4 h to 7 h in Bel-7404 cells. Subsequently, we used flow
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Fig. 3. In vitro evaluation of anticancer activity of nanoparticles. Relative cell
viability of 7404 (A) and HepG2 (B) cells after 48 h incubation of Cisplatin, Sorafenib,
Doxorubicin, TP, PSSP@TP. Cell apoptosis images of 7404 (C) and HepG2 (D) cells
treated with PBS, Cisplatin, Sorafenib, Doxorubicin, TP, PSSP@TP for 24 h. Image ]
was performed to determine the total percentages of 7404 (E) and HepG2 (F) cells
that underwent apoptosis. Data are represented as mean =+ standard deviation (SD;
n=3, t-test; ***P< 0.001).

cytometry to monitor and quantify the uptake process (Fig. 2B).
The uptake of Bel-7404 cells showed a 99-fold sharply increase
from 0 h to 7 h, indicating effective intracellular uptake (Fig. 2C). To
investigate the cytotoxicity of PSSP@TP in vitro, MTT assays were
performed to verify the cell viability in human live cancer lines Bel-
7404 and HepG2. These cells were treated with five different drugs
for 48 h: cisplatin (Pt), sorafenib (So), doxorubicin (Dox), TP and
PSSP@TP. The ICso values are shown in Table 1. We found that
PSSP@TP showed higher cytotoxicity than Pt, So and Dox. The ICsq
value of Bel-7404 cells treated with PSSP@TP for 48 h showed a 40-
fold decrease as compared with Pt. In addition, the ICsq value of
HepG2 incubated with PSSP@TP exhibited an 8-fold decrease in
contrast to So. In vitro evaluation of anticancer activity of
nanoparticles was performed as shown in Fig. 3. In general, the
killing effect of PSSP@TP on hepatoma cell lines Bel-7404 and
HepG2 was significantly higher than that of Pt, So and Dox (Figs. 3A
and B).

With regard to the toxicity of TP to normal cells, we have done
the following experiments to verify this problem. LO2 is a normal
hepatocyte, which can be represented by normal cells. The toxicity
of TP and PSSP@TP to it was detected. The results of MTT
experiments showed that the toxicity of PSSP@TP to normal cells
was much less than that of TP, Pt and So (Fig. S3 in Supporting
information).

With the intention of further study on the apoptosis effect of
drugs, we utilized flow cytometry to analyse cell apoptosis. In the
Bel-7404 cell line, after 48 h of treatment, the percentage of
apoptosis in PBS, Pt, So, Dox, TP and PSSP@TP groups were 2.5%,
4.096%, 13%, 7.582%, 45.15%, 45.93%, respectively. These results
indicated that TP and PSSP@TP increased the apoptosis rate of the
Bel-7404 cells. It follows that PSSP@TP has a strong effect on
promoting apoptosis and necrosis of Bel-7404 cells. The same
conclusion can be reached in HepG2 cell lines (Figs. 3C and D).
Together, the relative apoptosis rate of the five groups, the relative
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Fig. 4. Tumor imaging and biodistribution of PSSP@Cy7.5 nanoparticles in vivo. (A)
Tumor-bearing nude mice injected with PSSP@Cy7.5 nanoparticles through tail vein
at different time points before IVIS imaging. (B) The ex vivo images. (C) Fluorescence
intensity of major organs collected from mice at 24 h post injection of PSSP@Cy7.5
nanoparticles. The data are shown as mean +SD (n=3).



M. He et al./Chinese Chemical Letters 31 (2020) 3178-3182 3181

-
vy

@
(=]
8
B
W
i

Tumor volume (mm?)
3
8
Body weight (g)
- - N
g i

2000
0 Ot~ T
0123458678910 012345678610

Time (day) Time (day)
—PBS — So — TP — PSSP@TP

C D

g PBS e 0

2 OS89 Deoe

g TPI_.....

pssP@TP: ® @ © & @

PBS So TP PSSP@TP

PBS So TP PSSP@rtP mPBS mSo TP m PSSP@TP

Cleaved-
Caspase-3 - —
PARP1 ‘
GAPDH l 2

Fig. 5. In vivo antitumor efficacies. (A) Patient-derived cancer xenograft (PDX)
models of liver tumor growth curves. (B) Body weight changes of mice. (C) Tumor
weight of mice. (D) Photos of partial PDX models of liver tumors. (E) H&E analyses of
tumor tissues collected from the mice administrated with various formulations.
Scale bar is 50 pm. (F) Cellular total proteins were extracted. Apoptotic proteins
cleaved caspase-3 and cleaved PARP1 were detected by western blot analysis. The
data are expressed as means + SD (n = 3, t-test; *P < 0.05, **P< 0.01, ***P< 0.001).
GADPH is the abbreviation of glyceraldehyde-3-phosphate dehydrogenase.
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apoptosis rate of PSSP@TP group is much higher than that of PBS,
Pt, So and Dox groups (Figs. 3E and F).

Next, PSSP@Cy7.5 was prepared and employed to characterize
the biodistribution of PSSP@TP. BALB/c nude mice bearing patient-
derived xenografts (PDX) of liver cancer (PDLC) were imaged at 1,
10 and 24h after tail vein administration of PSSP@Cy7.5. More
PSSP@Cy7.5 accumulated in the tumor site over time (Fig. 4A).
According to the tumor and major organs fluorescence in vitro, the
fluorescence intensity of the tumor was stronger than that of other
organs except the liver (Figs. 4B and C), which was due to the EPR
effect of nanoparticles.

Subsequently, a PDLC model was established to evaluate the
anticancer efficacy of PSSP@TP. Compared with the other drugs,
PSSP@TP displayed the highest antitumor efficacy among all
groups (Fig. 5A). The mice in PSSP@TP-treated group did not show
significant loss in body weight (Fig. 5B). After 11 days, we observed
that the average tumor volume of the PBS group increased to over
3000 mm?>, while the tumor growth was well confined in the
PSSP@TP group (431 mm?>). In the end, all mice were sacrificed.
Their tumors and normal tissues were collected and weighed. The
mice treated with PSSP@TP had the smallest tumors (Fig. 5C). It
was only 1/10 of the PBS treated group and 1/3 of TP and So groups
(Fig. 5D).

Pathological analysis further confirmed the antitumor effect of
PSSP@TP. The liver tumors of nude mice treated with PSSP@TP
showed extensive nuclear atrophy and disappearance by H&E
staining (Fig. 5E), proving that PSSP@TP had good anticancer

effects. H&E sections of other organs showed no significant tissue
changes at the effective dose (Fig. S4 in Supporting information),
which may be due to the short treatment time. After that, the fresh
tissues of each group were used for western blot assay.

The whole tissue lysate was extracted for western blot assay.
Cleaved caspase-3 and cleaved PARP1 in PSSP@TP group were
significantly up-regulated (Fig. 5F), confirming that triptolide
induced caspase-3-dependent apoptosis and that the PSSP@TP was
more toxic to tumor tissue.

Eleven days after tail vein injection, retro-orbital blood
collection was performed to determine the central liver and
kidney function index of nude mice. The heart, liver and kidney
function indexes of PSSP@TP were closer to that of PBS-treated
group (Fig. S5 in Supporting information). However, the free drug
treated mice showed significant changes in CK-MB and AST of heart
and liver function indexes. These results indicated that nano-
particles group did not cause changes in heart, liver and kidney
function, but could significantly inhibit the tumor growth.

In conclusion, we create an evolutional polymer composite
which could not only polymerize the isocyanate and bis(2-
hydroxyethyl)-disulfide, but also more importantly create a
reductive responsiveness to GSH in the tumor microenvironment.
Results showed that the TP could rapidly release from nano-
particles in reductive conditions. PSSP@TP induced higher toxicity
and increased cell apoptosis in vitro. Compared with only single TP
composite, PSSP@TP improved drug antitumor efficacy and lower
systemic toxicity in vivo. Furthermore, PSSP@TP induced higher
levels of cell apoptosis as compared to TP. In summary, we reported
a novel strategy for triptolide delivery based on microenvironment
responsiveness polymer composite, which provided a potential
method for cancer therapy.
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