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Abstract

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related deaths worldwide. Current therapies present significant
limitations. Triptolide (TP) is highly effective against multiple cancers including HCC. However, high toxicity, low water solubility, and
unknown therapeutic targets limit its clinical application. Herein, we designed galactosylated-chitosan-TP-nanoparticles (GC-TP-NPs) with
high drug loading capacities for targeted delivery to HCC. In addition to a sustained release pattern, an efficient asialoglycoprotein receptor
mediated cellular uptake in vitro, and high liver tumor accumulation in vivo, GC-TP-NPs showed lower systemic and male reproductive
toxicities than free TP. Importantly, GC-TP-NPs retained the anti-cancer activities of the free TP, exerting the same pro-apoptotic and anti-
proliferative effects on HCC cells in vitro, and displayed higher efficacies in reducing tumor sizes in vivo. Further investigation revealed that
GC-TP-NPs induced cancer cell apoptosis via blocking TNF/NF-κB/BCL2 signaling. Collectively, GC-TP-NP represents a promising
candidate in halting liver cancer progression while minimizing systemic toxicity.
© 2018 Elsevier Inc. All rights reserved.
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Hepatocellular carcinoma (HCC) is the most common type of
liver cancer and the second leading cause of cancer-related deaths
worldwide.1 Specifically, nearly half of new HCC diagnoses occur
in China.2 Current therapeutic strategies, including surgery,
transarterial embolization, chemoembolization, targeted drug ther-
apy, biotherapy, traditional Chinese medicine (TCM), and liver
transplantation, have been extensively used in the treatment of
HCC.3 Nonetheless, these methods present several significant
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limitations.4 Due to the lack of target selectivity, conventional
systemic chemotherapies are often associated with a high risk of
recurrence, multi-drug resistance, and serious side effects.5,6

Therefore, it is of great clinical significance to develop novel and
efficient therapeutic strategies against HCC.

Triptolide (TP), an active component derived from the
Chinese herb Tripterygium wilfordii Hook F (TwHF), has been
used to treat inflammation and autoimmune diseases for
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centuries.7,8 Accumulating evidence suggests that TP may possess
anti-inflammatory and anti-cancer effects.9 For instance, a previous
study demonstrated that TP inhibited the growth of multiple cancer
cells, including both hematologic malignancies and solid tumor
cells, at low concentrations, supporting its use as an effective
chemotherapeutic agent.10 However, the clinical application of TP is
limited due to its high toxicity and lowwater solubility.11 To address
this problem, a recent study synthesized a prodrug of TP, named
MinnelideTM, that showed greater water solubility and contained a
site for rapid de-phosphorylation. Despite the improved solubility
and extended serum half-life, the inability to target cancer cells has
limited its anti-cancer efficacy.12 Thus, there is an urgent need to
develop a cancer targeted drug delivery system for TP.

Nanomedicine-based targeted drug delivery systems deliver
drugs to specific organs or tissues using nanoscale particles.13

These systems are characterized by simple preparation, high drug
loading capacity, excellent stability, improved drug accumula-
tion, and reduced toxicity,14 which make them extremely
promising anti-cancer agents. Extensive studies have shown
that nanoparticles (NPs) can enter neoplastic sites through both
active and passive targeted deliveries. Active targeting com-
monly utilizes ligand-receptor interactions while passive target-
ing takes advantage of the enhanced permeability and retention
(EPR) effect for preferential tumor accumulation of NPs.15,16

With regard to hepatocyte-targeted delivery systems, an
increasing number of studies have used galactosylated polymers
to prepare NPs for the active targeted delivery of anti-cancer
drugs based on the hypothesis that asialoglycoprotein receptors
(ASGP-R) on liver cancer cells can bind to ligands containing
specific terminals such asβ-D-galactose and N-acetylgalactosamine
residues.17,18 Chitosan (CS), a nontoxic and biodegradable poly-
cationic polymer, is considered as an excellent carrier with high
biocompatibility, excellent biodegradability, and low toxicity.19 It
has been reported in recent studies that several galactosylated CS
derivatives appear to be hepatocyte-specific carriers,20–22 suggesting
their targeting potential.

In this study, we prepared galactosylated-CS(GC)-TP-NPs
(GC-TP-NPs) for HCC targeted therapy and systematically
evaluated their physicochemical properties, drug release profiles,
as well as cellular uptake, biodistribution and anti-tumor
efficacies. In addition, hepatic, renal and male reproductive
toxicities were also extensively characterized in vivo to evaluate
their safety. Finally, we performed a network pharmacology-
based investigation with the attempt to decipher molecular
mechanisms of GC-TP-NP targeted drug delivery (Supplemen-
tary Figure S1).
Methods

Ethics statement

All experimental protocols were approved by the Research
Ethics Committee of the China Academy of Chinese Medical
Sciences (approval number: 2016-030-SQ). Animal experiments
were carried out in accordance with the guidelines and
regulations for the care and use of laboratory animals of the
Center for Laboratory Animal Care.
Preparation and characterization of the GC-TP-NPs

GC-TP-NPs were prepared by using the tripolyphosphate
cross-linking method following the protocols described in
Supplementary File S1-section 1. The degree of substitution of
galactose residues [DSGC (%)] in GC was estimated by 1H
NMR and was calculated using the Eq. f123:

DSGC ¼ HGC δ3:3−4:2ð Þ−HCS δ3:5−4:0ð Þ
12

� 100% f1

Where HGC(δ3.3-4.2) was the amount of hydrogen atoms of GC
at δ 3.3-4.2 ppm and HCS(δ3.3-4.2) was the amount of hydrogen
atoms of CS at δ 3.3-4.2 ppm.

The mean size, size distribution and zeta potential of the GC-
TP-NPs were measured by a Malvern Mastersizer 2000 particle
size analyzer (Zetasizer Nano ZS90, Malvern Instruments Ltd,
UK). The morphology of the GC-TP-NPs was examined by
transmission electron microscopy (TEM, JEM-2100, JEOL,
Japan). Loading efficiency (LE) and encapsulation efficiency
(EE) of the GC-TP-NPs were determined spectrophotometrical-
ly, and were calculated by Eqs. f2 and f3, respectively:

LE %ð Þ ¼ Me

Mn
� 100% f2

EE %ð Þ ¼ Me

Mt
� 100% f3

where Me is the mass of TP encapsulated inside the GC-TP-NPs;
Mn is the mass of the GC-TP-NPs; and Mt is the total mass of TP
used in the preparation of the GC-TP-NPs.

The release profile of TP from GC-TP-NPs in vitro was
evaluated as described in Supplementary File S1-section 2.

ASGP-R mediated cellular uptake of GC-NPs

A comparative cellular uptake study of the free TP, CS-TP-
NPs and GC-TP-NPs was carried out on a human HCC cell line
SMMC-7721 and an adenocarcinoma human alveolar basal
epithelial cell line A549 (Cat No.3111C0001CCC000087 and
Cat No.3111C0001CCC000002, respectively, Cell Bank of the
Chinese Academy of Medical Science, Beijing, China) as
described in Supplementary File S1-section 3.

In vivo fluorescence imaging for NPs biodistribution

To determine the biodistribution of the GC-NPs in vivo, DIR-
780 (KeyGEN BioTECH, China) was used to replace TP during
NP preparation and the human HCC cell line SMMC-7721
tumor-bearing nude mouse model was established. The detailed
protocols are provided in Supplementary File S1-section 4.

Toxicity evaluation

Hepatic and renal toxicities
To evaluate the hepatic and renal toxicities of the GC-TP-

NPs, 30 male Kunming mice (4-6 weeks of age and 25±2 g of
weight, Charles River Laboratories, production license No:
SCXK 2012-0001, MA, USA) were randomly divided into five
groups (5 mice per group) and were administrated
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intragastrically with 1 mg/kg TP (TP-low group), 2.5 mg/kg TP
(TP-high group), 6.76 mg/kg GC-TP-NPs (GC-TP-NP-low
group), 16.90 mg/kg GC-TP-NPs (GC-TP-NP-high group) and
PBS (control group) once daily for 6 weeks. Mice were sacrificed
the next day after the last administration. Liver and kidney
tissues were dissected from each group and weighed using an
electronic balance (Satorius, Goettingen, Germany). The liver
and kidney indexes were calculated by Eq. f4:

Liver=kidney=testis=epididymis idexes

¼ Mass of Liver=kidney=testis=epididymis gð Þ
Body weight gð Þ � 100% f4

In addition, the serum levels of liver and kidney injury
markers, including alanine aminotransferase (ALT, for liver),
aspartate transaminase (AST, for liver), urine creatinine (Cr, for
kidney) and blood urea nitrogen (BUN, for kidney), were
detected using standardized kinetic and fixed-rate colorimetric
procedures.

Moreover, the paraformaldehyde-fixed liver and kidney
tissues were embedded in paraffin and sectioned at a thickness
of 4 μm. Hematoxylin and eosin (H&E) staining was performed
and the stained sections were observed under an optical
microscope (Carl Zeiss AG, Jena, Germany). All sections were
assessed by two experienced observers who were blinded to the
background of this study.

Male reproductive toxicity
To evaluate the male reproductive toxicity of the GC-TP-NPs,

the testis and epididymis indexes were calculated by Eq. f4. The
serum levels of testosterone (Cat. No. DRE30439, BIO-
SWAMP), glutathione peroxidase (GSH-PX, Cat. No.
DRE30907, BIO-SWAMP) and α-glucosidase (Cat. No.
DRE30215, BIO-SWAMP) were detected by enzyme linked
immunosorbent assays (ELISA) using commercially available
kits (Beijing Lvyuan Bode Biotechnology Inc., Beijing, China).
Histopathology of the testis and epididymis tissues obtained was
also assessed by H&E staining using a previously described
method. Finally, sperm characteristics, including epididymal
sperm count, density, motility and viability, were measured by
the TOX IVOS Sperm analyzer (Hamilton Thorne Research,
Beverly, MA).

In vitro and in vivo anti-tumor activity

The anti-HCC activities of the GC-TP-NPs in vitro and in
vivo were evaluated as described in Supplementary File S1-
section 5-6.

Identification of network targets of TP against HCC

Prediction of TP putative targets
TP putative targets were predicted using MedChem Studio

(version 3.0; Simulations Plus, Inc., Lancaster, CA, USA, 2012)
through a structural similarity search. The component-putative
targets that have similarity scores higher than 0.85 (high
similarity) were selected for further investigation. The list of
TP putative targets is provided in Supplementary Table S1.
Network construction and analysis
HCC-related genes (Supplementary Table S2) were identified

in our previous studies.24,25 The drug target-disease gene
network was constructed using links between TP putative targets
and HCC-related genes according to the public database
STRING (http://string-db.org/, version 10.0). The networks
were visualized by Navigator software (Version 2.2.1).

Pathway enrichment analyses
Pathway enrichment analysis of TP candidate targets against

HCC was performed using DAVID (http://david.abcc.ncifcrf.
gov/home.jsp, version 6.7) based on the data obtained from the
KEGG database (http://www.genome.jp/kegg/, Last updated:
Oct 16, 2012). Only KEGG pathways with P values less than
0.05 (corrected using the Bonferroni method) were selected.

Western blot analysis

Western blot analysis was performed to analyze protein
expression levels of 6 TP candidate targets against HCC, including
TNF, NFKB1, NFKB1A, RELA, BCL2 and XIAP, in liver tumor
tissues following a procedure previously described.26,27 A list of
antibodies used is provided in Supplementary Table S3.

Statistical analysis

SPSS statistical software (Version 11.0) was used to perform the
statistical analysis in this study. All experiments were repeated three
times. Data are represented as mean±S.D. Differences among
experimental groups were determined by Student’s t-test. P values
less than 0.05 was considered as statistically significant.
Results

Characterization of the GC-TP-NPs

As the study was directed towards achieving a CS derivative
targeted to hepatocytes, ligand modification of the CS was carried
out with lactobionic acid to incorporate galactose groups into the CS
backbone using a tripolyphosphate cross-linking method. CS has a
pKa value of about 6.2-7.0, so it is only soluble in an acidic
environment. CS is readily soluble in acid aqueous solutions (pH
4.5-6.5) due to protonation of the amino group: -NH2 + H+↔ -NH3

+.
To make CS soluble in a broader pH range, it is modified by
covalently linking hydrophilic residues to reactive amino groups.28

Carboxymethylated and acetylated derivatives, as well as quaternary
salts of CS are readily soluble.29,30 Following the chemical
modifications, the solubility of CS was enhanced.

To confirm the galactosylation of CS, the 1H NMR spectra
were analyzed for both CS and GC (D2O/AVIII, 300 MHz)
(Figure 1, A and B). The detailed peak assignments in the 1H
NMR spectra are shown as follows: CS, δ (ppm): 2.08
(NHCOCH3), 3.18 (H2), 3.38-4.16 (H3-6), 4.62 (H1); GC, δ
(ppm): 2.08 (NHCOCH3), 3.01 (H2), 3.35-4.01 (H3-6, H2’-6’,
Ha-e), 4.17 (Hc), 4.23 (H1'), and 4.62 (H1). The 1H NMR
spectrum of CS displayed characteristic peaks including the
peaks of protons on the carbons of CS (at 3.00-4.00 ppm) and a
peak of methyl protons from partially acetylated CS (at 2.05
ppm), which are consistent with a previous study.31 The number
of hydrogens in GC at δ 3.3-4.2 was higher than that in CS,

http://string-db.org
http://david.abcc.ncifcrf.gov/home.jsp
http://david.abcc.ncifcrf.gov/home.jsp
http://www.genome.jp/kegg/


Figure 1. Synthesis of GC and characteristics of the GC-TP-NPs. (A)1H nuclear magnetic resonance spectra of chitosan and (B) GC; (C) Particle size
distribution of pre-lyophilized GC-TP-NPs and (D) Lyophilized GC-TP-NPs; (E) Zeta potential of pre-lyophilized GC-TP-NPs and (F) Lyophilized GC-TP-
NPs; (G) Transmission electron microscopy images pre-lyophilized GC-TP-NPs and (H) Lyophilized GC-TP-NPs.
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suggesting that galactose was introduced to CS. The degree of
galactose substitution in GC was calculated to be 15.3%.

The particle sizes of the pre-lyophilized and lyophilized GC-TP-
NPs were 204.2±1.2 nm and 227.4±3.7 nm, respectively, as
determined by TEM (Figure 1, C and D). The zeta potentials of the
corresponding NPs were 18.8±0.5 mV and 19.0±0.3 mV, respec-
tively (Figure 1, E and F). Both pre-lyophilized and lyophilized GC-
TP-NPs showed smooth surface morphologies with near spherical
shapes (Figure 1, G and H). Moreover, EEs of pre-lyophilized and
lyophilized GC-TP-NPs were found to be 107.8 ± 6.6% and 88.8 ±
5.9%while LEs were 18.0 ± 1.2% and 14.8 ± 0.9%, respectively. No
statistical differences were observed in particle size, zeta potential,
morphology, EE and LE between pre-lyophilized and lyophilized
GC-TP-NPs, suggesting the NPs had good stability.



Figure 2. Sustained release profile and cellular uptake of the GC-TP-NPs in vitro and hepatoma targeting property of the GC-TP-NPs in vivo. (A) In vitro drug
release profiles of the free TP and the GC-TP-NPs. (B) The TP content was taken by SMMC-7721 and A549 cells from different TP preparations at a dose of 50
μg/ml TP for 2 h (The data are shown as mean ± SD. **P b 0.01, compared with the free TP group; $Pb0.05, compared with CS-TP-NPs in the same cell group;
##P b 0.01, compared with A549 cells treated with the same TP preparations). (C) Galactose incubation cell uptake of the free TP and GC-TP-NPs by SMMC-
7721 cells (The data are shown as mean ± SD. **P b 0.01, compared with the SMMC-7721 cells without galactose incubation). (D)DIR fluorescence images of
nude mice at different time points. The tumors were marked with green circles. (E) DIR fluorescence images of major organs and tumors 24 h after the
administration of free DIR-780, DIR-780-loaded-CS-NPs and DIR-780-loaded-GC-NPs. (F) Semi-quantitative biodistribution of free DIR-780, DIR-780-
loaded-CS-NPs and DIR-780-loaded-GC-NPs in various tissues of nude mice at 24 h. The data are shown as mean ± SD (n = 3; *P b 0.05, **P b 0.01, compared
with the free DIR-780 group; #P b 0.05, ##P b 0.01, compared with the DIR-780-loaded-CS-NP group).

90 Y.-Q. Zhang et al / Nanomedicine: Nanotechnology, Biology, and Medicine 15 (2019) 86–97
Sustained release profile of the GC-TP-NPs in vitro

As shown in Figure 2, A, free TP and GC-TP-NPs both
exhibited a burst release of TP at the initial stage. Specifically,
approximately 30.0% of TP was released from both formulations
during the first 0.25 h. From then on, free TP continued to be
released rapidly and almost completely released within 2 h.
In contrast, GC-TP-NPs only released about 70.0% in 2 h. After 24
h of incubation, nearly 80.0% of TP was released from GC-TP-
NPs. TP release from GC-TP-NPs was markedly restrained,
indicating that GC-TP-NPsmay display a sustained release pattern
in vitro.
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ASGP-R mediated cellular uptake of GC-NPs in vitro

The TP content taken up by SMMC-7721 and A549 cells
from free TP, CS-TP-NPs, and GC-TP-NPs, was measured,
respectively. As shown in Figure 2, B, TP entrapped into GC-
TP-NPs was taken up more into the SMMC-7721 cells than free
TP and CS-TP-NPs (both Pb0.05). However, there were no
significant differences between GC-TP-NPs and free TP, as well
as GC-TP-NPs and CS-TP-NPs taken up by A549 cells.

To further verify the influence of ASGP-R mediated
endocytosis, the galactose solution was added into SMMC-
7721 cells with ASPGR receptor binding sites pre-saturated for
competitive inhibition. As shown in Figure 2, C, there was no
significant difference in the cellular uptake of TP compared to
galactose saturated TP under the same conditions. Nevertheless,
a distinct difference was observed between galactose incubation
and without galactose incubation in GC-TP-NP groups (Pb0.01).
After the pretreatment of galactose, the cellular uptake of the
GC-TP-NPs decreased by ~60% compared to that of the control
group (setting as 100%).

The above data imply that GC-TP-NPs may function as a
grafted galactosyl which specifically recognize ASGP-R on the
surface of SMMC-7721 cells, and accelerate its uptake by
ASGP-R mediated endocytosis.

Hepatoma targeting property of GC-NPs in vivo

To determine the tumor targeting ability of GC-NPs in vivo, a
HCC xenograft mouse model was established using SMMC-
7721 cells. DIR-780 was used as a fluorescent probe here to
investigate the bio-distribution of NPs. At 8 h and 24 h post-
injection, the fluorescence signal of DIR-780 was detected to
determine the localization of DIR-780-loaded-CS-NPs and DIR-
780-loaded-GC-NPs (Figure 2, D). After 24 h, a significantly
higher accumulation of GC-NPs was found in the liver tumor
tissues compared to the CS-NPs and free DIR-780 (Figure 2, E
and F). Although CS-NPs also showed some tumor accumula-
tion due to the local EPR effect of NPs in the inflamed tumor
tissue, the signal intensity of CS-NPs in the tumor tissues was
much lower than that of GC-NPs (Figure 2, E and F).

GC-TP-NPs reduced TP-induced hepatic, renal and male
reproductive toxicities in vivo

To evaluate the toxicities of the GC-TP-NPs on the liver and
kidney, the liver and kidney indexes of Kunming mice treated
with free TP or GC-TP-NPs were determined. The liver index of
the free TP-treated mice was significantly lower than that of
normal mice at both low and high doses (for 1 mg/kg: Pb0.05;
for 2.5 mg/kg: Pb0.01). On the other hand, the administration of
the GC-TP-NPs did not significantly reduce the liver index
compared to the normal mice and the liver index
was significantly higher than that of the free TP group (for 2.5
mg/kg: Pb0.01, Figure 3, A). In addition, treatment of the free
TP tended to decrease the kidney index, although this change
was not statistically significant. No changes in the kidney index
were observed between the normal and GC-TP-NP groups. To
further evaluate the changes of hepatic and kidney function, the
serum levels of ALT, AST, Cr and BUN were measured.
Significant increases in ALT, AST and Cr levels were observed
in mice serum treated with 1 mg/kg of the free TP compared to
normal mice (Pb0.01, Figure 3, B). In contrast, the administra-
tion of the GC-TP-NPs did not induce significant changes in the
levels of those markers (all PN0.05, Figure 3, B). Additionally,
there were no significant differences in the levels of BUN among
all groups. Histopathologically, the liver tissues of mice treated
with the free TP showed serious cell swelling, vacuolar
degeneration and focal necrosis, which correlated well with the
significant increases in the liver marker enzymes AST and ALT
(Figure 3, C). Similarly, significant abnormal alterations were
observed in the glomerulus and renal tubes of the free TP-treated
mice. In contrast, the administration of the GC-TP-NPs led to a
low to moderate degree of histopathological changes in liver
tissues. The histopathological changes of the kidney tissues in
the GC-TP-NP treatment groups were also smaller than those in
the free TP treatment groups at similar TP doses (Figure 3, C).

Regarding male reproductive toxicity, the indexes of testes
and epididymis significantly decreased after the free TP
exposure. In addition, the free TP significantly reduced the
levels of testosterone, glutathione peroxidase (GSH-PX) and α-
glucosidase in testes compared to controls (Pb0.01). When
treated with the GC-TP-NPs, testicular and epididymal indexes
were similar to the control group but were significantly higher
than the free TP-treated group (Figure 3, D). Additionally, the
concentrations of testosterone, GSH-PX and α-glucosidase in the
GC-TP-NP-treated groups were significantly higher than those in
the TP-treated groups (Pb0.05), but had no significant difference
compared to the control group (PN0.05, Figure 3, E).
Histopathologically, testicular sections of the free TP-treated
mice showed severe degenerative changes characterized by
disorganized seminiferous tubules indicating impaired spermato-
genesis. An increased number of sloughing tubules containing
necrotic germ cells, and a loss of elongated spermatids and
spermatozoa were also observed in most of the seminiferous
tubules. Contrarily, the testicular structures in both the control
and GC-TP-NP-treated groups were normal without significant
pathological changes. The epididymis sections in the free TP-
treated groups showed a significant decrease of mature
spermatozoa concentration in the lumen and interstitial edema,
which was not found in the GC-TP-NP-treated groups (Figure 3,
F). Finally, the free TP treatment in males led to a significant
decrease in sperm count, density, motility and viability compared
to the control group (Pb0.01, Supplementary Table S4). The
treatment with the GC-TP-NPs minimized the toxic effects of TP
and significantly improved semen quality (Pb0.01, Supplemen-
tary Table S4), although none of the parameters reached the
levels observed in the control mice.

GC-TP-NPs inhibited cell proliferation and induced HCC cell
apoptosis

Cells were treated with the free TP and GC-TP-NPs at 0.01,
0.1, 0.5, 2.5, 5, 10 and 50 μg/mL of equivalent TP concentrations
for 24 (Figure 4, A) and 48 h (Figure 4, B). The results
demonstrated that the growth of HepG2 cells was significantly
inhibited by the treatment of the free TP and GC-TP-NPs. The
IC50 values of the free TP and GC-TP-NPs against HepG2 cells



Figure 3. GC-TP-NPs reduce TP-induced hepatic and renal toxicities, as well as male reproductive toxicity in vivo. (A) Liver and kidney index of mice in
different groups; (B) Serum levels of ALT, AST, Cr and BUN in different groups; (C)Histopathological changes in liver and kidney tissues of different groups;
(D) Testis and epididymis index of mice in different groups; (E) Testosterone, GSH-PX and α-glucosidase levels in testes from different groups; (F)
Histopathological changes in testis and epididymis tissues from different groups. The data are shown as mean ± SD (*P b 0.05, **P b 0.01, compared with the
control group; #P b 0.05, ##P b 0.01, TP-low vs. GC-TP-NP-low or TP-high vs. GC-TP-NP-high).
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Figure 4. Anti-HCC activities of the GC-TP-NPs in vitro and in vivo. (A and B) Inhibitory rates of the free TP and GC-TP-NPs to HepG2 cells at 24 h and 48 h,
respectively. (C and D) Cell apoptosis levels in the control, free-TP-0.5, GC-TP-NP-1 and GC-TP-NP-2.5 groups based on HepG2 and L-02 cells, respectively.
The fluorescence intensity of apoptotic cells is expressed as channel numbers in quadrants of each plots; the cells in top right and bottom right quadrants are in
early and late apoptosis, respectively. (E) Percentage of apoptotic cells in different groups shown in (D). (F) Representative tumor-bearing livers in mice at the
therapeutic end point of different groups. Tumor tissues were marked with the green arrows. (G)Average mouse body weight for the different treatment groups.
The data are shown as mean ± SD. **Pb0.01, compared with the control group; ***Pb0.001, compared with the control group; #Pb0.05, compared with the free
TP-treated group (GC-TP-NP-low vs. TP-low or GC-TP-NP-high vs. TP-high).
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had no significant difference when treated for 24 h (free-TP vs.
GC-TP-NPs: 1.61±0.69 vs. 2.08±0.53; PN0.05) and for 48 h
(free-TP vs. GC-TP-NPs: 0.90±0.46 vs. 1.14±0.48; PN0.05).

Flow cytometry analysis was performed to investigate the
effects of the free TP and GC-TP-NPs on HepG2 and L-02 cell
apoptosis. The percentages of the apoptotic HepG2 cells treated
with the free TP (0.5 μg/mL) and GC-TP-NPs (2.5 μg/mL) were
92.31±12.09% and 94.85±10.49%, respectively, which were
both significantly higher than the cells without any treatment
(13.11±1.16%, both Pb0.01, Figure 4, C and E). However, the
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difference between the free TP and GC-TP-NP groups had no
statistical significance. More importantly, the percentages of
apoptotic L-02 cells treated with GC-TP-NPs (1.0 μg/mL and 2.5
μg/mL) were both significantly lower than that of apoptotic
HepG2 cells treated with the same treatment (13.93±1.16% vs.
90.00±10.68% and 27.86±7.85% vs. 94.85±10.49%, both
Pb0.01, Figure 4, D and E), suggesting that the GC-TP-NPs
might induce HCC cell apoptosis more obviously than normal
liver cells.

GC-TP-NPs reduced tumor burden in orthotopic mouse models

To evaluate the in vivo anti-cancer efficacy of the GC-TP-
NPs, an orthotopic HCC model was established. This model was
selected as it is a natural representative of a native tumor due to
the growth of tumor cells in the liver. Compared to the free TP
treatment groups, liver tumor sizes of mice treated with the GC-
TP-NPs were significantly smaller, and the high dosage of the
GC-TP-NPs showed the greatest efficacy (Figure 4, F). Although
there were also decreases in the tumor sizes when treated with
high TP, cirrhosis and size decreases were observed in these liver
tissues. Contrarily, there was no marked change in liver tissues in
the GC-TP-NP treatment groups. In addition, compared to the
control group, the GC-TP-NP-treated mice showed stable body
weights similar to the control group (PN0.05), whereas the
treatment with the free TP resulted in significant weight loss
(Pb0.05, Figure 4, G), which indicated significant toxicity of the
free TP.

GC-TP-NPs induced HCC cell apoptosis via blocking TNF/NF-
κB/BCL2 signaling

To further investigate the pharmacological mechanisms of
the free TP and GC-TP-NPs against HCC, a list of TP putative
targets was first predicted based on the chemical constituents'
structural similarity (Supplementary Table S1) and HCC-related
genes were collected from the existing gene–gene interaction
databases according to our previous studies24,25 (Supplementary
Table S2). A "drug target–disease gene interaction network" was
constructed using the interactions among TP putative targets and
HCC-related genes. Next, a sub-network containing 133 direct
interactions between 10 TP putative targets and 48 HCC-related
genes was constructed and functionally associated with apopto-
sis signaling, MAPK signaling, and several inflammatory
response pathways, such as T/B cell receptor signaling, NOD-
like receptor signaling, Fc epsilon RI signaling, and Toll-like
receptor signaling (Figure 5, A). Among these genes, most TP
putative targets, such as tumor necrosis factor (TNF), nuclear
factor kappa B subunit 1 (NFKB1), NFKB inhibitor alpha
(NFKBIA), RELA proto-oncogene, NF-kB subunit (RELA),
BCL2, apoptosis regulator (BCL2), and X-linked inhibitor of
apoptosis (XIAP), were involved in apoptosis signaling,
implying the potential role of TP in this pathway.

Apoptosis plays crucial roles in tissue homeostasis, immunity
and embryological development.32 The apoptotic pathway
initiates with the formation of a complex between tumor necrosis
factor-α (TNF-α) and its receptor (TNFR) on cell surfaces,
which leads to interactions between TNFR and TNFRSF1A
associated death domain (TRADD) (Figure 5, B). Following the
interaction between TRADD, the TNF Receptor Associated
Factor-2 (TRAF2), and the kinase RIP1 (Receptor-Interacting
Protein-1), NF-kB signaling may be activated. Activation of NF-
KB, NFKB1 (p50), NFKB1A and RELA (p65) is associated with
upregulation of the anti-apoptotic BCL2 protein and IAPs
(Inhibitor of Apoptosis Proteins), resulting in cell survival.33 In
addition, TNF-α can trigger both anti-apoptotic NF-kB signaling
and apoptosis signaling simultaneously.34,35 Herein, an agent
may potentiate TNF-α-induced apoptosis by inhibiting TNF-α-
induced anti-apoptotic NF-kB signaling.36 Therefore, we
hypothesized that TP may induce tumor cell apoptosis via
inhibiting candidate targets including TNF, NFKB1, NFKB1A,
RELA, BCL2 and XIAP, which are all involved in TNF-α-
induced anti-apoptotic NF-kB signaling as mentioned above.

To experimentally validate the above hypothesis, western blot
analysis was performed. Results showed that both the free TP
and GC-TP-NPs efficiently inhibited the expression of TNF,
NFKB1, NFKB1A, RELA, BCL2 and XIAP proteins in liver
tumor tissues when compared to the vehicle only group (Figure
5, C, Pb0.05). Notably, the inhibitory effects of the GC-TP-NPs
treatment on the target proteins were significantly higher than
that of the free TP treatments (GC-TP-NP-high vs. TP-high;
Pb0.05).
Discussion

HCC has an unfavorable prognosis due to its poor response to
current therapeutic strategies. TP has been suggested to be more
potent against HCC than other therapeutic agents such as
doxorubicin, daunorubicin and sorafenib.37 However, its
clinical application is limited due to its poor solubility and
high toxicity.11 Therefore, it is of great importance to improve its
therapeutic index and reduce the side effects of TP in the
treatment of HCC. Growing evidence shows that NP-based
targeted delivery systems can aid in enriching drug concentration
at target sites while minimizing systemic exposure.15,16 In the
current study, GC-TP-NPs with a near spherical shape, small
particle diameters (~200 nm) and high drug loading capacity
(~90%) were successfully synthesized. Consistent with previous
findings,38,39 our data demonstrated that although it suppressed
HCC progression, the free TP caused significant toxicity.
Contrarily, the GC-TP-NPs displayed a stronger anti-cancer
efficacy and lower systemic toxicity on orthotopic xenograft
HCC models than the free TP. To elucidate the pharmacological
mechanisms of TP against cancer, a network pharmacology-
based investigation was performed in this study. Results
indicated that the free TP and GC-TP-NPs may exert their
anti-HCC activities through regulating target genes involved in
apoptosis signaling including TNF, NFKB1, NFKB1A, RELA,
BCL2 and XIAP.

In addition, our data demonstrated a stronger in vivo anti-
HCC efficacy of the GC-TP-NPs than the free TP. This increased
efficacy is likely due to several advantages of the GC-TP-NPs.
First, an efficient hepatoma-targeting was observed by the GC-
TP-NPs, most likely due to the addition of galactose groups that
are specific adhesive ligands to ASGP-R on the surface of HCC
cells. In the current study, we found that the GC-TP-NPs were



Figure 5. Network pharmacology-based investigation and experimental validations on the mechanisms of TP/GC-TP-NPs acting on HCC. (A) Sub-network of
TP putative target (yellow nodes)-HCC-related gene (pink nodes) direct interactions, and the signal pathways involved by the functional modules. (B)
Illustrations of apoptosis signaling involved by most of TP putative targets. (C) Expression levels of TNF, NFKB1, NFKB1A, RELA, BCL2 and XIAP proteins
in different groups detected by Western blot analyses. Data are represented as the mean ± SEM (n=6). * Pb0.05, ** Pb0.01, and *** Pb0.001 versus the vehicle
group, respectively. # Pb0.05 versus the free TP group (GC-TP-NP-low vs. TP-low or GC-TP-NP-high vs. TP-high).
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taken up more into the SMMC-7721 cells with high expression
levels of ASGP-R than A549 cells without ASGP-R expression,
and also revealed that exogenous galactose competitively
inhibited HCC cell uptake of the GC-TP-NPs, indicating the
ASGP-R mediated endocytosis of the GC-TP-NPs. Second, the
GC-TP-NPs may accumulate more at the tumor site through the
EPR effect, as compared to normal tissues, leading to a stronger
tumor inhibition. Third, the release of the TP from the GC-TP-
NPs occurred in a sustained manner, which may help to maintain
higher TP concentrations for longer periods at the diseased sites
compared to the free TP. Fourth, the systemic toxicity of TP was
significantly alleviated following its encapsulation in NPs.
Finally, the GC-TP-NPs have positively charged surfaces,
which may facilitate NP binding to the negatively charged
tumor cell surfaces, leading to more TP-containing NPs entering
tumor cells and exerting anti-tumor effects.
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Despite the potential of TP as an anti-cancer drug, previous
attempts to clarify its mechanisms of action have not been
successful. Network pharmacology-based approaches, which
integrate drug target prediction, drug-disease network analysis
and key network target screening, have been demonstrated as
efficient methods to investigate the mechanism of action for a
drug, especially for plant-derived drugs.40,41 Herein, a TP target-
HCC-related gene interaction network was constructed followed
by the prediction of TP targets. Functionally, TP putative targets,
which directly interacted with HCC-related genes, were found to
be mostly associated with apoptosis signaling pathways,
implying that TP may kill hepatoma cells via induced apoptosis,
which is in agreement with previous reports.42–44 Specifically,
we identified six TP putative targets, including TNF, NFKB1,
NFKBIA, RELA, BCL2 and XIAP, which are crucial compo-
nents in the apoptosis signaling pathway (Figure 5, B). Our
results demonstrated that the administration of both the free TP
and GC-TP-NPs efficiently reduced the expression levels of
TNF, NFKB1, NFKBIA, RELA, BCL2 and XIAP proteins in
hepatoma tissues. More interestingly, our data further demon-
strated a stronger target regulation efficacy of the GC-TP-NPs
compared to the free drug.

In conclusion, our data demonstrated that the anti-HCC
activities of the free TP were at a cost of serious toxicity.
Conversely, the GC-TP-NPs can prevent cancer progression with
an increase in efficacy while mitigating systemic toxicity due to
hepatocyte-targeted delivery and a sustained TP release profile.
More importantly, we also revealed that the GC-TP-NPs may
inhibit HCC by inducing cancer cell apoptosis via blocking TNF/
NF-κB/BCL2 signaling. Thus, the GC-TP-NP may be a
potentially biocompatible and eligible candidate drug for HCC
therapy.
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