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Editorial on the Research Topic

Autophagy modulation in cancer treatment utilizing nanomaterials
and nanocarriers

Autophagy is a cellular self-degradation process which plays an important role in
cellular homeostasis by eliminating malfunctioning proteins and damaged organelles
favoring cellular regeneration (1). In cancers, this process may maintain genetic stability
and favor cell survival promoting drug resistance. However, in some contexts, autophagy
can also induce tumor suppressor mechanisms by activating cell death after exposure to
several environmental stresses, including treatment with anti-cancer agents (2). Thus, since
autophagy has a dual role in cancer, its pharmacological modulation can, depending by
tumor tissue, stage, and metabolic/environmental context, either suppress or promote
cancer cell survival.

Recent advances in the modern field of nanotechnology make possible to counteract
human diseases with effective bioactive compounds, overcoming the obstacles of traditional
drugs such as biodistribution, biocompatibility and degradation or stability (3).
Interestingly, nanomaterials have been explored as potent modulators of autophagy
through multiple mechanisms and have been exploited as therapeutic agents against
cancer (4). The relevance of nanomedicine for autophagy modulation is remarked by
several clinical trials that have been set up in the last years (5). This suggests that the
application of encapsulated drugs active in autophagy is effective in clinical practice and it
would acquire more clinical relevance in the near future, as a complementary therapy for
the treatment of cancers.

This Research Topic gathers original research and review papers on novel drugs in
cancer treatments based on autophagy modulation as well as the application of novel
nanomedicines capable of modulating autophagy, and/or new discoveries in autophagy-
related signaling pathways in cancer. The 9 accepted articles consist of 5 Original Research
articles, 3 Reviews and 1 Brief Research article. Overall, these studies demonstrate that
inhibition or enhancement of the autophagy pathway may serve as an effective tool to
counteract cancer.
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In the last years, many herbal medicines and bioactive natural
products have been explored for their antitumoral efficacy through
modulation of key cellular signaling routes involving autophagy (6).
In this regard, the Review Article by Wang et al. and Chavda et al.
focused on the therapeutic effects and mechanisms of plant-derived
natural products as well as combination therapy on cancer disease.
The authors discussed the tumor suppressor role of several natural
compounds in autophagy modulation and the recent strategies of
their encapsulation to generate effective nano-delivery tools for
targeted therapies in cancer. The translational potential of such
nanoformulations in the clinic is also discussed. This review aims to
elicit the interest of the community for developing anticancer
strategies in both cellular and animal models, with high efficacy
and low side effects.

Nazir et al. described the synthesis of 3-O-prenyl glycyrrhetinic
acid (NPC-402), a derivative of glycyrrhetinic acid, and reported its
cytotoxic activity in melanoma in in vitro and in vivo models. They
showed that NPC-402 induces endoplasmic reticulum stress-
mediated autophagy through modulation of an ERK/AKT
signaling pathway in melanoma cells and reduces the tumor size
and weight without any toxic side effects in C57BL/6] mice. Since
methods to encapsulate NPC-402 in nanoformulations have been
previously described (7), NCP-402 has the potential to become a
nanomedicine for autophagy modulation for melanoma treatment.
Hepatocellular carcinoma (HCC) is the third most common cause
of cancer-related death globally (8). Despite many efforts made to
find effective therapeutic strategies, HCC often becomes resistant to
Sorafenib, the first-line chemotherapy, and only 15% of liver cancer
patients survive at 5 years from diagnosis. In a study led by Sun et al.
the effect of 5-chloro-N’-(2,4-dimethoxybenzylidene)-1H-indole-2-
carbohydrazide (IHZ-1/ZJQ-24), a novel indole hydrazide
derivative with bioactive proprieties for the management of liver
cancer, has been evaluated. The authors showed that treatment with
IHZ-1 in HCC cell lines increases the generation of intracellular
reactive oxygen species (ROS) and induces autophagy through the
activation of a ROS/JNK pathway. Interestingly, an indole
hydrazide derivative has been encapsulated in different types of
nanomaterials, such as hydrogels, pH-controlled biopolymers, or
metal oxide nanoparticles, for their efficient delivery in cancer cells
(9-11). Paclitaxel (PTX) and norcantharidin (NCTD) are
anticancer compounds that have been described to be active in
autophagy mechanisms (12-14). Xie et al. have generated PTX/
NCTD-loaded core-shell lipid nanoparticles modified with a tumor
neovasculature-targeted peptide, APRPG and investigated their
anti-tumor effects in HCC. These functionalized nanostructures
were reported to alter a complex network of signaling pathways
involved in the migration and proliferation of liver cancer cells and
reduced the volume and growth of HCC in animal models without
side effects in healthy tissues. The antitumor activity of zinc-oxide
nanospheres (ZnO-NS) has been explored for liver cancer
treatment. In this regard, Hassan et al. showed that ZnO-NS
synthesized by the Sol-gel method induced strong cytotoxic
stress, ROS accumulation and lipid peroxidation in HuH7 cell
line. They also reported lipid droplets accumulation and
alterations in mitochondria leading to cell death. On the other
side, the biochemical and mechanical proprieties of tumor
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microenvironment may affect drug distribution and release at the
tumor site. To overcome this barrier, Yeow et al. produced a
recombinant fusion protein consisting in tumor necrosis factor-o
(TNF-o) and CSG peptide (CSGRRSSKC) to deplete extracellular
matrix in liver cancer generated in mice models. This treatment was
able to enhance an intra-tumoral accumulation of iron-oxide
nanoparticles (IO-NPs) as determined by magnetic resonance
imaging analysis. Since IO-NPs have been extensively studied
as autophagy modulators in cancer therapy (15, 16) this study
may set the basis for combined therapies based on the modulation
of tumor microenvironment in combination with metal-oxide
nanostructures to intervene on cancer autophagy.

Breast cancer is the most common cancer that affect women
worldwide. Despite significant progress, breast cancer remains the
tumor with the highest mortality. Autophagy plays an important
role during breast cancer genesis and progression participating in
many phenotypic traits such as migration, invasion, and therapy
resistance (17). Nanomedicine is a promising strategy for breast
cancer treatment. Products such as Doxil® and Abraxane® have
already been used for breast cancer treatment as adjuvant therapy
with favorable clinical outcomes (18). The review article authored
by Gharoonpour et al. summarizes the advantages and
disadvantages of nanoparticles-based therapy in breast cancer
through autophagy modulation. The authors thoroughly discuss
the translational potential of several nanoformulations combined
with traditional chemotherapy, and the different phases of clinical
trials involving nanomedicine that have been set up for breast
cancer treatment. Moreover, Zhang et al. explored the therapeutic
potential of chitosan/alginate nanoparticles for co-delivery of anti-
autophagy drugs doxorubicin and hydroxychloroquine in breast
cancer cells. This nanodelivery system was able to efficiently
encapsulate these anti-autophagy drugs and allow their pH-
sensitive release in the tumoral site.

Hence, the importance of the knowledge of the regulatory
mechanisms of autophagy, along with the potential opportunities
presented by newly emerging nanocarriers and nanomaterials
suitable for bypassing developed cellular resistance, makes this
topic particularly interesting. We believe that these advances will
inspire basic and clinical scientists working in related fields to
further investigate molecular mechanisms and to perform
translational studies.
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Indole Hydrazide Compound IHZ-1
Induces Apoptosis and Autophagy
via Activation of ROS/JNK Pathway

in Hepatocellular Carcinoma

Manting Sun?, Dan Liu", Yang Yuan’, Juhua Dan’, Shuting Jia®, Ying Luo "?* and Jing Liu™*

7 Laboratory of Molecular Genetics of Aging and Tumor, Medical School, Kunming University of Science and Technology,
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Hepatocellular carcinoma is one of the most common primary malignant tumors of the
digestive system. Compound 5-chloro-N’'-(2,4-dimethoxybenzylidene)-1H-indole-2-
carbohydrazide (IHZ-1/ZJQ-24) is a novel indole hydrazide derivative. In a recent study,
we demonstrated that IHZ-1 inhibits tumor growth and induces cell apoptosis through
inhibiting the kinase activity of mTORC1 without activation of AKT, which is associated
with JNK/IRS-1 activation. However, the impact and mechanisms of JNK activation by
IHZ-1 in hepatocellular carcinoma remains entirely unknown. Here, we find that IHZ-1
increases the generation of intracellular ROS and enhances autophagy. The
phosphorylation of JNK induced by IHZ-1 was reversed by the decreased ROS level.
Moreover, inhibition of ROS/UNK or autophagy equally attenuated apoptotic effect
induced by IHZ-1. Our findings suggest that the activation of JNK by IHZ-1 treatment is
dependent on the generation of ROS that mediates apoptosis and autophagy in
hepatocellular carcinoma.
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INTRODUCTION

Primary carcinoma of the liver [hepatocellular carcinoma (HCC)] is one of the familiar digestive
system neoplasms (1). Current treatments for HCC include surgery, radiation therapy, and drug
therapy, but the overall outlook for most patients has not improved significantly, with 5-year
survival rates below 20% (2). Therefore, the development of novel therapies for the management of
HCC is especially urgent.

Our previous study reported that IHZ-1 has also been named ZJQ-24 (5-chloro-N'-(2,4-
dimethoxybenzylidene)-1H-indole-2-carbohydrazide) (Figure 1A) induced cell apoptosis by
inhibiting the mTORC1 activity without activation of AKT via phosphorylation of c-Jun N-
terminal kinase (JNK) (3). Although the inhibition of AKT/mTOR by IHZ-1 has positive
correlation with antitumor effect, the mechanisms of JNK activation remain unclear. Also,
whether the activation of JNK by IHZ-1 can result in apoptosis or autophagy has not been
investigated yet.
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FIGURE 1 | IHZ-1 induced ROS generation in HCC cells. (A) Structural formula of compound IHZ-1. (B) Intracellular ROS level were measured by fluorescence
microscope with DCFH-DA staining after IHZ-1 treatment (C) or pretreated with NAC and analyzed by flow cytometer. *p < 0.05, **p < 0.01, and **p < 0.001.

JNK is a type of serine/threonine kinase which belongs to one
of the mitogen-activated protein kinases (MAPK), and its
activation regulates many cellular progresses, such as apoptosis
and autophagy which are two main types of programmed cell
death (PCD) (4). In the early transient phase of JNK activation,
JNK serves to promote autophagy and cell survival because of
upstream protein kinase of Bcl-2 family proteins (5). Whereas in
the later and more sustained phase of JNK activation, JNK serves
to induce apoptosis (6). For several decades, apoptosis has been
considered the pivotal mechanism of cell death in tumor cells via
mitochondria-dependent pathway (7), and enhancing cell
apoptosis is also a main strategy of cancer therapy. However,
many studies have reported that the mechanisms of anticancer
treatment are not only confined to apoptosis but also involved
autophagy. Autophagy has been identified as a “self-eating”
process of organelles and cytosolic macromolecules (8). It plays
an important role in cell death, normal physiology, and cellular
homeostasis. However, autophagy is defined as type II
programmed cell death and has a dual role including prodeath
or prosurvival which depends on the cell type and the level of
stress (9). Although, the crosstalk between autophagy and
apoptosis is very complicated and remains controversial. They
may be triggered by common upstream stressor reactive oxygen
species (ROS) which is known as a mediator for the activation of

MAPK (10). In cancer research, increasing studies suggest that
different levels of ROS results in autophagy and apoptosis (11).
Hence, targeted activation on the ROS/JNK pathway might be
beneficial in antitumor treatment. Here, we found the activation
of JNK by IHZ-1 was dependent on ROS generation and induced
cell apoptosis. Furthermore, we investigated the IHZ-1-induced
cell apoptosis and autophagy regulated by the ROS/JNK
signaling pathway.

MATERIALS AND METHODS

Chemicals

IHZ-1 compound was identified and provided by the Key
Laboratory of Medicinal Chemistry for Natural Resource
(Yunnan University). The compound was prepared as 100 mM
stock solutions in DMSO and aliquots stored at —20°C, protected
from light. Reagents, unless specified otherwise, were purchased
from Sigma-Aldrich Ltd. (Shanghai, China).

Cell Lines and Culture Conditions

The cell lines (HepG2, HUH-7) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were cultured in DMEM medium (Gibco,
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Invitrogen, New York, NY, USA) supplemented with 10% FBS
(Gibco) at 37°C in a humidified atmosphere of 5% CO..

ROS Detection

ROS level was measured by 2,7-dichlorofluo-rescein diacetate
(DCFH-DA). Cells on a 96-well plate were allowed to attach
overnight, then treated with IHZ-1 (1, 5, and 10 uM) for 24 h.
The medium was removed and washed 3 times with PBS, then
incubated with DCFH-DA at 37°C for 30 min, measuring the
ROS levels through fluorescence microplate reader with 488 nm
excitation wavelength and 525 nm emission wavelength.

Polymerase Chain Reaction

(Real-Time PCR)

Real-time PCR analysis was performed as described previously
(12). Total RNA was extracted using TRIzol reagent (Invitrogen),
then 500 ng total RNA was reversely transcribed into cDNA by
High-Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, MA, USA). The mRNA expression was
detected using SYBR Green assay in 7300 Real-Time PCR System
(Applied Biosystems). The following primers were used: Atg5
forward 5'-CACTTTGTCAGTTACCAACGTCA-3" and Atg5
reverse 5'-AAAGATGTGCTTCGAGATGTGT-3'; ULKI forward
5'-CGACCTCCAAATCGTGCTTCT-3" and ULKI reverse
5-GGCAAGTTCGAGTTCTCCCG-3'; and Beclinl forward 5'-
GAATCTGCGAGAGACACCATC-3" and Beclinl reverse 5'-
CCATGCAGGTGAGCTTCGT-3'". The program of real-time
system is 95°C for 10 min, then 40 cycles of 95°C for 15 s and
60°C for 1 min. Data analysis was performed using the following
equations: /\C=Ct(sample)-Ct(endogenous control); A/
Ct=/\Ct(sample)-Ct(untreated); and fold change = PEAYASS

GFP-LC3-Il Transfection

HepG2 and Huh7 cells were seeded onto cover slips in 6-well
plates at a density of 1 x 10° cells/well and left overnight, then
transfected with 3 pg GFP-LC3-II plasmid using Lipo2000
(Invitrogen Corporation) according to manufacturer’s
instructions. After 24 h, cells were treated with IHZ-1 (1, 5,
and 10 uM) and vehicle. After 24 h, cells were fixed with 4%
paraformaldehyde in PBS at 4°C for 30 min, and GFP-LC3-II
fluorescence was examined under a fluorescence microscope. For
each slide, 100 cells were analyzed and mean numbers of
punctate GFP-LC3-II spots/cell were calculated.

Western Blot Analysis

For each sample, all the cells were lysed for 30 min in lyses buffer
on 4°C; after ultrasound, the cell debris was centrifuged at 12,000
rpm for 20 min at 4°C, protein concentration was detected by
BCA (Beyotime, Haimen, China), using 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to
separate the proteins, the separated proteins were blotted onto
PVDF membrane, blocking 2 h at room temperature with 5%
nonfat dry milk in TBST, incubating the antibody for 16 h at 4°C
with 1:1,000 concentration, washing PVDF membrane 3 times
for 10 min in TBST, incubating secondary antibody at 25°C for
2 h with the 1:10,000 concentration, washing membranes 3 times
for 10 min in TBST. Finally, the membranes were visualized with

the enhanced chemiluminescence (ECL) detection system (GE
Healthcare, Piscataway, NJ, USA). All of the primary antibodies
(p-JNK, JNK, P62, LC3-II, GAPDH) were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA).

Annexin-V/Pl Assay

Apoptotic cells were identified using Annexin-V/PI staining
analyses. Briefly, cells were respectively seeded into 6-well
plates and treated with IHZ-1 in different concentrations (1, 5,
and 10 uM) or IHZ-1combine with chloroquine (10 uM) for
24 h. Cells were then harvested and washed using PBS. The
surface levels of phosphatidylserine were quantitatively detected
using Annexin V-FITC and PI apoptosis kit according to the
manufacturer’s instructions (BD Biosciences, San Jose, CA,
USA). The stained cell number were analyzed by flow
cytometry (Accuri C6, BD Biosciences, Franklin Lakes, NJ,
USA) within 1 h.

Quantification of Acidic Vesicular
Organelles With Acridine Orange

HepG2 and Huh7 cells were seeded into 6-well plates and
allowed to attach overnight before treatment with IHZ-1(1, 5,
and 10 uM) and vehicle. Cells were stained with acridine orange
(AO) (1 mg/ml) for 15 min. Media were removed and cells
washed with PBS and analyzed by flow cytometry, green (510-
530 nm, FL1-H channel) and red (>650 nm, FL3-H channel).
The bar for FL3-H in the control sample was set so that the acidic
vesicular organelle (AVO)-positive cells represented
approximately 5% of the population. Compound-treated
samples were measured under the same conditions.

Statistical Analysis

The results were expressed as mean * standard deviation (SD).
Statistical differences were evaluated using the two-tailed
Student’s t-test and analysis of variance (ANOVA) followed by
g-test, considered significant at *p < 0.05, **p < 0.01, or
4 < 0.001.

RESULTS

IHZ-1 Activation of JNK via ROS
Generation To Induce Cell Apoptosis
For research if whether IHZ-1 induces the upregulation of ROS,
we used 2,7-dichlorodihydro-fluorescein diacetate (DCFH-DA)
staining followed by flow cytometry; H,O, was included as a
positive control. As shown in Figure 1B, IHZ-1 induced ROS
generation in a dose-dependent manner, as reflected by the
increase of fluorescence intensity. To further verify that IHZ-1
induces the generation of ROS, we used N-acetylcysteine
(NAC) to clear ROS and detect changes in ROS levels. The
data showed that the high ROS levels dropped after NAC
treatment (Figure 1C).

It is reported that JNK can be regulated by ROS (13). The
production of ROS easily activates JNK, which usually plays a
very important role for cell survival (14, 15). So we treated cells
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with NAC and JNK inhibitor (SP600125) and tested the
expression of JNK in HCC cells. Our result showed that IHZ-1
increased the expression level of p-JNK and the upregulation of
p-JNK was inhibited by NAC and SP600125 (Figure 2A). To
demonstrate the effect of ROS-induced JNK activation on cell
survival, we used flow cytometry to detect apoptosis by Annexin-
V/PI double staining. When ROS and JNK were inhibited, the
number of apoptotic cells was reduced (Figure 2B). Collectively,
we demonstrated that IHZ-1 caused JNK upregulation in ROS-
dependent HCC cells, which is required for IHZ-1-
induced apoptosis.

IHZ-1 Triggers Autophagy
Recent studies have shown that ROS-mediated autophagy has
two opposing functions in a variety of HCC treatments:

promoting cell survival or inducing cell death (16). Therefore,
we first used AO staining to evaluate the number of acidic
organelles in HepG2 and Huh?7 cells. As shown in Figure 3A,
the number of acidic organelles increased especially in HepG2
cells. In addition, the real-time PCR showed that the mRNA
expression levels of Beclinl, Atg5, and ULK1 increased after IHZ-
1 treatment (Figure 3B). To further determine the activation of
autophagy, the GFP-LC3II lentivirus was transfected in HepG2
cells to detect the fluorescent puncta formation of
autophafosomes. After treatment with THZ-1 for 24 h, green
puncta formation presented a significant increase in a dose-
dependent manner (Figure 3C). Next, Western blotting assay
was used to test the LC3-II and p62 which are the main marker
proteins of autophagy. It showed that IHZ-1 treatment
upregulated the LC3-II in HCC cells. However, the amount of
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FIGURE 2 | IHZ-1 caused apoptosis through activating ROS/JNK cascade in HCC cells. (A) Cells were incubated with IHZ-1 and pretreated with NAC or
SP600125. Immunoblots of p-JNK and JNK protein expression was quantified. (B) The apoptosis cells were evaluated by flow cytometry using Annexin-V/PI
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p62 that was delivered to the lysosomes for degradation did not
decrease after IHZ-1 treatment (Figure 3D). This result seems to
suggest that IHZ-1 impairs the autophagic degradation process.
In order to obtain a better evaluation of autophagic flux, we
carried out Western blotting to detect the p62 expression using
the cells treated with autophagy inhibitor chloroquine (CQ, 25
UM) as control (17). We also used the starvation medium as a
positive control to induce the autophagic flux. As shown in
Figure 3E, IHZ-1 decreased the level of p62 in the presence of

CQ. These results suggested that IHZ-1 caused autophagy
through activating ROS/JNK in HCC cells.

Suppression of the Autophagy Flux
Enhanced by IHZ-1 Promotes Apoptosis
Autophagy has opposite roles for therapeutic purposes in tumor,
including the effect of promoting or preventing apoptotic cell
death. We further used CQ to inhibit IHZ-1-induced autophagy
in HCC cells. Flow cytometric analysis results showed that the
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administration with CQ significantly enhance the apoptosis
effect induced by IHZ-1 (Figure 4A). In addition, Western
blotting results revealed that treatment with CQ also
strengthened apoptosis-associated protein expression induced
by IHZ-1, such as cleaved PARP and cleaved caspase3
(Figure 4B). The above results indicated that IHZ-1 triggered
autophagy of HCC in a dose-dependent manner. The autophagy
triggered by IHZ-1 may be antiapoptosis.

DISCUSSION

Our previous study has reported that IHZ-1 (Z]JQ-24) effectively
suppressed HCC proliferation via G,/M phase arrest and
caspase-dependent apoptosis. IHZ-1 induced cell apoptosis by
inhibiting the mTORCI activity without activation of AKT via
phosphorylation of JNK (3). However, the mechanisms of JNK
activation remain unclear. Here, we have detected that JNK
activation by IHZ-1 is ROS dependent which results in cell
apoptosis. Further experiments indicated that the ROS
generation by IHZ-1 also induces autophagy. In addition, CQ
could strengthen the power of IHZ-1-induced apoptosis, which
suggested that the autophagy induced by IHZ-1 may support cell
survival (Figure 5).

Accumulated evidence has indicated that JNK activation
could transduce oxidative stress and induce cell apoptosis (18,
19). This guided us to believe that the JNK activation by IHZ-1
was ROS dependent. A high level of ROS after IHZ-1 treatment
in HCC cells was found during the research of apoptosis. In
addition, we found that accumulation of ROS could trigger the
activation of JNK, whereas pretreatment with NAC could
attenuate the phosphorylation of JNK. Our data specified that
IHZ-1 may active the JNK by induction of the high level of
ROS. In this study, we also found that the apoptosis induced by
IHZ-1 was attenuated by pretreatment with NAC and
SP600125, a JNK inhibitor. Taken together, these results
showed that IHZ-1 induces apoptosis by triggering the ROS/
JNK-dependent pathway.

Besides apoptosis, ROS/JNK pathway activation could also
induce autophagy, which also has a vital role in regulating cell
death. During the process of autophagy, the cytoplasmatic
vesicles and intracellular organelles were transported into
autophagodomes, then decomposed and digested in the
lysosome (20). Accumulated studies indicates that autophagy
critically regulates cellular homeostasis and has two-edged sword
effects, providing protection or causing cell damage (21). In our
study, we first identified that IHZ-1 could induce autophagy with
the results that the number of acidic organelles was increased and
the expression levels of autophagy genes and LC3-II were
enhanced. To further determine the autophagic flux, we tested
the LC3-II and p62 levels by immunoblotting in the presence of
CQ. Our data demonstrated that IHZ-1 attenuated the
expression of p62 after CQ treatment, suggesting the activation
of autophagic flux. Our results also indicated that the autophagy
inhibitor CQ could enhance the power of IHZ-1-induced

apoptosis, which suggested that autophagy triggered by IHZ-1
may support survival during the death of HCC cells.

Some evidence has demonstrated that ROS was a signaling
molecule; it could induce apoptosis and/or activate autophagy,
depending on the cellular components (22). Meanwhile,
apoptosis and autophagy share many signaling pathways, such
as the MAPK pathway including JNK, p38 MAPK, and ERK (23).
However, the molecular mechanisms of ROS/JNK-mediated
apoptosis and autophagy with IHZ-1 treatment are still not
clear. It is worthy to note in our study that IHZ-1 could
increase generation of ROS and activate ROS-dependent JNK
signaling pathway, while the cell fate of IHZ-1 on cell apoptosis
and autophagy was opposite. It suggested that autophagy could
be a self-protective reaction of tumor cells with IHZ-1 treatment.
Hence, we speculated that triggering apoptosis and autophagy by
IHZ-1 was associated with the level of ROS.

In conclusion, our results showed that IHZ-1 could
significantly induce apoptosis and autophagy through
activation of ROS-dependent JNK signaling pathways.
Furthermore, inhibition autophagy enhanced IHZ-1-induced
apoptosis, suggesting that ITHZ-1-induced autophagy played a
protective role in HCC cells. These findings not only indicated
that ITHZ-1 induced apoptosis through ROS/JNK pathways but
also offer an alternate approach of combining IHZ-1 with
autophagy inhibitor together for human HCC treatment as well.
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Improving tumor access for drug delivery is challenging, particularly in poorly perfused
tumors. The availability of functional tumor blood vessels for systemic access is vital to
allow drugs or imaging agents to accumulate in the tumor parenchyma. We subjected
mice engineered to develop hepatocellular carcinoma (HCC), to treatment with tumor
necrosis factor alpha (TNFa) conjugated to a CSG peptide (CSGRRSSKC). CSG binds to
the laminin-nidogen-1 complex of the extracellular matrix (ECM) in HCC. When produced
as a recombinant fusion protein, the TNFo-CSG functions as an ECM depletion agent via
an immune-mediated mechanism to improve tumor perfusion. Tumor perfusion in HCC
was dramatically improved after daily intravenous (i.v.) injection of 5 ug TNFoi-CSG for five
consecutive days. Following treatment, we assessed the tumor accessibility to
accumulate an imaging agent, superparamagnetic iron-oxide nanoparticles (I0-NP).
Here, we compared the passive delivery of an i.v. dose of IO-NP in HCC following ECM
depletion after TNFa-CSG treatment, to the intratumoral accumulation of a comparable
dose of CSG-targeted I0-NP in HCC with intact ECM. Magnetic resonance imaging (MRI)
To-weighted scans and T, relaxation times indicate that when the tumor ECM is intact,
HCC was resistant to the intratumoral uptake of IO-NP, even when the particles were
tagged with CSG peptide. In contrast, pre-treatment with TNFa-CSG resulted in the
highest I0-NP accumulation in tumors. These findings suggest poorly perfused HCC may
be resistant to molecular-targeted imaging agents including CSG-IO-NP. We
demonstrate that specific ECM depletion using TNFa-CSG improves nanoparticle
delivery into poorly perfused tumors such as HCC.

Keywords: extracellular matrix, peptide targeting, hepatocellular carcinoma, nanoparticles, tumor necrosis factor,
immune cells, perfusion, magnetic resonance imaging
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INTRODUCTION

Systemic delivery of therapeutics and imaging agents in tumors
relies primarily on accessibility via tumor blood vessels (1). The
passive delivery of non-targeted agents in tumors is based on the
enhanced permeability and retention (EPR) effect of leaky tumor
vasculature, resulting in higher accumulation in tumors than in
normal tissues (2). However, this passive delivery via the EPR
effect is insufficient to allow macromolecules and nanoparticles
to extravasate and accumulate in the parenchyma of solid tumors
(3). More recently, ligands with specific binding affinity to
unique molecular tumor targets have been developed for the
delivery of therapeutic and imaging payloads including
nanoparticle-based contrast agents (4). We have previously
reported a tumor extracellular matrix (ECM)-targeting peptide,
CSG, that specifically binds to the aberrant network of laminin-
nidogen-1 complex in a number of mouse and human solid
tumors including breast, pancreatic and liver cancers (5). When
CSG is linked to superparamagnetic iron-oxide nanoparticles
(IO-NP), CSG-IO-NP accumulate selectively in the stromal
ECM, for instance in pancreatic neuroendocrine tumors
(PNET) (6).

However, intratumoral binding to specific molecular targets
relies on a functional circulation via tumor blood vessels. This
remains a challenge for clinical and experimental tumors that are
heterogeneously perfused and thus represents a significant
barrier to drug delivery (7-11). In particular, tumors that
develop in the liver, including hepatocellular carcinoma (HCC)
are difficult to target for nanoparticle delivery (8-13). Whilst the
normal liver is very well-perfused through hepatic arterial and
portal venous blood flows, HCC nodules are fed primarily via
arterial blood supply (8, 13-15). Hence, intravenously injected
nanoparticles accumulate preferentially in the normal liver (10,
13). Furthermore, the heterogeneity of blood perfusion in HCC
can impede intratumoral uptake of nanoparticles. Dysplastic
nodules and early-stage HCC are hyper-vascularized and well-
perfused but late-stage and poorly differentiated HCC showed
significant decrease in arterial blood supply. Injection of imaging
materials detectable by contrast-enhanced computed
tomography, ultrasonography and magnetic resonance imaging
(MRI) revealed a perfusion defect in advanced-staged HCC
compared to the non-cancerous regions (8, 10, 11). Therefore,
the use of nanoparticle-based imaging contrast enhancement in
HCC diagnosis is often based on non-specific accumulation in
the hepatic tissues and small peritumoral vessels surrounding the
tumors (16, 17).

We have previously shown that CSG-IO-NP targets the
stromal ECM in a PNET tumor model and is a contrast agent
superior to untargeted IO-NP in detecting tumor stroma by MRI
(6). In addition, we have developed a therapeutic approach to
improve tumor perfusion in PNET and breast cancer models
using an immune modulating cytokine tagged to CSG peptide,
TNFo-CSG. TNFo.-CSG treatment induces immune-mediated
ECM depletion, which alleviates the compression on the tumor
blood vessels and enhances tumor perfusion. TNFa-CSG-treated
tumors are then more accessible for systemic uptake of
nanoparticles (5).

In this study, we assessed the accumulation of CSG-IO-NP
and untargeted IO-NP in poorly perfused HCC with intact ECM,
and the passive uptake of IO-NP following ECM-depletion by
TNFo-CSG treatment. Our findings indicate that IO-NP have
poor access to HCC, even when the particles were targeted with
CSG peptide. However, I0-NP accumulation in HCC is
significantly improved following pre-treatment with TNFa-
CSG. Thus, we demonstrate that TNFa-CSG is a useful ECM-
depletion agent that can significantly improve HCC perfusion
and facilitate the passive delivery of IO-NP.

METHODS

Animal Models

ALB-Tag mice (on a C3H background) express the oncogene
SV40 Large T antigen (Tag) under the control of the mouse
albumin gene promoter (ALB), and develop spontaneous HCC
as previously described (18). RIP1-Tag5 mice express Tag under
the control of the rat insulin gene promoter (RIP) in pancreatic f3
cells, and develop spontaneous PNET as previously described
(19). ALB-Tag or RIP1-Tag5 mice with advanced tumor nodules
were used at =10-12 or =29-30 weeks of age, respectively. All
mice were kept under pathogen-free and temperature-controlled
conditions in individually ventilated cages, exposed to a 12-hour
day-to-night cycle. A minimum of n = 3 mice per group were
used in each study. All animal experiments were performed in
accordance with the Australian code for the care and use of
animals for scientific purposes at the University of Western
Australia (UWA) Animal Facility with approval from the
UWA Animal Ethics Committee.

In Vivo Lectin Perfusion

Mice were intravenously (i.v., tail vein) injected with 1 pug/uL of
tomato lectin (Lycopersicon esculentum conjugated to either FITC
or DyLight® 594; Vector). After 10 min of circulation, the mice
were heart-perfused with 2% neutral-buffered formalin (w/v) and
tumors with surroundin(g normal tissue were frozen in the O.C.T.
compound (Tissue-Tek")

CSG Peptide and TNFa-CSG Synthesis
Synthetic carboxyfluorescein (FAM)-labelled CSG (molecular
weight=1,612.17) was kindly provided by Dr. Vankata Ramana
Kotamraju (Sanford Burnham Prebys Medical Discovery
Institute, La Jolla, CA, USA). Recombinant murine TNFo-CSG
(18.9 kDa) was produced as described previously (5, 20).

In Vivo Peptide and TNFa-CSG Binding

Tumor-bearing mice were injected i.v. with 100 pL of either 1 mM
FAM-CSG, FITC-TNFa-CSG or FITC-TNFa in phosphate
buffered saline (PBS). After 1 h, animals were euthanised and
subjected to transcardial perfusion with sterile PBS to remove
unbound peptides or proteins. Tissues, including tumor, heart,
liver, spleen, kidney, vertebrae, lung and pancreas were excised and
imaged under a UV illuminator (Illumatool, Lightools Research,
CA, USA) for assessment of green fluorescence intensity.
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Tissues were embedded in O.C.T. (Tissue—Tek®) and stored at -80°
C for histology analysis.

TNFo-CSG Treatment

Tumor-bearing mice were i.v. injected once per day with PBS,
CSG (0.8 ug), or TNFo-CSG (5 pg) for 4 to 5 consecutive doses.
Tumors were analyzed for immune cell infiltration, lectin
perfusion and IO-NP uptake within 48 h after final treatment,
unless stated otherwise.

Analysis of Intratumoral Nanoparticle
Uptake by Magnetic Resonance Imaging
Superparamagnetic iron oxide nanoparticles (I0O-NP) with and
without CSG conjugation were prepared and analyzed as
previously published (6, 21-23). Untargeted IO-NP (6) were
injected i.v. (100 pL, 5 mg/kg Fe) in tumor-bearing mice within
24 h after final treatment with TNFo.-CSG or CSG peptide. In
parallel, untreated tumor-bearing mice received an i.v. dose of
CSG-IO-NP as described previously (6). After 4 h circulation,
mice were perfused with sterile PBS. Tissues were collected, fixed
in 2% formalin for 2 h and embedded in 2% agarose. Ex vivo MRI
scans were performed at 9.4 T with a Bruker BioSpec 94/30
magnet, Avance III HD console and ParaVision 6.0.1 acquisition
software as described previously (5, 6). T2* and T2 parameter
maps were calculated from the MGE and MSME datasets,
respectively, using the ParaVision 6.0.1 macro fitinlsa, which
fits the signal for each pixel according to a mono-exponential
decay. Image analysis was performed using Image]. Tumor
volume and IO-NP-induced changes in MRI signal level were
measured by using the Image Display and Processing Tool.
Regions of interest (ROI) for each tumor was manually defined
using the track tool, based on the MSME image with TE = 8 ms.
Statistical analyses for tumor volumes were obtained by
combining the ROI statistics on an image slice by slice.

Flow Cytometry Analysis

Tumors and normal liver tissues were excised from PBS-control
and TNFo.-CSG-treated C3H and ALB-Tag mice, minced and
incubated in Dulbecco’s Modified Eagle Medium (DMEM) high-
glucose medium containing 0.1 mg/ml DNase I (Sigma) and 0.5
mg/ml collagenase IV (Sigma) for 1 h at 37°C under gentle
rotation. The cell suspension was passed through a 70-um
membrane filter and subsequently washed with FACS buffer
[1% BSA (w/v, Sigma) in PBS]. For analysis of immune cells,
viable cells were stained with the following antibodies: CD11b-
A488 (M1/70, BD Pharmingen, 1:100), CD68-A647 (FA-11,
Biolegend, 1:100), CD8-FITC (53-6.7, eBioscience, 1:100),
CD4-FITC (GK1.5, eBioscience, 1:100) and CD45-A700 (30-
F11, eBioscience, 1:100). Cells were imaged on a BD SORP
Fortessa and analyzed on BD FACSDiva software version 8.0.1
(BD Biosciences, USA).

Histology Analysis
Tissue distribution of bound lectin, FAM-CSG and FITC-TNFo.-
CSG was detected on 8 um tissue sections based on their

fluorescence intensity. The intensity of FITC-TNFo-CSG and
FITC-TNFa in tissues were amplified with anti-fluorescein
antibody (polyclonal, LifeTechnologies). For co-staining
analysis, the following antibodies were used: anti-SV40 Large T
antigen antibody (polyclonal, Santa Cruz, 1:100) anti-CD31 (390;
ebioscience, 1:100), anti-laminin (polyclonal; Millipore, 1:200)
and anti-nidogen-1 (polyclonal; Millipore, 1:100), CD11b (M1/
70, BD Pharmingen), CD68 (FA-11, Abcam), CD8 (53-6.7,
eBioscience, 1:100) and CD4 (GK1.5, eBioscience, 1:100). For
secondary detection, fluorescence-labelled 488-, 594- or 647-
conjugated anti-rat, rabbit or goat IgG (LifeTechnologies) were
used. Images were captured on a Nikon Ti-E microscope (Nikon
Instrument Inc., NY, USA) or 3DHISTECH Slide Scanner
(3DHISTECH, Budapest, Hungary). Image analysis and
quantification were performed using NIS software modules
(version 4.0).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7
(GraphPad Prism Software, San Diego, CA, USA). Data were
analyzed by the Student’s t-test (two-tailed) or one-way analysis
of variance (ANOVA) as indicated. A p value < 0.05 was
considered statistically significant. Error bars indicate standard
error of the mean (SEM). Experiments were carried out in an
unblinded fashion.

RESULTS

Accessibility of ALB-Tag HCC to Lectin,
CSG Peptide and TNFa-CSG
Intratumoral perfusion requires functional blood vessels. We
first evaluated blood vessel functionality in ALB-Tag HCC in
comparison with PNET in RIP1-Tag5 mice using i.v.-injected
lectin binding to blood vessels as a surrogate marker for tumor
perfusion. Figure 1A compares the ALB-Tag and RIP1-Tag5
tumors that were positive for SV40 T antigen. Whilst all vessels
in the surrounding normal liver were positive for lectin, ALB-Tag
HCC showed only weak traces of lectin-painted blood vessels. In
contrast, RIP1-Tag5 tumors visibly displayed lectin-painted
blood vessels. This finding suggests that the ALB-Tag HCC is
more difficult to access systemically than RIP1-Tag5 tumors.
However, as shown in Figure 1B, i.v.-injected fluorescein-
conjugated CSG peptide (FAM-CSG), homed specifically into
HCC but not other normal tissues including liver. In HCC,
FAM-CSG colocalized with its target receptor, the laminin and
nidogen-1 complex, which is expressed in tumor ECM
(Figure 1C). As indicated by nidogen-1 staining in Figure 1D,
HCC expressed CSG receptor at levels 25-fold higher than the
normal liver. In addition, the i.v.-injected FITC-labeled TNFa-
CSG also accumulated strongly in HCC compared to the liver
tissue (Figure 1E). The unconjugated TNFa showed limited
tumor uptake (Figure 1E). These data demonstrate that CSG-
tagged molecules accumulate in HCC tumor parenchyma, and
when conjugated to TNFa, have the potential to influence the
ECM perfusion barrier.
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Immune-Mediated Effects of TNFo-CSG in
Improving HCC Perfusion

We have previously demonstrated that directing TNFo.-CSG to
tumor ECM triggers immune cell infiltration which in turn
delivers a cocktail of ECM-degrading proteases leading to
specific tumor ECM breakdown (5). To assess the intratumoral
effect of TNFo-CSG in HCC, ALB-Tag mice and age-matched
wild-type C3H mice were treated with an i.v. dose of 5 ug TNFa.-
CSG per day for five consecutive days. Tumors from ALB-Tag
mice and normal liver from C3H mice were analyzed two days
after the final treatment for immune infiltrates, ECM content and
lectin binding (Figure 2). ALB-Tag HCC tumors treated with
TNFa-CSG showed significantly higher infiltration of
macrophages (CD68"/CD11b"), CD8" and CD4" T cells
compared to PBS-treated tumors (gating strategy and FACS
plots are shown in Supplementary Figure S1). The TNFo-
CSG-induced immune cell infiltration was specific to tumors as
the immune cell status in normal liver tissue remained unaffected
by the TNFo.-CSG treatment (Figures 2A, B). Intratumorally,
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F-CSG/Laminin/DAPI F-CSG/Nidogen-1/DAPI

TNF-CSG

RIP1-Tag5

Normal liver
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ALB-Tag T

P Y
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Normal liver ALB-Tag T Non-T liver

FIGURE 1 | HCC accessibility to lectin and binding specificity to CSG peptide and TNFa-CSG. (A) Lycopersicon Esculentum (Tomato) Lectin DyLight® 594 was
injected i.v. in mice bearing ALB-Tag HCC or RIP1-Tag5 tumors. Representative micrographs on indicated tissues show lectin-painted vessels (red) in tumors (T)
stained with anti-SV40 Large T antigen antibody (green). (B) Mice bearing ALB-Tag HCC were i.v. injected with 0.1 mmol of FAM-CSG, and tissues were collected
after 1 h of circulation. Photographic image of collected tissues under bright light (left) and UV illuminator (right) are shown. Peptide binding is shown in tumors
(green) but not in normal tissues. The kidney is the clearance organ. (C) HCC tumors from ALB-Tag mice and normal liver from C3H mice were co-stained for
laminin and nidogen-1. Representative micrographs show FAM-CSG binding (green) and laminin or nidogen-1 expression (red). Co-localisation is indicated in yellow.
Scale bar 100 pm. (D) Quantitative analysis of nidogen-1 staining per field of each tumor or normal liver, as shown in panel (C) and mean + SEM (***P < 0.0001 by
Student’s t-test). (E) Analysis of FITC-TNFa-CSG and FITC-TNFa binding in vivo detected with anti-FITC antibody (green) and nuclear staining (DAPI) in indicated

the immune infiltrates accumulated mainly in ECM areas
positive for nidogen-1 expression (Figure 2B).

Next, we assessed changes to the tumor ECM content in
response to TNFa-CSG treatment. Data in Figure 2C highlight
that nidogen-1 staining in TNFo-CSG-treated tumors was
significantly lower than in the control PBS-treated tumors.
This ECM-depletion effect is consistent with our previous data
in other tumor models (5). To determine the effect of ECM
reduction on tumor perfusion, lectin binding to tumor blood
vessels was compared in TNFo-CSG- treated versus control
tumors. Figure 2D shows representative tumors with lectin-
painted blood vessels co-stained for the blood vessel marker
CD31. The indicated micrographs show a lack of lectin-staining
in HCC with intact ECM, even though the tumors were positive
for vessel staining (CD31). TNFa-CSG-treated tumors show
visible lectin-painted blood vessels (lectin/CD31"). The
quantitative analysis showed a 6-fold increase in lectin-painted
tumor blood vessels in TNFo.-CSG-treated HCC (Figure 2D).
These data demonstrate that TNFo.-CSG improves blood vessel
function in HCC.
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Accessibility of IO-NP in Intact and ECM-
Depleted HCC

Next, we assessed the intratumoral uptake of CSG-IO-NP in
HCC by performing ex vivo MRI scans of the ALB-Tag HCC
tumors following 4 h in vivo circulation of CSG-IO-NP. In
parallel, we include the MRI scans of ALB-Tag HCC injected
with untargeted I0-NPs, following TNFo-CSG or CSG-peptide
control treatment at doses and dosing frequencies as described in
Figure 2. Figure 3A illustrates T2* and T2 relaxation images of
scanned HCC based on their small (diameter < 5 mm) and large
(diameter > 5 mm) sizes. Based on changes in the T2 relaxation
time which indicate the relative amount of IO-NP in tumors, our
data (Figure 3B) demonstrate that CSG-IO-NP did not
effectively accumulate in HCC, unlike previously reported in

the RIP1-Tag5 tumors (6). There was no significant difference
between CSG-IO-NP and the untargeted IO-NP in HCC with
intact ECM. However, our data showed that TNFo-CSG
pretreatment induced significantly higher IO-NP accumulation
in HCC, when compared to control tumors treated with either
CSG-targeted or untargeted IO-NP.

We further confirmed the distribution of IO-NP in HCC by
immunofluorescence analysis. Figure 4 shows micrographs of
HCC with and without ECM depletion, immunologically stained
for traces of FAM-labelled CSG-IO-NP and FAM-IO-NP and
distribution of infiltrating macrophages (CD68%). The
micrographs depict higher traces of IO-NP in TNa-CSG-
treated HCC compared to CSG-IO-NP in the HCC with intact
ECM (Figure 4A). The IO-NP distribution in response to TNFo.-
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FIGURE 2 | Intratumoral effects of TNFa-CSG on immune cell infiltration, ECM content and lectin perfusion. (A) Quantification of immune cells in HCC and normal
liver in ALB-Tag and C3H mice treated with daily i.v. injection of PBS or 5 pg TNFa-CSG for five consecutive days. Bar charts show mean + SEM of cell counts for
macrophages (CD11b*/CD68%) and T cells (CD45" CD8* or CD45* CD4™) in each treatment group, **P<0.01, **P < 0.001, ***P< 0.0001 and n.s. (not significant)
when P > 0.05 (by one-way ANOVA test). (B) Co-staining of HCC and normal liver sections treated with five daily doses of indicated compounds, as in panel (A).
Micrographs depict CD11b* cells and CD8" and CD4* T-cell (green) infiltration particularly around nidogen-1(red)-positive structures. Scale bar: 100 um. (C) Top:
Representative tumors from indicated treatment groups indicating changes to nidogen-1 content (red). Bottom: Quantitative analysis of nidogen-1 staining/field/tumor
in PBS and TNFo-CSG treatment group and mean + SEM (**P < 0.001 by Student's t-test). (D) Co-staining of lectin-perfused HCC [following treatment as in panel
(B, C)] with CD31 (red, blood vessels). Micrographs show co-localisation (yellow) of lectin and CD31 staining in tumors. Scale bar: 100 pm. Right: Data show the
fraction of lectin-positive staining in individual tumors and mean + SEM (*P < 0.01 by Student’s t-test).
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FIGURE 3 | Accumulation of CSG-IO-NP and I0-NP in HCC with intact and/or reduced ECM detected by MRI. (A) Representative images of T2*-weighted (top) and
T2 relaxation maps (magenta, bottom) from ex vivo MRI scans of liver with HCC (tumor sizes, <5 mm and >5 mm in diameter, indicated by arrow). Scale bars: 4
mm. Left: HCC with intact ECM after 4 h in vivo circulation of CSG-IO-NP. Middle: HCC treated with 5 x 0.8 ug CSG peptide and then i.v.-injected with untargeted
IO-NP. Right: HCC treated with 5 x 5 pg TNFa-CSG and then i.v.-injected with untargeted 10-NP. (B) Reduction in T2 relaxation time indicates the relative increase
of I0-NP in individual tumors and mean + SEM per group (*P < 0.01 and n.s. when P > 0.05 by one-way ANOVA test).

CSG treatment exceeds the number of CD68" macrophages
(Figure 4B), suggesting that intratumoral accumulation of IO-
NP was independent of phagocytic uptake of the nanoparticles
by the infiltrating macrophages. Our findings suggests that pre-
treatment with perfusion-promoting agents, such as TNFo.-CSG,
may improve the delivery of nanoparticles especially for poorly
perfused tumors, such as ALB-Tag HCC.

DISCUSSION

Our study demonstrates that whilst EPR may be sufficient for
some small drug molecules to penetrate solid tumors, poorly
perfused tumors may remain inaccessible for larger molecules,
including nanoparticles such as IO-NP. Even when IO-NP were
tagged with CSG peptide, which is known to improve
intratumoral uptake through CSG-specific binding to the
aberrantly expressed tumor ECM (6), poorly perfused ALB-
Tag HCC remained resistant to IO-NP uptake. IO-NP particles
mainly accumulated in the normal liver. However, a short
treatment with TNFo-CSG to increase tumor perfusion
resulted in significant improvement in the accumulation of IO-
NP in the otherwise impenetrable HCC. Therefore, in addition to

the normal clearance activity of the liver, these findings highlight
that inadequate perfusion of the tumor represents a major barrier
that may significantly affect drug delivery and treatment efficacy
in HCC.

Systemically injected agents, including nanoparticles,
circulate in the blood until they are cleared from the
circulation and eliminated from the body either by renal
clearance, or by the liver via hepatobiliary elimination (15).
The liver clearance pathway makes it particularly challenging
to develop strategies for the delivery of agents for liver-associated
diseases such as HCC. Hence, the drug delivery approach for
HCC needs to take into consideration both passive and active
mechanisms to improve intratumoral delivery and to minimize
non-specific uptake and rapid elimination by the liver (14). Here,
we found that HCC tissues are accessible to small molecules
including CSG (<1.5 kDa) and TNFo.-CSG (18.9 kDa) but less
accessible to lectin conjugates (>70 kDa) and larger molecules
such as IO-NP.

Our data indicate that CSG, as a free peptide, effectively
escapes the rapid and non-specific liver uptake. CSG is an
excellent HCC-targeting agent as it binds specifically to
aberrant tumor ECM and not to the normal ECM. However,
the use of CSG as HCC-targeting agent for intratumoral delivery
is greatly influenced by the type and size of payloads. HCC
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magnification. (B) Corresponding tissues in (A) were co-stained for CD68" cells (infiltrating macrophages, red). Arrow: An area within tumor positive for IO-NP that

tissues are inaccessible to the CSG targeted IO-NP, an agent that
we have previously shown to be highly effective for intratumoral
delivery in tumors with high ECM content such as PNET (6).
Similar to the untargeted IO-NP, the CSG-IO-NP mostly
accumulated in the non-malignant liver. This finding suggests
that the rate of hepatic nanoparticle uptake is quicker and more
efficient than CSG-IO-NP access and accumulation in tumors.
Our data are consistent with previous reports that found non-
specific IO-NP accumulation to be a major challenge for
nanomedicines, irrespective of the physical and chemical
properties of nanoparticles such as careful control over their
surface coating to improve blood half-life, and incorporation of
active targeting moieties with specific ligands for enhanced
tumor binding (12).

Furthermore, like other treatment-resistant cancers, HCC is
comprised of dense stroma with excessive production of ECM
(24, 25). Since HCC develops in the setting of cirrhosis in the vast
majority of cases, the excessive fibrotic changes with significant
matrix deposition and disruption of the hepatic architecture
make it extremely challenging for therapeutic agents to penetrate
and reach the target cancer cells (26, 27). Our ALB-Tag tumors
display some of these microenvironmental features, including
the high ECM content and poor perfusion, despite the high level
of vascularization of ALB-Tag HCC. TNFo.-CSG treatment of
mice bearing ALB-Tag HCC increased intratumoral immune cell
infiltrates, reduced ECM content and improved tumor perfusion.

The observed intratumoral effects in response to TNFo-CSG are
consistent with our previous findings in other solid tumor
models (5). The ECM-depletion in these tumors was triggered
by the protease secretion through increased immune cell
infiltration (5). Similar protease-mediated ECM breakdown is
likely to occur in HCC, as the TNFo.-CSG-treated ALB-Tag
tumors showed reduced ECM content. Our ECM-depletion
approach to improve tumor perfusion using TNFo.-CSG is also
consistent with other ECM-reducing strategies to enhance
perfusion and increase access to solid tumors (28-31).

An important application of TNFo.-CSG treatment may be to
sensitize HCC for improved systemic access of nanoparticles
such as IO-NP and potentially other HCC-specific therapeutics.
CSG binding is conserved in human HCC (5), and thus in
addition to its use to enhance diagnostic imaging, TNFo-CSG
has the therapeutic potential to improve patient outcome.
Currently, most patients are diagnosed with HCC at an
advanced stage, when systemic therapy is the only treatment
option. The commonly used systemic therapies are the tyrosine
kinase inhibitors, sorafenib and lenvatinib, both of which have
significant associated toxicity and provide only a marginal
survival benefit (32, 33). We have shown that CSG targeting of
TNFo dramatically rescued the systemic toxicity associated with
untargeted TNFo (5), and therefore ECM-depletion by TNFa-
CSG is viable and safe in a preclinical setting. Our data suggest
that TNFa-CSG may provide a much-needed novel approach to
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improve treatment efficacy by increasing systemic access to
these drugs.
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Nano-Drug Delivery Systems
Entrapping Natural Bioactive
Compounds for Cancer: Recent
Progress and Future Challenges

Vivek P. Chavda™*™¥, Aayushi B. Patel®'*, Kavya J. Mistry®", Suresh F. Suthar®?,
Zhuo-Xun Wu?®, Zhe-Sheng Chen®*" and Kaijian Hou*°*"

T Department of Pharmaceutics and Pharmaceutical Technology, L.M. College of Pharmacy, Ahmedabad, India,

2 Pharmacy Section, L.M. College of Pharmacy, Ahmedabad, India, 3 Department of Pharmaceutical Science, College of
Pharmacy and Health Sciences, St. John’s University, New York, NY, United States, 4 Department of Preventive Medicine,
Shantou University Medical College, Shantou, China, ® Department of Endocrine and Metabolic Diseases, Longhu Hospital,
The First Afliated Hospital of Shantou University Medical College, Shantou, China

Cancer is a prominent cause of mortality globally, and it becomes fatal and incurable if it is
delayed in diagnosis. Chemotherapy is a type of treatment that is used to eliminate, diminish,
or restrict tumor progression. Chemotherapeutic medicines are available in various
formulations. Some tumors require just one type of chemotherapy medication, while others
may require a combination of surgery and/or radiotherapy. Treatments might last from a few
minutes to many hours to several days. Each medication has potential adverse effects
associated with it. Researchers have recently become interested in the use of natural bioactive
compounds in anticancer therapy. Some phytochemicals have effects on cellular processes
and signaling pathways with potential antitumor properties. Beneficial anticancer effects of
phytochemicals were observed in both in vivo and in vitro investigations. Encapsulating natural
bioactive compounds in different drug delivery methods may improve their anticancer efficacy.
Greater in vivo stability and bioavailability, as well as a reduction in undesirable effects and an
enhancement in target-specific activity, will increase the effectiveness of bioactive
compounds. This review work focuses on a novel drug delivery system that entraps natural
bioactive substances. It also provides an idea of the biocavailability of phytochemicals,
challenges and limitations of standard cancer therapy. It also encompasses recent patents
on nanoparticle formulations containing a natural anti-cancer molecule.

Keywords: cancer, chemotherapy, drug delivery system, natural bioactive compound, phytochemical, nanomedicine

HIGHLIGHTS

* Traditional medicines hold a significant role in many healthcare systems around the world.

* According to a World Health Organization (WHO) assessment, conventional medicine meets
and/or supplements the fundamental health needs of around 80% of the community in
underdeveloped nations.
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Drug Delivery Systems Entrapping Natural Bioactive Compounds for Cancer

* Plant-derived anticancer medicines are highly sought after
because they are effective inhibitors of cancer cells.

* Although the development of nano drugs is fraught with
uncertainty, and the development of potent bioactive
chemicals from natural origin is not a popular alternative
today, improving the effectiveness of known natural bioactive
substances using nanotechnology has become a typical aspect.

» Different drug delivery systems entrapping natural bioactive
compounds for cancer treatment are summarized.

» Application of Nano drug-delivery systems for natural
anticancer agents can improve bioavailability, biodistribution,
therapeutic activity, drug targetting, and stability.

INTRODUCTION

Cancer is an abnormal and autonomous cell proliferation caused by
a lack of replication control (1, 2). Delayed assessment and non-
responsive treatments are the leading reasons for elevated death
rates in cancer patients. Knowledge of the principles underlying
tumor biology has resulted in substantial advances in cancer
control, diagnosis, and therapy in recent years. Surgery,
immunotherapy, radiation therapy, chemotherapy, and targeted
hormone medications are all traditional ways of cancer
management (3). These strategies are often restricted due to their
inadequate specificity, since they might also influence healthy cells
and the host immune system, resulting in undesirable adverse
effects. Furthermore, except for surgery, all medicines employed
in cancer management can generate drug resistance in tumor cells.
Therefore, anticancer medication research continues for new and
better ways to treat tumors. Medication tolerance remains a major
issue in cancer care (3). When there is a poor or no reaction to
anticancer medication at the start or throughout therapy, resistance
might be innate or inherited. Multidrug resistance (MDR) occurs
when a patient develops resistance to one treatment and becomes
tolerant to additional unrelated drugs (4). Tumors are made of two
fundamental components, replicating neoplastic cells and
supporting stroma of connective tissues with blood vessels. Mixed
tumors, tumors of parenchyma cells, mesenchymal tumors, and
tumors of more than one germ cell layer are all different forms of
cancer (5, 6). Exogenous carcinogens might be physical, chemical,
or biological (7). Biological carcinogens comprise viruses, bacteria,
and parasites. Endogenous chemicals of anabolic and catabolic
processes, and cells carrying a dormant virus, are the foundation of
carcinogenesis (8). Prevention of carcinogen production, reduction
of their activation, and enhancement of their elimination can aid in
the prevention of cancers (9). Cancer risk factors in humans involve
alcohol use, cigarette use, nutritional inadequacy, insufficient
physical activity, pollution, and noncommunicable diseases.
Chronic diseases including H. pylori, hepatitis B, hepatitis C,
human papillomavirus, and Epstein-Barr virus are also considered
risk factors for cancer (10). Diagnosis of cancer is carried out by
tissue sample analysis, blood test, Computed Tomography (CT)
scan, endoscopy, and many more such methods. Radiotherapy,
chemotherapy, and surgery are the most common cancer
treatments; however, novel technologies are also underway (11).
Most radiation therapy is used for the treatment of glioblastoma,

breast cancer, cervical cancer, laryngeal cancer, and others.
Radiation includes high-energy ionizing radiation like X-ray and
gamma rays which target the tumor cells and damage DNA directly
or through the generation of free radicals (12).

Chemotherapy is a term that refers to a medication that involves
the use of synthetic chemicals. Anticancer drugs can be used alone
or in combination to damage cancer cells or prevent the growth of a
tumor. The main issue with chemotherapy is the side effects
associated with anticancer drugs. Side effects result from a lack of
specificity towards tumor-causing cells. Anticancer drugs can also
affect our normal cells, which may lead to side effects (13, 14). Vinca
alkaloids, taxanes, epipodophyllotoxins, camptothecins, genistein,
and quercetin or rutin are some plant products associated with
cancer treatment. Such herbal medications have a lower index of
side effects than allopathic medications that are effective in cancer
treatment. Some hormonal treatments are also available for the
treatment of tumors. Hormones such as glucocorticoids, estrogen,
progesterone, and gonadotropin-releasing hormone (GRH)
analogs are effective against some cancers. Radioactive isotopes
also have a place in chemotherapy, for example, radioactive iodine
1317 is used to treat thyroid cancer (15). Recent developments of
plant-based medicines and research associated with them describe
that herbal medications for cancer treatment may replace
chemotherapy and can be more effective against tumors (16).

THE ROLE OF AYURVEDA IN
CANCER THERAPY

Ayurveda is one of the ancient medicinal plant systems (6000
years old) utilized in the current time for curing or suppressing
numerous cancers using natural drugs and their extracts (17, 18).
The objective of Ayurveda therapy in cancer treatment is to
supplement the mind’s self-healing powers. It aids in the
diagnosis of cancers and provides information on herbs and
alternative treatments (19). Cancer-like diseases not only affect
physical health but also affect mental health. Discordances
between the mind and the body cause a variety of symptoms
such as lethargy, anxiety, restlessness, and depression (20). When
cancer strikes, it causes disorders in the body and affects the
Tamas (it is the energy that holds all things together over time)
and the Kapha. Ayurveda offers a significant psychotherapy
technique that has been utilized and is currently being
implemented in various nations. Plants are an important
resource for medication. Plants like vinca, shattering, guduchi,
triphala, and tulsi have been utilized as anticancer agents (21).
Ayurveda’s goal in treating cancer is to provide preventive,
curative, therapeutic, and prophylactic care. Cachexia is a
tumor-induced metabolic alteration that triggers an immune
response, for which several ayurvedic herbs are used. Ayurvedic
medications may not only promote full recovery but also
minimize adverse effects in cancer therapy (20). The first goal
of Ayurvedic cancer therapy is to regulate and manage Tridosha
[Vata (wind), Pitta (bile), and Kapha (phlegm), corresponding to
the three elements of the universe: air, fire, and water] and
Triguna (Sattva, Rajas, and Tamas - integral components of the
mind). As per Charaka and Sushruta Sambhitas, cancer can be
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classified as Arbuda (major neoplasm), and Granthi cancers
(minor neoplasm) which fall under group 1 cancer as per
Ayurveda that includes Raktarbuda (leukemia), Mamsarbuda
(melanoma), and Mukharbuda (oral tumor) (22, 23). Group 2
cancer comprises tumors that are Tridosaj Gulmas (tumor of
stomach and liver). Group 3 diseases include Asadhya Kamala
(jaundice) and Nadi Varna (sinusitis) (22, 24).

Triguna has an important role in health research fields which
contains guna (energy), sattva (quality of reality and purity),
rajas (enthusiasm), and tamas (quality of dullness) (25). Triguna
is available to everyone and variations in that indicate the health
status and nature of a person (26). Ayurvedic treatment of cancer
(Figure 1) involves i) cleaning and removal of doshas (Sodhna
Chikitsa using Panchkarma), ii) serenity of doshas (Somana
Chikitsa), iii) rectification of defects (Dhatwangi Chikitsa), iv)
immunotherapy (Rasayana Proyaga), v) antineoplastic drugs
(Vyadhipratyanika Chikitsa), vi) symptomatic therapy
(Lakshanika Chikitsa), vii) surgery (Sastra Chikitsa), viii)
maintenance of patient health (Prakritisthapani Chikitsa), ix)
restoring the body from disease condition (Rognashini Chikitsa),
and x) spiritual treatment (Naishthiki Chikitsa) (26, 27). The
general ayurvedic treatment includes maintenance of healthy
lifestyle, maintenance of fit digestive power, removal of toxins
from the body by Panchkarma (method of cleansing the body of
all the unwanted waste after lubricating it), revivification by use
of Rasayana. Ayurvedic treatment can also be used along with
chemotherapy or radiotherapy (28).

HERBAL PLANTS EXHIBITING
ANTICANCER ACTIVITIES

Human bodies are made of millions of cells, each of which is a
self-contained living organism in and of itself. Ordinary body
cells proliferate and replicate for a short amount of time before
ceasing to do so. Afterward, they only proliferate when they need
to rebuild damaged or dead cells. When this cellular replication
mechanism becomes uncontrollable, a tumor develops. Cancer
cells’ aberrant expansion and division are triggered by DNA
destruction in these cells (20).

Traditional medicines hold a significant role in many
healthcare systems around the world. Plants’ medical and
economic advantages are being more widely recognized and
developed in both developing and developed countries. A plant
or plant component utilized for its aroma, flavor, and/or medicinal
characteristics is known as the herb. Herbal medications and
phytomedicines are all terms for products manufactured from
herbs that are used to preserve or promote wellbeing (29, 30).
Plant-based medications make up around a quarter of the current
Indian pharmacopeia, according to estimates. Conventional
medicinal herbs are organically existing plant-derived drugs that
have been utilized to alleviate disease in local or regional healing
traditions with little or no chemical modification (31). Preventive
care, disease control, serious adverse effects associated with
synthetic medicines, and inadequate therapeutic choices for
critical diseases are some of the factors for using herbal

Rasayana Chikitsa

Shamana Chikitsa (treatment

(immunotherapy, rejuvenation
or Kayakalpa)

Daivavyapashraya Chikitsa
(divine therapy), Yoga

using Ayurvedic
medicines orally)

Shamana Chikitsa (treatment
using Ayurvedic
medicines orally)

Dhatwagni
Chikitsa, Vyadhipratyanik Chikitsa
and Lakshanik
Chikitsa

FIGURE 1 | Different cancer management procedures in Ayurveda.
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pharmaceuticals (22, 30). Tibetan traditional medicine is still
somewhat localized in their nation of origin, while others, like
Ayurvedic and Chinese traditional medicines, are becoming more
widely utilized across the world. Plants filled with chemicals that
may have chemoprotective properties are undergoing clinical
studies (32). Table 1 summarized and describes several plant
species based on their common mechanism of action and
anticancer therapeutic activities.

BIOAVAILABILITY OF PHYTOCHEMICALS

Food-derived chemicals reach the circulatory system and are
transported to certain tissues where they exert physiological
properties. Nutritional phytochemicals are metabolized and
carried by the gastrointestinal epithelium before entering the
circulatory system (111). The complexity of the biological
system include:

* Food material variety and human subject (digestion difference
in infants, adults, and the elderly, even there is difference
between female and male digestion)

e Complex interactions occur between food/chemicals
throughout storage, processing, digestion, and absorption
that potentially alter health benefits.

» The process pathways such as compound solubility, gut pH,
gut microbiota metabolism, penetration through the
intestinal wall, efficient efflux mechanism, and metabolic
activities in the first pass may alter the bioavailability of
phytochemicals (112, 113).

As per Meyskens and Szabo, the majority of studies recognize
one nutrient as the potential cause while ignoring the impact of
other phytonutrients or biological factors. As a consequence, in
clinical investigations for a certain molecule, the entire diet must
be considered (114). According to Lipinski’s rule of five, a
substance will be more effective if it contains not more than
(NMT) 5 hydrogen-bond donors, NMT 10 hydrogen-bond
acceptors, a molecular mass of NMT 500 daltons, a partition
coefficient (log P-value) of NMT 5, and NMT 10 rotatable bonds
(115). The exceptions include polyphenols like curcumin and
green tea. The lymphatic system, instead of the circulatory
system, provides phenols with better bioavailability. Molecular
forms of phenolics, including glycone or aglycone, can affect
absorption that results in variations in bioavailability.

Through uptake and efflux channels on the epithelial cell
surface, the intestinal epithelium tissue provides a significant
impact on bioavailability. P-glycoprotein, breast cancer
resistance protein, and multidrug resistance protein 2 are the
primary chemopreventive drug transporters (116). The ATP-
binding cassette transporter family has the transport proteins
that help nutrients, medications, and metabolites get back into
the intestinal lumen. Only nanomolar amounts were available in
the blood because of migration (117).

Many medicines that were transferred from in vitro to in vivo
studies were rejected because their findings were insufficient. The
chemicals were discovered to be unstable in the stomach and to

have low bioavailability, which might have contributed to the
clinical failure. Higher dosages were used to overcome the low
absorption, which resulted in toxicity to numerous organs
despite effectiveness (118). Adverse responses were also seen in
some trials, including the SELECT (Selenium and Vitamin E
Cancer Prevention Trial) in prostate cancer, which was
terminated owing to a negligible rise in prostate cancer
incidences. A follow-up analysis of the individuals revealed a
substantial increase in prostate cancer incidence in the high
vitamin E group years later, even though they had stopped using
the supplements (119).

As a result, assessing the bioavailability of drugs purely based
on their physicochemical characteristics becomes challenging.
Molecular metabolism changes the bioavailability of the
compound. Chemicals that prevent the metabolism of other
chemicals can enhance their bioavailability. Piperine (derived
from black pepper) inhibits the glucuronidation (metabolism) of
some chemicals such as tea polyphenol, epigallocatechin-3-
gallate, and curcumin increasing their bioavailability (120).
Piperine has also been expected to enhance the length of the
intestinal microvilli and the fluidity of the intestinal brush border
membrane with an enlarged absorptive surface in the small
intestine (121). Quercetin and myricetin can prevent
resveratrol sulfation and glucuronidation, resulting in increased
resveratrol bioavailability (122, 123).

DRUG DELIVERY SYSTEMS ENTRAPPING
NATURAL BIOACTIVE COMPOUNDS
FOR CANCER

Multiple novel drug delivery systems (NDDS) have been
established during the last two decades, with the primary goal
of improving medication bioavailability, preventing adverse
impacts, and preventing drug degradation (124). A drug
delivery system is based on the idea that pharmaceuticals
should be given directly to the region of activity by the
demand of the body, and another delivery system is routed via
drug delivery into the site of action (125). Additional benefits of
NDDS include greater solubility, improved bioavailability, less
undesirable side effects, boosted therapeutic action, better
stability, and better drug distribution. It also involves the
regulation of pharmacokinetics, pharmacodynamics, and
immunogenicity (126).

The benefit of NDDS is for more patient convenience in drug
administration (126-128). Drugs are released from the drug
delivery systems via two mechanisms, passive and active
targeting. One instance of passive targeting is the preservation
of chemotherapeutic drugs in solid tumors, which results in
enhanced tumor vascular permeability. Active targeting which
includes specific receptors on the surface of the cell and ligand-
receptor interactions, is extremely specific for interaction
(20, 129).

Through this review article, we tried to thoroughly evaluate recent
statistics on the effectiveness of herbal medicines in cancer with nano-
formulations. We have started searching through major databases
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TABLE 1 | Herbal plants with anticancer properties.

Plant name Part of plant

Achillea wilhelmsii k. Leaf essence
(Yarrow) (33)
Aconitum napellus L.

(Aconite) (29, 34)

Dried root

Bark and leaf
extract

Acronychia Baueri
schott (Aspen) (29, 35)

Allium sativum L.
(Garlic) (29, 36-39)

Fresh garlic
extract, aged
garlic, garlic oil,
and several
organo sulfur
compounds

Ammi majus L. White flower
(Bishop’s weed,
bullwort) (1, 40, 41)

Amomum tsaoko Essential oil, leaf,

(Chinese black and seed
cardamom) (42, 43) extracts
Aniba rosaeodora Wood oil

ducke (Pau-rosa) (44)

Artemisia absinthium L Plant extract
(Wormwood,

absinthium) (30, 45)

Artemisia capillaries
thunb (Wormwood)
(46, 47)

Unexpanded
flower heads

Astragalus The root
membranaceus Bunge

(Milkvetch) (29, 48, 49)

Astrodaucus Orientalis  Extract of root

L (1, 50, 51). and above-
ground plant
parts

Beta vulgaris L.(Beet)  Root extract

(52)

Boswellia sacra fluck Resinous dried
(Arabian incense) (53,  sap, and
54) essential ol

Family

Asteraceae

Ranunculaceae

Rutaceae

Liliaceae

Apiaceae

Zingiberaceae

Lauraceae

Asteraceae

Asteraceae

Fabaceae

Umbellate

Amaranthaceae

Burseraceae

Phytochemicals

Methanol, flavonoids,
1,8-cineole and o-piene
Aconitine, hypaconitine,
neopelline, napelli neoline

Triterpene lupeol and
alkaloids-melicopine,
acronycin, and
normelicopidine.

Methyl allyl trisulfide, dially!
trisulfide, allicin, s-allyl
cysteine, s-allyl mercapto-
L-cysteine

Psoralen

18-cineole, geraniol,
geranial, o-terpineol, o-
phellandrene, Neral, B-
pinene, p-propyl
benzaldehyde

Essential oil, linalool

Quercetin, isorhamnetin,
alphapinin, kamfrolinalol,
limonene, myrcene, o-
pinene, B-pinene,
limonene, artemisinin,
artesunate

Essential oil, aantonin,
artemisinin

Polysaccharides,
Flavonoids, and Saponins

a-Pinene, a-thujene, o-
copaene, fenchyl-acetate,
anisole, myrcene, and
sabinene

Betalains, betacyanins,
and feruloylbetanin
o-pinene, a-thujene, B-
pinene, myrcene,
boswellic acid, a-
phellandrene

Therapeutic anticancer action

Breast, colon, and stomach
cancer treatment

Treatment of rheumatism,
inflammation, and melanoma

Antitumor activity in
adenocarcinoma and leukemia

Anticancer activity in breast
cancer cell lines

Anticancer effect on MCF7 and
Hela cell line

Antiproliferative action in liver
ovarian, and cervical cancer.
For adenocarcinoma treatment.

Cytotoxic activity in skin cancer

Anticancer activity in leukemia,
colon cancer, breast cancer,
hepatic cancer, and melanoma

Antioxidant, Anticancer effect in
leukemia, prostate cancer, lung
cancer, liver cancer, and breast
cancer cell lines.

Antitumor, immuno modulating,
antioxidant, and anti-
inflammatory

Anti —proliferation effects on
breast cancer cells (T47D)

Anticancer effect in breast
cancer, and colorectal cancer
Antiproliferative, and anticancer
action in breast and bladder
carcinoma

Mechanism of action

Suppress reproduction of cancer
cells through inducing apoptosis
inhibition of

Phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT)
signaling pathways
Mitogen-activated protein kinase
(MAPK)/extracellular signal-
regulated kinase (ERK)1/2
signaling pathways
Cytotoxic-causes cell death

Cell cycle arrest

Generating reactive oxygen
species (ROS),

Activate stress kinases,
Stimulates the mitochondrial
pathway for apoptosis
Cyclooxygenase 2 (COX-2)
suppression,

Caspase-3 activation

Inhibit cytochrome p450 activity

Suppression of signal transducer
Activator of transcription 3 (p-
STAT3)/nuclear factor kappa-
light-chain-enhancer of activated
B cells (NF-kB)/interleukin 6 (IL-6)
and vascular endothelial growth
factor (VEGF) loop
Depolarization of the
mitochondrial membrane
Caspase-dependent cell death
characterized by phosphatidy!
serine externalization

Inhibiting cell’s growth
Apoptosis

Preventing angiogenesis
Preventing cell migration,
Decreasing responses of core
receptors

Inhibiting cell growth and
induction of apoptosis,
Reduction in expression of
proliferating cell nuclear antigen
(PCNA),

Inhibiting the PIBK/AKT pathway
Direct antiproliferation or pro-
apoptosis effect on tumor cells

Inhibits cell cycle and also
induction of apoptosis

Cytotoxic action

Inhibiting tumor growth

Induces apoptosis with severe
damage to cells by activating
caspases

(Continued)
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TABLE 1 | Continued

Plant name Part of plant Family Phytochemicals Therapeutic anticancer action Mechanism of action
Camellia sinensis (L.) Prepared leaves  Theaceae (+)-gallocatechin Antimutagenic, and antibacterial ¢ Inhibits 5-alfardoctase enzyme in
kuntze (Green tea) (55, and leaf buds (-),-epicatechin prostate cancer
56) (-),-epigallocatechin
(-),-epicatechin gallate,
epigallocatechin gallate
Camptotheca Bark seeds, and Nyssaceae Camptothecin, quinoline  Antileukemia «  DNA-topoisomerase inhibitors
Acuminate decne dried stem wood alkaloid (camptothecin,
(29, 57) and 10- hydroxy
camptothecin)
Casearia sylvestris Sw. Shrub(wild)-leaf  Salicaceae a-pinene, o-humulene, B-  Cytotoxic, and antitumor action < Cell proliferation inhibition
(Wild sage) (58) extract, essential caryophyllene,
oil, bark, seed bicyclogermacrene,
oil, and spathulenol
macerated roots
Catharanthus roseus Dried whole Apocynaceae Vinca alkaloids Anticancer, and antineoplastic e Cell cycle arrest by inhibition of
(L.).G.Don. (Vinca, plant (Vincristine, vinblastine, spindle formation
periwinkle) (59) leurosine, vindesine, and
vinorelbine), ajmalicine,
catharanthine, vindoline
Citrullus colocynthis(L.) Yellow bitter fruit Cucurbitaceae Quercetin, B-sitosterol, Anticancer effect in liver cancer, < Inhibition of cell cycle and
Schrad (Bitter apple) and cucurbitales breast cancer, and larynx cancer apoptosis induction
(60, 61)
Commiphora Gum, fruit, and Burseraceae Sabinene, germacrene-D,  Antiproliferative in skin cancer * Increase in caspase 3 activity
gileadensis (L.)C.Chr essential oil o-pinene, B-caryophyllene
(Balsam of Gilead) (62)
Crocus sativus L. Stigma Iridaceae Crocin, crocetin, Anticancer in cervical and breast ¢ Inhibiting DNA synthesis
(Saffron) (63, 64) picrocrocin, and safranal  cancer
Curcuma longa L. Dried as well as  Zingiberaceae Curcumin, and Antitumor activity in cervical « Inhibition of telomerase activity
(Turmeric) (65) fresh rhizome curcuminoids cancer, leukemia, and lymphoma
Curcuma zedoaria Rhizome Zingiberaceae Isocurcumenoal, o- Antitumor activity in ovarian « Inhibiting the proliferation of cancer
Salisb (White turmeric, curcumene cancer, cervix cancer, and cells without inducing significant
zedoaria or gajutsu) uterine cancer toxicity to the normal cells.
(29, 66, 67) «  Chromatin condensation,

«  DNA cleavage, nuclear
fragmentation, and activation
of caspases

Daucus carota L. (Wild  Seed, root, Apiaceae Epilaserine Inhibitory effect on leukemia cells, *  Down-regulation of ERK

carrot, birds nest,
Queen Anne’s lace,
Devils Plague, Bee'’s
nest Plant) (68)
Ferula assa-foetida L.
(Asafoe

tida) (69)

leave, and flower

Resin

Glycyrrhiza glabra L. Root and stolon

(Licorice) (70)

Hydrastis Canadensis ~ Rhizome
L. (Golden seal) (71,

72)

(Umbelliferae)

Apiaceae

Leguminosae

Ranunculaceae

Coumarin compounds, -
sitosterol and oleic acid.

Licochalcone, glycurrhizin,
and glycyrrhizinic acid

Hydrastine, berberine,
berberastine, hydrastinine,
tetrahydroberberastine,
and canadine

breast cancer, and colon cancer

Antitumor activity in colon
cancer, liver cancer, ovarian
cancer, and lung cancer

Antitumor activity in gastric
cancer

Anticancer activity in liver, lung
cancer, colon cancer, and oral
cancer

Impairing gene mutation,
Affecting enzyme function,
Preventing DNA degradation,
Influencing cell proliferation, and
Altering enzyme action in the cells.
Arrests cells in G2/M were
accompanied by suppression

of cyclin B1 and CDC2.
Phosphorylation of Rb inhibited
Expression of transcription factor
E2F decreased along with the
reduction of cyclin D1
Down-regulation of cycline
dependent kinase (CDK) 4 and

6 along with increased cyclin E
expression

Inhibits serine/threonine-protein
kinase (PAK) 4 activity and its
signaling pathways

(Continued)
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TABLE 1 | Continued

Plant name Part of plant Family Phytochemicals Therapeutic anticancer action Mechanism of action
Inonotus obliquus Leaves(wild) Hymenochaetaceae 3B-hydroxy-lanosta-8, 24-  Anticancer-(lung carcinoma A- ¢ Stimulate the immune system,
(fungus) (Chaga dien-21-al, inotodiol and 549 cells, stomach *  Promote apoptosis, and inhibit
mushroom) (73) lanosterol adenocarcinoma AGS cells, angiogenesis

breast adenocarcinoma MCF-7

cells, and cervical

adenocarcinoma Hela cells)
Lagenaria siceraria Aerial parts Cucurbitaceae Vitamin C, B-carotene, Breast cancer, and lung cancer ¢ Cytotoxic to cells

(molina) Stand! (Bottle
gourd) (74)

Larrea divaricate Cav
(Chaparral) (75)

Lepidium sativum L.
(Watercress, Rashad)
(1, 76)

Lippia alba
(mill).N.E.Br (Bushy
mat grass, bushy
lippia, hierba Negra
and pitiona) (77)
Lycopersicum
esculentum mill.
(Tomato) (78)

Medicago sativa L.
(Alfalfa) (79, 80)

Morus alba L. (White
mulberry) (81)

Myrtus communis L.
(Mort) (82)

Nigella sativa L.
(Fennel flower) (83)

Olea Europe L. (Olive)
84)

Panax ginseng
C.A.Mey (Ginseng)
(85, 86)

Pfaffia paniculata
(martius) kuntze
(Brazilian ginseng) (86)

Platycodon
grandiflorum (jacq.)
A.DC. (Balloon flower,
Chinese bellflower, or
platy codon) (87)

Aqueous extract
Seeds, and
aerial part

Essential oil

Leaves

Plant extracts

Fruit, leaves,
root, and bark

Plant extracts

Black seed

Oil, and leaf

Dried root

Roots

Roots

Zygophyllaceae

Brassicaceae

Verbenaceae

Solanaceae

Fabaceae

Moraceae

Myrtaceae

Ranunculaceae

Oleaceae

Araliaceae

Amaranthaceae

Campanulaceae

vitamin group B,
saponins, and
cucurbitacin
Nordihydroguaiaretic acid,
guaiaretic acid and its
derivatives
Antioxidants-vitamins E,
C, B, A, isotiosinat, and
omega-3 fatty acids
Geranial,neral,geraniol,
trans-B-caryophyllene,6-
methyl-5-hepten-2-one,
limonene,linalool

Phenolics, lycopene,
glycoalkaloids,
anthocyanin, ascorbic
acid, tomatine, and
carotenoids
Phytoestrogens and
trepans

Kuwanon G, moracin M,
steppogenin-4'-O-B-D-
glucoside and
mulberroside A.
Polyphenols,
myrtucommulone, and
semi-myrtucommulone
Kvyynvny compounds
and dinitro-quinone

Pinoresinol, oleuropein,
maslinic acid and
oleanolic acid

Ginsenoside Rp1
panaxosides,
chikusetsusaponin
Butanolic extract

Platycodin D (PD) and
platycodin D3

treatment

Antiproliferative in breast cancer

Anticancer activity in leukemia,

and bladder cancer

Citral dependent toxicity

Anti-cancer activity in breast
cancer, and prostate cancer

Hormone-dependent cancer
treatment

Anticancer effect in lung cancer
patients, and colorectal cancer

Breast cancer treatment

Anticancer activity in kidney
cancer, colorectal cancer, and
breast cancer

Anticancer activity in colon
cancer, and breast cancer

Anticancer effect in breast cancer

Anticancer effect in breast cancer

Anticancer effect in lung cancer,
and skin cancer patients

Cytotoxic effect in arresting cell
viability

Induction of apoptosis, and
Antioxidant action

Cytotoxicity resulting in cell cycle
arrest and induction of apoptosis

Inhibition of PIBK/AKT signaling
pathway

Phytoestrogens-strong estrogenic
activity of this plant is useful in
treating hormone-dependent
cancers.

Suppressing inducible nitric oxide
synthase (INOS),

Inhibit NF-kB activation, and cyclin
D1 downregulation

Cytotoxic effect on cell layer with
cell apoptosis induction

Induction of apoptosis, and
Increased cell morphological
changes

Inhibit cell proliferation and
angiogenesis.

Breast cancer directly act on her-
2 gene

Natural killer (NK) cell activation

Degeneration of cytoplasmic
elements,

Significant morphological and
nuclear modifications of cancer
cells.

Inducing apoptosis
Up-regulation of Fas/FasL,
Mitochondrial dysfunction,
Bcl-2 family protein modulation,
ROS generation,

Inhibition of inhibitors of
apoptosis,

Mitotic arrest induction,
Activation of Mitogen-activated
protein kinase (MAPK) pathway,

(Continued)
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TABLE 1 | Continued

Plant name Part of plant Family Phytochemicals Therapeutic anticancer action Mechanism of action
Telomerase activity activation and
pro-survival pathways
suppression -such as AKT, cell
cycle arrest, autophagy, and
inhibiting angiogenesis

Pelargonium peltatum  Dried rhizomes ~ Berberidaceae Podophyllotoxin-resin, Lymphadenopathy, and Block cells in the late S to G2 of

L. (Mayapple, and root of podophyllin treatment of certain tumors. the cell cycle,

American mandrake, Podophyllum DNA synthesis inhibition,

wild mandrake, and peltatum Cell cycle arrest

ground lemon) (29, 88)

Polygonum multifliorum  Root Polygonaceae Anthraguinones, Anti-cancer activity in colon Inhibition of the enzymatic activity

Thunb. (He shouwu, physcion, emodin, and cancer of Cdc25B phosphatase

Fo-ti) (89) questin

Prunus armeniaca Wood, kerne, Rosaceae Hydrogen cyanide, Anticancer effect in lung cancer, Apoptosis induction,

L.(Apricot) (90, 91) seed camphene, benzaldehyde, and breast cancer patients Reduction in the expression level
hexanol, y-butyrolactone, of Bax and ¢-FLIP genes
y-terpinene

Ricinus communis L. Seeds Euphorbiaceae Alkaloids, ricinoleic acid, Treatment of skin cancer Cytotoxic and apoptosis induction

(Castor seed) (92) stearic, linoleic, palmitic
acid

Toxicodendron Bark extract Anacardiaceae Gallic acid, fustin, fisetin, Anticancer effect in lung cancer, Modulation of 5’ adenosine

vernicifluaam (Stokes) quercetin, butein, and pancreatic cancer, breast cancer, monophosphate-activated protein

F.A.Barkley (Chinese sulfuretin colorectal cancer, and uterine kinase (AMPK) pathway

lacquer tree) (93-95) cancer patients

Sanguinaria Rhizome Papaveraceae Sanguinarine, Anticancer potential for prostate Modulation of cyclin kinase

Canadensis L. chelerythrine carcinoma inhibitor-cyclin-cyclin-dependent

(Bloodroot, Bloodwort, kinase machinery

Coon Root) (96)

Silybum marianum L. Seeds Asteraceae Silymarin Anticancer activity Cell cycle arrest and apoptosis

(Cardus marianus, Mikk

thistle, Blessed milk

thistle, Marian thistle)

(1,97)

Solanum nigrum L. Juice of root, Solanaceae Lunasin Cancer-breast cancer treatment, Increase in DNA fragmentation

(Barley and wheat) fruit chemopreventive, tonic, laxative,

(98, 99) appetite stimulant, treating

asthma, skin disease, whooping
cough

Stephania tetrandra Root and aerial Menispermaceae Tetrandrine, fangchinoline, Anticancer activity in gastric Inducing pro-death apoptosis and

S.Moore (Agrimony) part cepharanthine, cancer autophagy

(100) dehydrocrebanine,
roemerine, N-
methylcoclaurine

Handroanthus flowers, leaves,  Bignoniaceae B-lapachone, lapachol, Chemopreventive for liver cancer DNA topoisomerase inhibition

impetiginosus (Mart. and roots napthoquinone

ex DC.) Mattos

(Lapacho tree, Pink

Tabebuia, Deep Pink

Tahebuia) (29)

Taxus Brevifolia Nutt Dried leaves, Taxaceae Taxane, taxol, Lung carcinoma, gastric and Preventing the de-polymerization

(Western yew) (101) bark and root cephalomannine, 10- cervical cancers and also of tubulins
diacetyl baccatin, carcinomas of head, breast,
docetaxel and paclitaxel ovary, skin, neck, prostate and

colon

Thymus fallax Fisch. et Plant oil Lamiaceae Carvacrol,p-cymene, Antioxidant, and antibacterial DNA repair modulation

Mey (Thyme) (102) thymol, and y-terpinene

Thymus vulgaris L. Leaves Lamiaceae Thymol and carvacrol Treatment of squamous cell Cell proliferation inhibition

(Garden thyme) (103, carcinoma of the head and neck,

104) breast and colorectal cancer

treatment
Tussilago farfara L. Flower bud, Compositae Senkirkin, kaempferol and  Anticancer effect in lung cancer Cytotoxic effect
(Coltsfoot) (95, 105) Leaves quercetin glycosides, patients, colon cancer, and in

brain cancer

(Continued)
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Plant name Part of plant Family Phytochemicals Therapeutic anticancer action Mechanism of action
saponins, ascorbic acid,
sesquiterpenoid
Uncaria tomentosa Bark extract Rubiaceae Oxindole alkaloid Treatment of breast cancer *  Cell decrease at the G2/M phase
(Willd. ex Schult.) DC.
(Cat’s claw) (105)
Urtica dioica L (106) Aqueous and Urticaceae Phenolic compounds Esophageal, and prostate cancer «  Antiproliferative,antioxidant action
ethanolic root treatment
extract
Viola Odorata L. Dried aerial parts Violaceae Cycloviolacin O, Essential  Expectorant,anti-cancer «  Cell death by membrane
(English violet) (107) oil, alkaloid, saponins, diaphoretic, antibacterial, permeabilization
glycoside of methyl antipyretic
salicylate.
Viscum album L. Plant extract Santalaceae Viscum album agglutinin-1  Treatment of murine tumors, «  Biological response modifying
(European mistletoe) Lewis lung carcinoma, colon agent
(108) adenocarcinoma 38 and C3H «  Cytotoxic action
mammary
adenocarcinoma 16/C
Vitis vinifera L. Leaves, and Vitaceae Proanthocyanidins, Antitumor,and antioxidant *  Simultaneous effects on signaling
(Grapeseed) (109) fruits Resveratrol (Trans-3,4",5- pathways related to extracellular
Trihydroxy-stiloene) growth factors and receptor
tyrosine kinases;

«  Formation of multiprotein
complexes and effect on cell
metabolism

Zingiber officinale Rhizomes Zingiberaceae Volatile oll, fat, fiber, Anti-cancer and anti- ¢ Inactivating NF-xB through the

Roscoe (Ginger) (29,
110)

starch, inorganic material,
residual moisture and
acrid resinous matter.

inflammatory agents. suppression of the pro-
inflammatory tumor necrosis

factor (TNF)-alpha

such as Web of Science, PubMed, Scopus, Elsevier, Springer, and
Google Scholar with keywords like “herbs for cancer’ “Nanoherbal
formulations for cancer”, “Anticancer Phytochemicals” and then we
started with a specific search. From the identified components, first,
we have omitted the components for which no strong literature
support is available. From the remaining components, we have
considered the compounds based on the in vivo data evaluation
and searched for specific research around anticancer phytochemicals.
Later on, from the highly researched components against anticancer
phytochemicals, a clinical trial database is evaluated. We have
incorporated clinical trial outcomes for the majority of the
components if not then in certain cases a cogent discussion on in
vivo studies is incorporated. Very recent published data is considered
for the review of anticancer herbal nanoformulations. NDDS of
various sorts are made up of various ingredients, and these drug
delivery systems are used for drug administration in the body as well
as with certain additional pharmacokinetics and pharmacodynamics
properties. Table 2 illustrates the various drug delivery systems for
herbal anti-cancer substances while Figure 2 summarizes the various
nanotechnology-based drug delivery platforms for the delivery of
anticancer phytochemicals.

The drug delivery systems listed in Table 2 are extensively
and separately discussed in the following section of this review.

Biopolymer-Based Nanocarrier (BBN)

Biopolymers are macromolecules that are divided into three
classes: polysaccharides (chitosan, dextran, cyclodextrins, pectin,
hyaluronan, guar gum, sodium alginate, cellulose, and starch),
proteins (gelatin, albumin, and milk proteins), and nucleic

acids (161). To use BBN as a drug delivery vehicle, it is critical
to control particle size, the charge on the particle, and specific
surface area (161, 162). BBN can provide the high possibility of
transporting bioactive compounds to the site of action, which has
attracted more attention from chemists, biologists, and
pharmaceutical scientists (163). The primary goal of BBN is to
elevate the drug’s water solubility, stability, reduce destruction,
improve bioavailability, bioactivity, biodegradability, lower
toxicity, and flexibility of gel formation (164). Spray drying,
electrospray, high-pressure homogenization, supercritical fluid,
electrospinning, emulsion-diffusion, reverse micelle, and
emulsion - droplet coalescence are just a few of the fabrication
methods to engineer BBN (165).

Biopolymer-based biomaterials were studied for use in
accelerated diabetic wound healing. Cashew gum (CG) based
bio nanocomposite was used as a platform for trials. Crude
samples of cashew gum exudate were collected from Anacardium
occidentale L. for the trial, cashew gum-coated prussian blue
nanoparticles (PBNPs) were prepared in situ and characterized.
CG coating decreased the size of the spherical PBNPs from 50 to
5 nm and the crystallinity of PBNP’s core was increased. The use
of CG polysaccharides was found to be an excellent and effective
strategy for covering and controlling the size, shape, and
crystallinity of prussian blue via an in-situ synthesis (166).
Sebak et al. created noscapine-loaded nanoparticles (NPs) with
human serum albumin (HSA) for targeted administration and
tested them on SK-BR-3 breast cancer cells using the pH
coacervation technique. The results showed that noscapine
NPs were substantially more effective than free noscapine in
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TABLE 2 | Types of novel drugs delivery systems for herbal anti-cancer compounds.

Novel Drug
Delivery
Systems
(NDDS)

Phytochemicals

Formulation Components

Remarks

References

Biopolymer-
based
nanocarrier
(BBN)

Liposomes

Dendrimers

Niosomes

Polymeric
Micelles

Magnetic
Nanospheres

Nanoemulsion

Lipid-based
Nanoparticles

Curcumin, Quercetin,
Resveratrol, etc.

Carotenoids,
epigallocatechin gallate,
Curcumin, Quercetin,
Resveratrol, etc.
Curcumin, Paclitaxel,
Quercetin, Resveratrol,
Ursolic and oleanolic acids,
etc.

Thymoquinone, Curcumin,
Quercetin, Resveratrol, etc.

Curcumin

Opium alkaloids

Paclitaxal, rutin, genistein,
brucea javanica oil, and
coixenolide, etc.

Curcumin, Quercetin,
Resveratrol, etc.

Gelatin, albumin, milk protein, chitosan, pectin, cellulose, guar gum,
sodium alginate, starch

Phospholipids, steroids

Polyamidoamine dendrimers (PAMAM), Polypropylene imine dendrimers
(PPI), Folate-conjugated polypropylene imine dendrimers (FA-PPI)

Polyoxyethylene alkyl ethers, Sorbitan monoesters (span 20,40,60 and
80), Polyoxyethylene sorbitan monoesters (tween 20, 60, 61 and 80)

Poly(ethylene oxide)(PEQ), Poly(ethylene glycol)(PEG), Poly(N-viny!
pyrrolidone)(PVP), Poly(N-isopropyl acrylamide)(pNIPAAM)

Protein, silica, hydroxylapatite, magnetite(Fe3O,4), magnetite (gamma
Fex0s)

Qil, water, amphiphile, phospholipid, alkyl polyglycosides, PEGylated
fatty acid ester, fatty alcohol

Phospholipids, polyethylene glycol (PEG) PEGylated surfactants

Less toxicity,

More solubility,

More stability,

Lower degradation,

High biocompatibility

High biodistribution, and
bioavailability,

Increase solubility,

Low toxicity

Enhanced solubility,
Increase drug efflux
transporters,

Increase bioavailability,
Enhanced cell uptake,

Low cytotoxicity

Lower toxicity,

Increase anticancer activity
Inhibit P-glycoprotein (P-gp)
Better targeted drug
delivery

Enhanced permeability
and retention effect,

High stability,

Enhanced nutrient and O,
demand,

Inhibition of efflux pumps
to improve the drug
accumulation

Increase bioavailability of
poorly water-soluble drugs
Release of the drug in a
controlled manner at
target sites

Increase patient compliance,
High biocavailability,
Reduction of an adverse
effect of the drug,
Reduces the frequency of
dose

Enhanced antigenicity,
More potency,

Increases humoral response,
Enhanced permeability,
Improved dispersion of
active hydrophobic
components and
enhanced absorption,
Less pain or allergic
reaction

Reduced tumor size,
Increase bioavailability to
the central nervous system
Enhanced Permeability
and Retention (EPR) Effect
Active drug targeting
Stimuli-Responsive and
Triggered Release
Systems

(124, 130)

(130-134)

(135-137)

(138, 139)

(140-142)

(127, 143,
144)

(145-149)

(127, 150,
151)

(Continued)
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TABLE 2 | Continued

Novel Drug
Delivery
Systems
(NDDS)

Phytochemicals

Formulation Components

Remarks

References

Carbon-based
Nanoparticles

Polymeric
nanoparticles

Nanocrystals

Nanosphere

Nanocapsule

Metal
Nanoparticles

Tulsi extract, Polyphenols,
etc.

Curcumin, Quercetin,

Resveratrol, etc.

Curcumin, Quercetin,
Resveratrol, etc.

Curcumin, Quercetin,
Resveratrol, etc.

Curcumin, Quercetin,
Resveratrol, etc.

Tribulus terrestris L. extract

Fullerenes, Carbon nanotubes (CNTs), Single-walled carbon nanotubes
(SWCNTs), Graphene oxide (GO)

Chitosan, collagen, Poly(lactic acid) (PLA), Poly(lactic-co-glycolic acid)
(PLGA)

Sodium cholate, sodium lauryl sulfate, celluloses, polyvinyl alcohol,
hydroxypropylene methylcellulose (HPMC), chitosan, benzalkonium
chloride (BAC), hyaluronic acid, polyethylene glycol (PEG), poloxamer

Polylactic acid(PLA), Polyglycolic acid(PGA), Co-polymer of polylactide-
coglycolide (PLGA)

Biocompatible hydrophobic polymeric kernel with phospholipid
monolayer, and an outer PEG layer

Gold, silver, iron oxide, copper, zinc oxide, titanium oxide, platinum,
selenium, gadolinium, palladium, cerium dioxide

High antimicrobial activity,
Inhibition of energy
metabolism,

Increase of O, uptake,
Inhibition of bacterial
growth

Increase accumulation in
tumor cells,

Stability,

Increase therapeutic efficacy
Enhanced Permeability
and Retention (EPR) Effect
Active drug targeting
Stimuli-Responsive and
Triggered Release
Systems

Increase bioavailability,
Enhanced transdermal
efficacy of poorly soluble
drugs,

Increases the dissolution
rate of drugs,

Higher solubility and less
tissue irritation

Ease of scaling-up

Drug release is delayed,
High stability,

Increases bioavailability,
Increases entrapment of
the drug,

High antitumor efficiency
Optimal dug deposition at
the target site

High drug efficiency,
Improving poor aqueous
solubility,

Stabilizing drugs by
protecting the molecule
from the environment,
Providing the desired
pharmacokinetic profile,
Allowing controlled
release, as well as
facilitating oral
administration

Increase therapeutic
action,

Enhanced the cellular
uptake,

Easily combined with
drugs,

Good biocompatibility,
Lower cytotoxicity of
drugs,

Enhance the sensitivity,
Increase in potency,
Display antimicrobial
activity

Radiotherapy
enhancement

(152, 153)

(124, 154)

(155, 156)

(124, 156)

(124, 157)

(158-160)
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FIGURE 2 | Different nanotechnology-based carrier platforms for the efficient delivery of anticancer phytochemicals and different delivery mechanisms.
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lowering SK-BR-3 cell viability (167). Cationic chitosan (CS)-
and anionic sodium alginate (Alg)-coated PLGA NPs loaded
with revasterol have been developed by the nanoprecipitation
technique (168). For six months, the nanoparticles can inhibit
trans isoform breakdown and revasterol escape from the carrier.

Liposomes

Liposomes are formed from combining cholesterol with
phospholipids (128). They shield the enclosed medication from
enzyme and other inhibitor activity. They can transport any
medication via endocytosis and are hence commonly employed
for compounds that cannot pass biological membranes. Their
disadvantages involve instability, identification by the immune
system, and phagocytosis. Conjugation with polyethylene glycol
(PEGylation) can shield them from phagocytosis, making them
particularly efficient in carrying anticancer medicines (169).
Using a thin-film hydration and extrusion method, Lu et al
prepared folic acid conjugated PEGylated liposomes of vincristine
for multidrug-resistant cancer therapy and evaluated their
cytotoxicity on KBv200 carcinoma cell line and also performed
in vivo antitumor efficacy studies (tumor growth inhibition and
apoptosis assessment studies by TUNEL) (170). The IC50 of the
PEGylated folic acid-linked vincristine liposomes was 23.99 nM,

compared to 1.10 nM for free vincristine and 363.08 nM for PEG-
LS/vincristine. In vivo tests revealed that folic acid conjugation
greatly improved the antitumor activity of the PEGylated
liposomes of vincristine, as well as a higher apoptotic index was
captured in the TUNEL assay (24.1 vs. 14.4). In another research
study, Liposomal ursolic acid showed improved anticancer
activity for breast cancer and prostate cancer cell lines than free
ursolic acid (171). Recently, a cationic liposome encapsulating
hydroxycamptothecin and 5-aminolevulinic acid was
administered along with chemo-sonodynamic therapy against
metastatic lung cancer that has demonstrated a better apoptotic
behavior (172). Moreover, a phase-1 study with 96 non-
randomized participants was carried out to assess the effect of
liposomal topotecan intravenous injection for the treatment of
advanced solid lung tumors. Topotecan is the semi-synthetic
derivative of the naturally obtained topoisomerase inhibitor,
camptothecin, and the results are yet to be disclosed but the
trial is reported to enter phase-2 study by the beginning of the
year 2023 (NCT04047251). Inhalable liposomes are being
developed and their preparation is studied for use in pulmonary
diseases (173). Daunorubicin and cytarabine (Vyxeos®) were
encapsulated in liposomes (Vyxeos®, CPX-351) for the
treatment of adults with newly diagnosed, therapy-related acute
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myeloid leukemia or acute myeloid leukemia with myelodysplasia
related changes (NCT01696084). Vyxeos® is an orphan drug and
its clinical trial proved to be remarkable. A clinical study
CLTR0310-301 (also referred to as Study 301) was a phase III,
multicenter, open-label, randomized, trial of vyxeos®
(daunorubicin-cytarabine) liposomal injection versus standard 3
+ 7 daunorubicin and cytarabine in patients aged 60-75 years
with untreated high-risk (secondary) (173, 174). A recent clinical
trial is investigating the efficacy and safety of paclitaxel liposome
as first-line therapy in patients with advanced pancreatic cancer.
The patients were given paclitaxel liposome 175 mg/m?
intravenously every 3 weeks for 3 weeks until the disease
recurrence. All five parameters, including overall response rate,
overall survival, disease control rate, quality of life, and adverse
events are examined (NCT04217096). Moreover, an open-label,
phase-1 study on the use of liposomal irinotecan injection was
carried out on 136 participants to study its effects on advanced
breast cancer and evaluate its efficacy and safety (NCT04728035).
Transfersomes are phosphatidylcholine-containing liposomes
with an edge activator (175). Because of greater penetration,
celecoxib loaded into transfersomes containing soy
phosphatidylcholine combined with sodium deoxycholate was
found to be a therapeutically efficient drug-delivery approach for
the treatment of rheumatoid arthritis (176).

Niosomes

Niosomes are obtained through combining an alkyl or dialkyl
polyglycerol-based nonionic surfactant and subsequent hydration
in an aqueous environment. Because of their comparable
construction, they are frequently employed as a replacement for
liposomes (132). They are not toxic and restrict the action of drugs
to specific locations. Niosomes have also been shown to be
manipulable as a part of advanced drug delivery strategies and
can deliver drugs via intravenous, transdermal, ocular, and
pulmonary routes. Cancer therapy, gene therapy, and targeting
medicine via the nasal route are some of the other uses for
niosome based drug delivery. It is also used in immunological
applications, such as a hemoglobin transporter, and for cosmetic
reasons (177). Morusin-loaded niosomes have been produced for
cancer therapy (178). Nanomorusin, unlike free morusin, was
shown to be easily dispersible in aqueous environments. Morusin
was shown to have an extraordinarily high drug entrapment
efficiency (97%), regulated and prolonged release, and increased
therapeutic effectiveness in cancer cell lines from four distinct
lineages. A different research study evaluated the anticancer
activity of niosomes containing both curcumin and
methotrexate against colorectal cancer cell lines (179). The
niosomal formulation showed more in vitro cell toxicity than
their combination in free form. The anti-arthritic efficiency of
luteolin (LT)-loaded niosomes made with different nonionic
surfactants was tested in vitro and in vivo, with improved
entrapment efficacy and higher transdermal flow across the rat
skinned discharge. The cytotoxicity study showed a lesser IC50
value from LT-NVs than the pure LT (180). Thus, it can be
concluded that LT-NVs are a natural alternative to synthetic drug
in the treatment of lung cancer. The therapeutic purpose of
niosomes is to deliver anticancer drugs, protein, peptide, and

natural product delivery with improved bioavailability. Numerous
experts are now intrigued by the delivery of natural compounds
such as curcumin, which has low solubility and bioavailability
(177). As a result, clinical trials with the combination of Curcuma
longa L. and doxorubicin are underway (NCT04996004). Aside
from curcumin, there are natural compounds called morusin that
have powerful antibacterial, anti-inflammatory, and anticancer
properties. Rahman et al. developed a formulation in which
morusin is loaded with niosomes as a carrier, removing the
barrier of low solubility and stability to target the specific cell
(126). A study to evaluate the efficacy and safety of niosomal
docetaxel lipid suspension compared to taxotere® in triple-
negative breast cancer patients (after failure to previous
chemotherapy) was conducted (NCT03671044). In this
randomized, open-label clinical trial, females 18-65 years of age
were eligible to apply. The niosomal docetaxel lipid suspension
was administered intravenously at three-week intervals at a dose of
75 mg/m®. Patients received drug doses until disease progression
and unacceptable toxicity occurred. This procedure was repeated
with a 100 mg/m* dose of niosomal docetaxel lipid suspension.
The trial’s primary goal is to compare the proportion of patients
with the best overall response rate in niosomal docetaxel lipid
suspension and taxotere® (NCT03671044).

Polymeric Micelles

Micelles are lipid molecules that organize themselves in a
spherical shape in aqueous solutions. They fluctuate in size
from 10 to 100 nm and are generally quite narrow in terms of
the size distribution (181). They can improve drug absorption
and retention by shielding the drug from inactivation by its
micellar environment. This system is made up of a core-shell
structure with a lipophilic core and a shell made up of
hydrophilic polymer blocks (182). The physicochemical
properties of the drug and their position in the micelle
influence their release. Certain physical stimuli, such as pH,
temperature, ultrasound, and light can also promote drug release
from the micelles in the targeted location (183). Micelles also
provide an increased drug accumulation at the tumor site.
Recently, doxorubicin delivery through covalent attachment
with the hydrophobic portions of an amphiphilic block
copolymer resulted in pH-regulated drug release (184).
Paclitaxel, doxorubicin, 5-fluorouracil, 9-nitrocamptothecin,
cisplatin, triptorelin, dexamethasone, and xanthone were all
microencapsulated in poly lactic-co-glycolic acid (PLGA),
polymerized lactic acid (PLA), and polycaprolactone (PCL)
nanostructures with a micellar backbone (185). The
medications are released to the target. Paclitaxel, for example,
is encapsulated in polymeric micelles, which improves the
systemic pyruvate kinase (PK) profile and interferes with drug-
producing adverse effects such as neurotoxicity. It is USFDA
approved and the formulation is marketed as Genexol® PM
(183). As a solution to breast cancer and better intracellular
delivery of docetaxel, novel pH-triggered biocompatible
polymeric micelles have been developed based on heparin-o-
tocopherol conjugate. For this, the amphiphilic copolymer was
synthesized by grafting o-tocopherol onto the heparin backbone
by a pH-cleavable bond (186). The paclitaxel and cisplatin-
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loaded polymeric micelles in advance non-small cell lung cancer
were evaluated as a comparative phase 2 study with 276
participants. The primary endpoint of this study is a response
rate of up to 6 cycles to ensure that the overall anticancer
response is achieved. The secondary outcome measure is
overall survival over three years (NCT01023347). The safety
results are satisfactory (data not available in the public domain)
and they have started phase 3 studies (NCT02667743).

Magnetic Microspheres

Magnetic microspheres are made up of microscopic
supramolecular particles that are surrounded by capillaries.
The primary goal of magnetic microspheres is to deliver drugs
to the specific site of action that ultimately reduces the adverse
effects. Magnetic microspheres are composed of tiny particles
such as protein, silica, hydroxylapatite, magnetite (Fe;O,),
maghemite (gamma Fe,03), and synthetic polymers (143). The
drug delivery is divided into two parts: spatial placement and
temporal delivery of the drug (143). Magnetic microspheres
cause pharmaceuticals to be released in a sustained manner
rather than having a high bioavailability. Examples of magnetic
microspheres-containing products are lupron depot® and
nutropin depot® (187). Solvent evaporation, multiple emulsion
techniques, phase separation emulsion polymerization, emulsion
solvent extraction method, hot melt microencapsulation, and
dispersion copolymerization are some methods for producing
magnetic microspheres (183). It is used for the treatment of
alveolar echinococcosis, a human helminthic disease caused by
the larvae of Echinococcus multilocularis tapeworms. Treatment
of this disease uses iron oxide magnetic particles. Spray-drying
was used to create magnetic microspheres, which were then
studied for their physicochemical features and dissolution
profile. They were also tested for therapeutic effectiveness in
both in vitro and in vivo systems. In vitro experiments in B16
melanoma cells found that using 30 M or 50 M sulforaphane
with iron oxide in the polymeric carrier inhibited cell survival by
around 13% -16%. In vivo data from C57BL/6 mice
demonstrated that magnetic microspheres (located to the
tumor site with the assistance of a powerful magnet) prevented
18% more tumor development than sulforaphane in solution
(188). The magnetic microsphere of curcumin and doxorubicin
demonstrated potential in vitro anticancer activity in cell viability
and MTT cytotoxicity studies (189).

Nanoemulsion

Nanoemulsions (NE) is a colloidal dispersion system, and one of
their most essential functions is to act as a tool for increasing the
bioavailability of poorly water-soluble medications (147, 148).
They are composed of oil, water, amphiphile, phospholipid, alkyl
polyglycosides, PEGylated fatty acid ester, and fatty alcohol.
They are having mean droplet sizes less than 100 nm. The NE
system has prolonged drug release, high solubility, higher skin
permeability, more drug absorption, extremely low viscosity, less
allergic response, and less drug degradation (190). Oral
administration of the medication enhances bioavailability. The
hydrophilic substances have higher permeability when
administered subcutaneously or intramuscularly, and they are

condensed into the lymphatic system (145). Over the last few
years, NE has created novel systems such as Transcuto® P, alkyl
polyglycosides, etc. Natural herbal medications like rutin,
genistein, brucea javanica oil, and coixenolide have been grated
into NE for some applications. The antioxidant properties of
Syagrus romanzoffiana (Cham.)Glassman, fruit O/W (oil in
water) NE are assessed using the phase inversion technique
(190). Paclitaxel nanoemulsion containing tocopherol as oil
phase has been developed and evaluated for targeted cancer
therapy that reached phase 3 clinical trials (NCT01620190)
(191). The effects of eugenol nanoemulsion on pain were
studied via a randomized double-blinded controlled cross-over
trial (158). For the phonophoretic application of glucosamine
and chondroitin in the treatment of knee chondropathies,
nanoemulsion (nano CG) has been made and evaluated. Nano
CG was previously applied in randomized and controlled clinical
trials (192). In this experiment, patients in arm 1 receive
nanoemulsion curcumin orally twice daily for up to 3 months.
In arm 2, a placebo was administered orally twice daily for three
months. This trial’s result was measured using the functional
evaluation of cancer therapy (endocrine system inhibitor) to
detect changes in aromatase inhibitor. This experiment is
currently ongoing, however, it is not currently recruiting
participants (NCT03865992). Plumbagin improves the efficacy
of androgen deprivation therapy (ADT) in prostate cancer and it
is now being evaluated in phase I clinical trial (193). A recent
study found that plumbagin decreased PTEN-P2 driven tumor
development only in castrated mice but not in intact animals,
indicating that dihydrotestosterone (DHT) was generated in the
testes and was primarily responsible for inhibiting prostate cell
death (194). An oleic-acid-based nanoemulsion of plumbagin
increases its antitumor efficacy (193). Nanoemulsion
formulation of piplartine resulted in enhanced solubility, oral
bioavailability, and anti-tumor efficacy of piplartine (195).

Nanoparticles (NPs)

NPs are constructed of a range of materials, some of which are
poisonous. Biodegradable materials are less harmful. NP systems
are being investigated for a wide range of biological applications.
NP protects the drug from enzymatic breakdown and allows for
regulated drug release (196). Through adhesion to the capillary
wall, NPs may improve the oral bioavailability of poorly soluble
medicines and tissue absorption following parenteral
administration. They may also improve drug transport across
membranes. They are vulnerable to phagocytosis and
endocytosis because of their hydrophobic surface, which is
quickly covered with plasma proteins and taken up through
the mononuclear phagocytic system (MPS) present in organs like
the liver, spleen, and bone marrow (169).

Applying the ionic gelation process, berberine-loaded NPs
were synthesized for anticancer potential (197). The rotary
evaporated film ultrasonication process was used to create
glycyrrhizic acid-loaded NPs (198). For testing therapeutic
synergy in the ulcerative colitis (UC) model, pH-sensitive NPs
of the curcumin-celecoxib combination were optimized. Its
effectiveness was later validated in a UC model in rats, as per
the tests (199). Gold NPs (AuNP) were created using a greener
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method that included digested Acorus calamus L. rhizome as a
reductant and chloroauric acid as a starting material. The
existence of a surface plasmon resonance (SPR) peak in the
ultraviolet (UV)-visible spectral analysis revealed the formation
of AuNP (200). Hexagonal antibacterial Zng 95Agp 050 (ZnAgO)
NPs have been made using rosemary leaf extracts as a green
chemistry method whose formation was confirmed by X-Ray
Diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and UV-visible spectra (201). Clinical trials on
magnetic fluid hyperthermia based on magnetic NPs were
conducted and studied (NCT01411904). Nanoparticle role in
photodynamic therapy for solid tumors has been studied via a
clinical trial. The aim of the use of nanotechnology-based
approaches as delivery tools for photosensitizer (PS) is to study
the improvement in their cancer cellular uptake and their toxic
properties, as well as the photodynamic therapy’s therapeutic
impact (202). Potential anticancer activity is reported for
apigenin-loaded PLGA nanoparticles against skin tumor in
mice models (203). These nanoparticles showed ameliorative
potentials in combating skin cancer and therefore have a greater
prospect of use in the therapeutic management of skin cancer.
Similarly, significant anticancer activity was reported against
osteosarcoma cancer cells (MG63 and Saos-2 osteosarcoma cell
lines) by formulating PLGA nanoparticles of etoposide and
paclitaxel (204). The results of quercetin-loaded PLGA
nanoparticle administration showed potential action against C6
glioma cells (205). It has demonstrated antioxidant properties
and cellular oxidative resistance. The results showed that the
improved batch (QulNPs) exhibited better cellular absorption at
a lower IC50 value (29.9 gmL™) after 48 hours of incubation. The
NPs may lessen resistance in brain cancers by lowering oxidative
stress. A nano-phytocomposite consisting of phytochemical
extract (BRM270) has cytotoxic potential against HepG2
human hepatoma cancer cells (206). A randomized, double-
blind, placebo-controlled phase 2/3 study is now underway to
assess the effectiveness of berberine hydrochloride against the
development of new colorectal adenomas in 1,000 people who
have a history of colorectal cancer (NCT03281096). A phase-2
trial is investigating the adverse effects of paclitaxel albumin-
stabilized nanoparticle formulation for treating diseases such as
fallopian tube cancer, primary peritoneal carcinoma, and
recurrent ovarian carcinoma. The major goal of the experiment
is to assess tumor response after each cycle for the first six
months, as well as the frequency and severity of side effects seen.
This research is open to people of all ages, however, only women
are permitted (NCT00499252).

Lipid-Based Nanoparticles (Solid Lipid
Nanoparticles - SLN)

PEGylated surfactants are used in the production of lipid-based
NPs. Lipids act as penetration enhancers of drugs. It also
enhances drug solubility and diffusion from the lymphatic to
the circulatory system. One of its applications is to improve
central nervous system (CNS) bioavailability. They may be
manufactured via quick, solvent-free, and scalable procedures.
Some methods of preparation include nanoprecipitation,
emulsification-solvent evaporation (ESE), or high-pressure

homogenization (207). The microemulsion technology was
used to create curcuminoid solid lipid NPs with the active
component being curcuminoids. It has antioxidant and
anticancer effects (199). Exocytosis of NPs is the step that
details the cytosolic administration of therapeutic agents via
NP carriers (208). Silymarin-loaded nanostructured lipid carrier
(NLC) is the best example that has been used clinically to
overcome low solubility, permeability, and bioavailability issues
in hepatic diseases (126). Cardamom essential oil (CEO)-loaded
NLCs have successfully been synthesized using food-grade lipids
which include cocoa butter and olive oil. This modification led to
a small size (90%), improved loading capacity (>25%), and
provided good physical and chemical stability (126). Paclitaxel-
loaded solid lipid nanoparticles showed better anticancer action
in the murine breast cancer mice model (209). Several solid lipid
nanoparticles have been created for the administration of
cytotoxic medications such as doxorubicin, idarubicin,
paclitaxel, camptothecan, 7-ethyl-10-hydroxy-20(S)-CPT,
etoposide, flurodooxyuridine, and retinoic acid, as well as
cholesterylbutyrate (210). The Ferula assafoetida seed oil
(FSEO) -SLN nanoparticles inhibited the development of the
human NT-2 cancer stem cell line significantly (211). They
caused apoptosis by increasing the expression of TNF-, P21,
and Cas3 genes. The FSEO-SLN inhibited angiogenesis in CAM
tissue by reducing the length and quantity of blood vessels. As a
result, it has the potential to be investigated as an effective anti-
cancer agent. Similarly, Epigallocatechin-3-gallate (EGCG) SLN
can improve EGCG bioavailability and stability and can be
employed as an alternate approach for EGCG oral delivery
(212). In the rat model, SLN-EGCG had neither acute or sub-
chronic toxicity when compared to free EGCG.

Carbon-Based Nanoparticles
Fullerenes, carbon nanotubes (CNTs), single-walled CNTs
(SWCNTs), and graphene oxide (GO) are used in the
production of carbon-based NPs. They have great antibacterial
action and are utilized to limit energy metabolism, reduce or
enhance O, absorption, and inhibit bacterial growth (152). They
are 3-10 nm in diameter. Their interior structure is made up of
graphite sheets that have been glued together to form a quasi-
spherical nanoparticle. They are also utilized to make biosensors.
CNTs have been extensively investigated for their potential to
deliver anticancer herbal compounds with better therapeutic
effectiveness and safety (213). CNTs have been used in both
therapeutic and environmental settings. Ocimum tenuiflorum L.
(tulsi extract) containing photosynthesized silver nanoparticles
(AgNP) loaded into emulsified multiwalled carbon nanotube
(MWCNT) was developed for fertility analysis targeted to the
intracellular part of the sperm cell. It was characterized by a
spherical shape, 5-40 nm in size, and surface plasmon resonance
imaging (SPR) at 430 nm (126). The total polyphenols content
and antioxidant activity of Echinacea purpurea (L.)Moench.
extracts were determined using glassy carbon electrodes
modified with CNTs and chitosan (214). In a recent research
study, carbon quantum dots of Echinops persicus extract
demonstrated efficient antiradical activity (215). The
biosynthesized silver nanoparticles of the leaf extract of
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Teucrium polium exhibited significant anticancer activity against
the MNK45 human gastric cancer cell line (216).

Polymeric Nanoparticle and Dendrimers
Polymeric nanoparticles (PNs) are colloidal solid particles that
are made up of various polymers such as chitosan, collagen,
polylactic acid (PLA), PLGA, or other biodegradable polymers
(146). PN enhances the bioavailability of the poorly soluble drugs
by allowing the oral administration of the drug and increasing
accumulation of the drugs at the site of action since the smaller
size of the particle allows penetration into the capillaries and the
cells (155). Methods of preparation of polymeric NPs include
complex coacervation method, coprecipitation, salting out
method, solvent displacement method, and solvent
emulsification-diffusion method (185). Solvent evaporation,
emulsification/solvent diffusion, nanoprecipitation,
emulsification/reverse, and salting-out methods are all used to
create nanospheres while nanoprecipitation is used to create
nanocapsules. An organic phase is initially generated in the
solvent evaporation process, which comprises a polar organic
solvent in which the polymer is dissolved and the active
component has incorporated either by dissolving or dispersion.
Now PN are approved by FDA for clinical use in the treatment
of breast and pancreatic cancer and also some clinical trials are
performed in many of the compounds such as ABI-008, ABI-
009, and ABI-011(NCT04229004). The free radical process was
used to create A. absinthium extract-loaded polymeric NPs
(NVA-AA), which were efficient against breast cancer cell
lines; MCF-7 and MDA MB-231 (217). Uncaria tomentosa
(Willd. ex Schult.) DC. (UT) extracts have been shown to have
promising antitumor activity for the enhancement and delivery,
in which PCL and PLGA were employed for the generation of
NPs loaded with UT extract by a single emulsion solvent
evaporation method (218).

Dendritic packaging of bioactive agents allows for the
separation of the active site, which has a structure similar to
active sites in biomaterials (137). In addition, unlike most
polymers, water-soluble dendrimers may be created by
functionalizing their outer shell with charged species or other
hydrophilic groups. Capsaicin-loaded dendrimers showed
significant cytotoxicity on VERO cell line with an IC50 of 1.25
ug/mL and MCF-7 and HEp2 cell lines with an IC50 of 0.62 g/
mL (219). Polyamidoamine (PAMAM) dendrimers as oral drug
delivery carriers for quercetin were evaluated. It was discovered
to be in the nanometer range (100 nm) with a low polydispersity
index. An in vitro investigation indicated a biphasic release
pattern of quercetin, with an initial rapid release phase
followed by a sustained release phase, and a pharmacodynamic
analysis offered early proof of concept for the potential of
quercetin-PAMAM complexes (220). Poly (propylene imine)
dendrimer is also evaluated for different anticancer
phytochemicals (221).

Nanosphere (NS)

NSs are amorphous colloidal aqueous solutions with sizes
ranging from 10 to 200 nm. Because they are tiny in size, they
may be easily delivered orally, locally, and systemically, resulting

in better bioavailability. They are made up of synthetic polymers
such as PLA, polyglycolic acid (PGA), PLGA, and others (222).
The main functions of the system include extending drug action
due to delayed drug release, boosting bioavailability, enhancing
drug entrapment, and boosting drug stability. It can also act
against chemical degradation and minimize drug toxicity.
Albumin NS, modified NS, starch NS, gelatin NS,
polypropylene dextran NS, and polylactic acid NS are all
examples of biodegradable NSs (223). Presently, two novel
forms of NS have emerged: immune NS and magnetic NS.
Both of these NSs are joined to form the immunomagnetic NS,
and they considerably enhance drug targeting (222, 224). The
targeting ability of the NS is currently being investigated in HeLa
cells. Researchers have discovered that the C-phycocyanin (C-pc)
NS is employed as a fluorescent producer. The intensity of
fluorescence is higher in C-pc, indicating that it was directed at
HeLa cells. Studies have revealed that the CD55 specific ligand
peptide (CD55sp) is a potent anti-cancer factor. CD55sp is
injected into the body of a mouse to assess the distribution of
NSs, which are collected in the spleen, liver, and tumor. The liver
and spleen metabolize the medication and start phagocytosis
against malignancies (225). The pre-clinical trial such as
oridonin (ORI)-loaded poly (D, L - lactic acid) (PLA) and
polymer (RGD - Gly - Asp peptides) for the better antitumor
actions (126). Another study created a near-infrared-responsive
pharmacological system based on Au nanocages with Biotin-
PEG-SH modification for the combination of doxorubicin and
quercetin. The resulting nanocomplex have substantially more
effective effects on MCF-7/ADR cell growth suppression under
near-infrared irradiation. Furthermore, co-administration of
doxorubicin and quercetin might significantly boost
doxorubicin intracellular accumulation and dispersion in
nuclei (226).

Nanocapsule

Nanocapsule (NC) is a colloidal dispersion system with a
conventional core-shell structure, and the medicine is captured
into the cavity of the central regions of the shell, which is
surrounded by various polymer components such as
polystyrene, titanium oxide (TIO,), and silver (Ag). The NC
platform has high drug encapsulation efficiency, low polymer
content, and a core-shell that protects the medication from
degradation elements such as pH and light (227).
Nanoprecipitation, arc discharge method, emulsion-diffusion,
double emulsification, interfacial polymerization, emulsion-
coacervation, polymer coating, and layer-by-layer coating are
some of the methods used to create nanocapsules. The layer-by-
layer approach is used to improve the hydrophilicity of crystals,
such as artemisinin (ART, Artemisia annua L) crystals, having
good anticancer action. Herbal compounds have been
encapsulated with polyelectrolytes for pharmacological self-
release (150). There is one other method of preparation known
as interfacial polymerization that yields a dispersion of aqueous
core nanocapsules (228). Biogenic synthesis of PEG-enhanced
Moringa oleifera Lam Ag nanocapsules was performed and its
antibacterial activity was tested. The Ag nanocapsule (AgNs)
formed had a single-phase cubic structure as seen under X-ray
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spectroscopy (229). Chitosan nanocapsules of tarragon essential
oil were made, and had low cytotoxicity and long-lasting activity
as a green nano-larvicide. Its cytotoxicity was checked on human
skin lines (230). This system is already a clinical trial is
completed such as an anti - HER2 mADb with paclitaxel and a
mAD with doxorubicin (D0x0®) (231). Mardani et al. discovered
that curcumin nanomicelles might suppress lung metastasis and
melanoma cell growth (B16 F10). The time and concentration of
incubation are critical elements in imparting the potential
activity of nanomicelle. Curcumin nanomicelles cause
apoptosis even at low concentrations of 20 M. Curcumin also
reduces angiogenesis and controls T Cell activation (232).

Metallic Nanoparticle

Metallic NPs (MNPs) are comprised of a metal core made of
inorganic metal or metal oxide, which is generally surrounded by
a shell also made of organic or inorganic material or metal oxide.
Gold, silver, iron oxide, copper, zinc oxide, TiO,, platinum,
selenium, gadolinium, palladium, and cerium dioxide are some
of the metals and metal oxides that are employed. Because NPs
are poisonous to live cells, their manufacturing and usage in
powder form are deemed risky. To address this issue, highly
reactive MNPs can be encapsulated (233). Aqueous plant
extracts were mixed with metal salt solutions to create MNPs.
Secondary plant metabolites are continually involved in the
redox process that produces environmentally favorable NPs.
The initial indication for MNP production is detected as a
color shift. UV visible spectroscopy can be used to track the
development of the reaction. Because of the drawbacks of the
other approaches, the biological synthesis of NPs is the ideal way
for producing these MNPs (234). It is a one-step bio-reduction
approach that requires less energy to synthesize eco-friendly
NPs. The biochemical reaction of AgNOj; reacting with plant
broth results in the synthesis of AgNPs, according to the bio-
reduction technique. Tribulus terrestris L extract was combined
with various molar concentrations of silver nitrate solution to
create eco-friendly AgNPs with distinct morphological
properties. The methanolic extract of the Callicarpa maingayi
Kjng and Gamble stem is employed in the manufacture of AgNPs
and the formation of [Ag (Callicarpa maingayi)] + complex. The
aldehyde group contained in the extract is mainly involved in the
reduction of silver ions into metallic AgNPs (235). Piper nigrum
L., leaves were stated to contain an important bioactive
compound, involved in the NP synthesis by an eco-friendly
method. Artemisia nilagirica(C.B.Clarke) Pamp., leaves were
also used for the synthesis of NPs (224). These NPs are used
because of their various properties. AgNPs are used as an
antibacterial agent, wound dressing material, bone and tooth
cement, and for water purification. MNPs are being used in a
variety of fields, not simply in medicine and agriculture. MNPs
are also employed in the manufacture of several bacteria,
including Klebsiella pneumonia and Pseudomonas aeruginosa.
It is also employed in the production of bioactive compounds
and phytochemical constituents (236). In now a day the clinical
trial is performed in some inorganic nanomaterials such as
gold nanoparticles and silica nanoparticles (237). Folic acid
surface modification improves the targetability of curcumin

magnetic nanoparticles. Curcumin-loaded folate-grafted
magnetic nanoparticles inhibit KB nasopharyngeal cancer cells
and MCF-7 breast cancer cells significantly. The nanoparticles
demonstrated targeted thermo-chemotherapy leading to
apoptosis by a selective interaction with folate receptors, which
are abundantly expressed in cancer cells, based on magnetic
effect (238). The eupatorium-containing mPEG-b-PLGA-coated
iron oxide nanoparticles were investigated towards prostate
cancer cell lines (DU-145 and LNcaP). Furthermore, it exhibits
increased apoptosis and reduced necrosis in the sub G1 phase, as
well as enhanced cell populations, rendering it a suitable option
for drug-resistant cancer treatment (239). The MTT experiment
revealed that eupatorin-loaded Fe304@mPEG-b-PLGA
nanoparticles significantly slowed the development of DU-145
and LNcaP cells, with IC50 values of 100 M and 75
M, respectively.

Inorganic Nanoparticle

Inorganic nanoparticles are composed of silver, gold, iron oxide,
silica, platinum, and gadolinium hydroxide (Gd(OH)j).
Magnetic (superparamagnetic iron oxide particles), nanoshell
(dielectric silica core in thin gold metal shell), metallic, and
ceramic (porous biocompatible substance) nanoparticles are its
additional subclassifications based on the material used (240).
They have good biocompatibility, can reduce cytotoxicity of
medicines, increase the formation of reactive oxygen species
(ROS), and have antibacterial action. In comparison to organic
materials, these NPs are nontoxic, hydrophilic, biocompatible,
and very stable. Inorganic nano-drug delivery methods such as
mesoporous silica NPs, CNTs, layered double hydroxides,
superparamagnetic iron oxide NPs, and calcium phosphate
NPs have been developed as therapeutic uses in a variety of
disorders, including neurodegenerative diseases. Magnetic NPs
(MN) are employed in magnetic resonance imaging (MRI).
Using zirconium oxide NPs, the antifungal activity of neem
and aloe vera formulations was sustained and increased (241). In
recent years, inorganic NPs have been synthesized and
conjugated with tiny drugs for a variety of therapies. Inorganic
NPs, which are mostly based on selenium, metallic chalcogenide,
silicon, and carbon, are employed in oncotherapy (242). A pre-
clinical trial of Anti-EGFR antibody cetuximab (C255) approved
by FDA for the treatment of EGFR - positive colorectal cancer
and palladium compound (TOOKAD) is a clinical trial by
photo-dynamic therapy for the treatment of prostate cancer (65).

RECENT PATENTS

Experts are currently working to modify particles by combining
many newer sorts of compounds. The plant bioactive molecule
has been found to provide considerable benefits in cancer
therapy; however, administering this component is not easy
(243). Consequently, a recent patent provides evidence of a
unique herbal ingredient-delivery technique. Although there
are still challenges to be resolved, this will become a significant
delivery method soon. It has already achieved notable progress in
the fields of NP separation, purification, and creation (145).
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Table 3 shows several recently issued patents for nanoparticle
formulations comprising natural anti-cancer molecules.

CHALLENGES

Medicinal plants may have a large number of active ingredients, some
of which may be beneficial in therapy while others may be harmful
(261). There is a lack of standard protocols and meta-analytic
evidence for the use of herbal medications. The predominant role
of herbal medication in cancer is to treat symptoms of neoplasm and
strengthen the immune system (262). Herbal medicines are used as
adjuvant therapy to treat side effects associated with chemotherapy
but they have not been used alone to cure or prevent cancer. In vitro
studies have been successfully performed for the treatment of cancer
but in clinical trials, herbal medicine did not succeed much (32).
Herbal medicines can be useful in the case of primary cancer but they
cannot be useful to treat severe cases of cancer until yet (32).
Satisfactory evidence regarding the administration of herbal
medication through the parenteral route and proper guidance for
the route of administration is not available. A target-based specific
treatment for the cancerous cell is not commercially available in
herbal therapy. The database of specific interactions of these
medications along with other prescription drugs is deficient (263).
Several compounds show structural similarity but verification of their
structural relationship and function are not well defined (264). In a
patient taking cancer treatment, herbal medicine may interfere and
alter pharmacokinetic properties. Along with the above challenges,
one more challenge is the clarity of the mechanism behind its
pharmacological action. While conventional medicine has a proper
monitoring system, Ayurvedic treatments do not have a sufficient
monitoring system, data analysis, objective level, measuring of the
drug, and tools of standardization (265). When herbal medication is
used along with other chemotherapeutic agents, it can reduce the
bioavailability of chemotherapeutic agents (169).

Some of the herbal medications do not just act on target cells, but
also a wide range of normal cells. The limitation of herbal
medication is that it can have numerous targets. In some
instances, herbal extracts may produce adverse effects. Resistance
is common in herbal treatments such as camptothecin (266).
Vincristine, a component of the vinca alkaloid, may cause
swelling because of fluid accumulation in tissue. If a person
consumes vinca, it may cause heart and blood vessel problems.
Coma, drowsiness, nerve discomfort, motor dysfunction, and other
neurological problems might occur because of vinca ingestion.
Vinca alkaloids cause skin responses, as well as baldness and
rapid hair loss. Indigestion, vomiting, and cramping are some of
the gastrointestinal complications associated with this therapy
(267). Decreased bone marrow activity and pain due to nerve
damage are consequences associated with taxols (e.g., paclitaxel)
(268). Chaga mushroom powder, which is used to treat cancer, has
been linked to calcium oxalate buildup, which can lead to tubular
damage in the lumin of tubules, and oxalate crystals may be
observed (269). Treatment with glycyrrhiza may result in tumor-
bearing pressure, lack of appetite, and a reduction in potassium
levels in the blood. It also causes hypokalemic conditions when
other hypokalemic drugs are co-administered with it (270, 271).

Patients who choose herbal medication as a cancer treatment may
have various safety problems, such as a reduction of cancer drug
concentration in the blood. Mephitic symptoms have been observed
in cancer patients who are receiving herbal medicines. Herbal
medications, in addition to their benefits, have certain
disadvantages, such as changes in metabolism caused by drug
interactions and changes in absorption. The maidenhair tree
increases the harmful effects of paclitaxel by blocking its
metabolism (272). Menorrhagia and dementia can occur when
herbal medications are taken in conjunction with pregnancy-
preventive medications (273).

FUTURE PROSPECTS

Currently, people are focusing on herbal medication, which is
cheaper and is commonly available so, advancements in their
formulation and proper drug delivery system should be introduced.
Drug regulatory standards related to safety, quality, and efficacy
should be developed and managed. Interaction of other anticancer
drugs with herbal medications should be studied and data should be
collected for proper buildup and usage of herbal drugs. A wide variety
of compounds will be available because many types of research are
ongoing for herbal medications. Advancement can be made by
modification of constituents to produce semisynthetic medicines.
Many genetically modified natural products can be established by the
use of the latest biotechnological methods. Complementary and
alternative medicine (CAM) formulations play an important role
and have achieved significant results in anticancer treatment.
Production, sale, marketing, and use of these medicines should be
properly controlled by the government and specific norms should be
introduced for their use. It has a high potential for treating cancer
patients in the future. Some herbal drugs are administered via NPs-
based formulations, which can cause toxicity, and some of their
interactions should not be overlooked. As a result, a herbal bioactive
chemical is loaded with a naturally produced NP, such as exosomes,
which can create a high reaction while being low in toxicity. Many
drugs are difficult to isolate at times, and the amount of substance
available is sometimes limited. To solve this challenge, one must first
obtain that specific gene implanted in a host and then provide the
right environmental conditions for proper development and culture.

Theranostics is a concept that combines the phrases therapeutics
and diagnostics, and it refers to the use of medications for cancer
diagnosis and therapy using the concept of theranostic and for
overcoming chemoresistance in breast cancer, the co-delivery
system for doxorubicin (DOX) and curcumin (CUR) was designed,
in a sustained pH-dependent manner, which acted as a
chemosensitizer. The surface of magnetic NC was decorated by
hydroxyapatite that was cross-linked with B-cyclodextrin leading to
the improvement in curcumin bioavailability. The therapeutic
efficiency was established by the reduction in tumor size (274, 275).
In another research, nano curcumin was combined with rare-earth-
doped upconversion nanoparticles (UCNPs). Poly (lactic-co-glycolic
acid) (PLGA) was used to promote sustained drug delivery and drug
release, targeting, minimizing the non-specific consumption by
undesirable tissues, and enhancing its aqueous solubility (276).
Curcumin-incorporated PLGA nanoparticles have exhibited
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TABLE 3 | Summary of recently published patents related to nanoparticle formulation with the natural anti-cancer molecule.

Patent Title Description of patent Compound/herbal plant Treatment of Reference
number/year cancer
IN202241000705  Lung cancer treatment using It describes the novel drug Astragalus, cisplatin and vinorelbine Lung cancer and (244)
(2022) astragalus, cisplatin and formulations of astragalus, cisplatin non -small cell
vinorelbine and vinorelbine for treating lung carcinoma
cancer [INSCLC]
IN202111049427 A novel herbal composition for This invention relates to the herbal Cinnamomum zeylanicum J.presl. Used in different (245)
(2021) anticancer activity composition for cancer treatment cancer
where cinnamon zeylanticum J.presl., treatments
is utilized
IN202141046188 Enhanced anticancer activity of ~ This study provides a novel insight Quercetin Human breast (246)
(2021) quercetin-loaded TPGS into the mechanism of action of cancer
(Tocopherol polyethylene glycol  quercetin-induced apoptosis in
succinate) nanosuspension for human breast cancer cells
drug imperious MCF-7(Michigan
cancer foundation -7) human
breast cancer cells
IN202021048696 Cytotoxic herbal silver The present invention is herbal extract Brassica oleracea L. Mammary (247)
(2020) nanoparticles as a remedy for mediated silver nanoparticles acting carcinoma,
mammary carcinoma as a cytotoxic agent to mammary cervical cancer,
carcinomatous cells by showing G2/ hepatocarcinoma
M-phase cycle arrest cell
IN202041023550  The non-invasive, novel This formulation possesses Tridax procumben L.,curcuma longa L., Lung cancer (248)
(2020) polyherbal synergistic anticancer, cytotoxic and wound and trachyspermum ammL.)Sprague.
nanoformulation for the effective  healing properties for effectiveness in
prevention and arrangement of  lung cancer
human lung cancer
IN202041025649  The non-invasive novel The polyherbal formulation having Plumbago zeylanica L., Zingiber officials ~Gastric cancer (249)
(2020) polyherbal formulation for the nine ingredients has given very Roscoe., Terminalia chebula Retz., and colon cancer.
prevention and management of  positive leads and evidence regarding  Indigofera tinctoria L., Syzygium
gastric cancer, its preparation its efficacy in the effective prevention  aromaticum (L)Merr.andL.M.perry.,
and uses thereof and management of gastric cancer Tamarindus indica L., Piper nigrum L.,
and also with extended scope of teat  Cissus quandragularis L.,
colon cancer also Trachyspermum ammi(l.) Sprague.
US20170258929  The method uses and The conjugate of GnRH and curcumin ~ Curcumin and its analog Pancreatic cancer (250)
(2017) combination composition in give along or in combination with
cancer treatment 2’,2’-difluoro-2’-deoxycytidine in
pancreatic cancer treatment
EP3144006 The combination of Liposomes containing curcumin Curcumin Glioblastoma (251)
(2017) chemotherapeutic agent and eliminate the QT- prolongation to treat
curcumin analog used in the glioblastoma
treatment of glioblastoma
US20170035701  Preparation method and uses of Formation of the micellar core of Curcumin, reservatrol, honokiol, and Brain cancer, liver (252)
(2017) stabilized high drug load of active compound by encapsulating magnolol cancer, and skin
nanocarrier the active compound by nanocarrier cancer
of lipid shell
US20170189343  Drug carrier for tumor-specific It provides a nano drug carrier for Various anticancer bioactive Various (253)
(2017) drug delivery and uses of it tumor treating drugs to depolymerize  compounds hematological
-polymerize the human ferritin Cancer
US20170224636  Curcumin-sophorolipid complex. The present invention relates to a Curcumin Specifically for (254)
(2017) curcumin acidic sophorolipid complex breast cancer
is enhances the bioavailability of
curcumin and nano- encapsulated in
acidic sophorolipid
US20160287533  Bioavailability enhancing The formulation which increasing the It included at least one curcumin, Cervical cancer (255)
(2016) curcumin composition, method, — curcumin properties and treats the resveratrol, catching derivative and
and uses uncontrolled cellular growth in the precancerous
human cell cervical lesion
US20160287706  Left helical 3D cage-like L-DNA (left helical structure of DNA) Genistein Various cancer (256)
(2016) structure of DNA drug carrier nanocage (3D cage) has high
nanocage efficiency of cellular delivery so it is
very suitable to deliver an active
herbal drug into the cell
(Continued)
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TABLE 3 | Continued

Patent Title
number/year
US20140369938  Curcumin-coated magnetic
(2016) nanoparticles for biomedical
application
US20160263221  Information of pharmaceutical
(2016) formulation of controlled drug
targeted delivery system
W02016014337  Nanoemulsion based drug
(2016) delivery system
US20150314006  Particulate drug delivery
(2015) methods.

Description of patent

Curcumin and its derivatives are
coated with ultra-small
superparamagnetic nanoparticles of
iron oxide directly without losing the
therapeutic properties of curcumin

It provides a container having at least
one herbal drug and adapted to
release herbal compounds inside the
cancer cell

Drug delivery system forming a
nanoemulsion for an anticancer agent
It provides preparation of drug-
polymer or oligomer conjugate which

Compound/herbal plant Treatment of  Reference
cancer

Curcumin Breast cancer, (257)
lung cancer,
pancreatic cancer

Curcumin Lung, breast, (258)
prostate, and
colon cancer

Curcumin Colorectal cancer (259)

Genistein-like species which having one Prostate cancer (260)

hydroxyl group and a thiol group

is useful in in-vivo drug delivery for

therapeutic application

increased cellular uptake, induction of apoptosis, suppression of
tumor cell proliferation, and improvement in bioavailability. The
advantage of combining UCNP and nano curcumin lies in the
upconversion of visible light leading to the excitement of
photosensitizer and favoring the fluorescence resonance energy
transfer (FRET) which can be used in the examination of in vivo
interaction between bimolecular entities (276).

Berberine with etoposide via albumin nanoparticle was used in
the Nano-in Nano approach. Co-encapsulation of BER was
hypothesized to reduce the therapeutic dose of ETP, which would
minimize its toxicity and overcome the problem of developing
resistance and enhance its antitumor efficacy (275). When given in
lung cancer-bearing mice, it leads to a decrease in vascular
endothelial growth factor (VEGF) expression level, triggered
caspase activation with tumor cell apoptosis, and enhanced
antiangiogenic effect that might refer to synergistic topoisomerase
IT inhibition and reduction of multidrug resistance (MDR) effect in
A549 cells (232, 275, 277). Thus, various plants possessing
anticancer properties can be formulated with modifications to
make them suitable for use as a theranostic leading to a
substantial increase in the potency of anticancer drugs in the future.

CONCLUSION

Conventional cancer therapies are sometimes restricted due to their
low specificity, which can result in significant side effects and toxicity,
as well as the likely creation of MDR phenotype. As a corollary, the
necessity to precisely destroy cancer cells, overcome MDR, and boost
the specificity of a medication using spatial, temporal, and dosage
regulation of its release is driving the hunt for more effective anti-
cancer therapy. Natural products are a key source for the
development of innovative anti-cancer medicines that may be used
both preventively and therapeutically. Phytochemicals at lower doses
initiate adaptive response but as one increases the dose it produces
acute autophagic response and apoptosis. There are several types of
drug carriers available today, each with distinct and varied qualities
that make them suitable for the treatment of cancers. After
appropriate studies, it is now possible to create multipurpose

nanocarriers that permit the slow and selective release of various
drugs at specific tumor locations. In vitro and preclinical research
have shown that NPs transporting and delivering both
chemotherapeutic drugs and natural ingredients are extremely
efficient for both curative and chemosensitizing reasons. Allopathic
drugs have some challenges with them, thus diverse research is
ongoing for herbal medication to improve their effectiveness and
for acknowledgment of their side effects. Plant extracts appear to be
less effective and efficient than refined extracted herbal components.
The inclusion of mixed elements may lead to antagonistic activity or
undesirable side effects, as well as a reduction in the therapeutic
potency of the main substance. The herbal component’s anticancer
activity should be recognized based on IC50 for cancer cell survival.
Herbal medications with high IC50 values have little anti-cancer
potency and so are not good options. Drug-drug interactions among
herbal ingredients and other traditional FDA-approved drugs should
be extensively explored to find the most effective additive mixtures.
The importance of herbal medicines may increase in the future via
such a nano-drug delivery system. Further research is requisite to
address the safety issues related to these systems.
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Synthesis and anti-melanoma
effect of 3-O-prenyl
glycyrrhetinic acid against
B16F10 cells via induction of
endoplasmic reticulum stress-
mediated autophagy through
ERK/AKT signaling pathway

Lone A. Nazir'?, Naikoo H. Shahid*?, Kumar Amit>,
Sheikh A. Umar™?, Sharma Rajni’®, Sandip Bharate®>,
Pyare L. Sangwan?®* and Sheikh Abdullah Tasduq***

*Pharmacokinetics-Pharmacodynamics and Toxicology Division, Council Of scientific and Industrial
Research-Indian Institute of Integrative Medicine, Jammu, India, ?Academy of Scientific and
Innovative Research (AcSIR), Ghaziabad, India, *Natural Product and Medicinal Chemistry Division,
CSIR-Indian Institute of Integrative Medicine, Jammu Tawi, India

Melanoma is an aggressive form of cancer with poor prognosis and survival
rates and limited therapeutic options. Here, we report the anti-melanoma
effect of 3-O-prenyl glycyrrhetinic acid (NPC-402), a derivative of glycyrrhtinic
acid, from a reputed medicinal plant Glycyrrhiza glabra against B16F10 cells.
We studied the cytotoxic effect of NPC-402 on melanoma cells and
investigated the role of mitogen-activated protein (MAP) kinase, AKT axis,
and endoplasmic reticulum (ER) stress/unfolded protein response (UPR)-
mediated autophagy as the involved signaling cascade by studying specific
marker proteins. In this study, 4-phenylbutyric acid (4PBA, a chemical
chaperone) and small interference RNA (siRNA) knockdown of C/EBP
Homologous Protein (CHOP)/growth arrest- and DNA damage-inducible
gene 153(GAD153) blocked NPC-402-mediated autophagy induction, thus
confirming the role of ER stress and autophagy in melanoma cell death.
NPC-402 induced oxidative stress and apoptosis in melanoma cells, which
were effectively mitigated by treatment with N-acetylcysteine (NAC). In vivo
studies showed that intraperitoneal (i.p.) injection of NPC-402 at 10 mg/kg (5
days in 1 week) significantly retarded angiogenesis in the Matrigel plug assay
and reduced the tumor size and tumor weight without causing any significant
toxic manifestation in C57BL/6J mice. We conclude that NPC-402 has a high
potential to be developed as a chemotherapeutic drug against melanoma.

KEYWORDS

melanoma, ER stress, autophagy, apoptosis, 3-O-prenyl glycyrrhetinic acid
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GRAPHICAL ABSTRACT

Graphical summary of NCP-402 effect on endoplamis reticulum and autophagy. NPC-102 induces ER, stress lading to UPR via elF 2a signaling,
resulting in activabos of CHIOP and Causes aulophagy induction mediated cell death. NPC-402 causes generation of reactive axygen species
that leads to MMP depolarization resulting in pro-apoptolic environment within the cells, NPC-d02 alo cause’s felease of cylochrone C nio
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402 -induced ER-ares and its downward effects, N acetyl eysteine alio preveat NCP,A03 indaced cell death 5) relieving oxidative stres.

Abbreviations: NPC-402, 3-O-prenyl glycyrrhetinic acid;MAP kinase, mitogen-
activated protein kinase; AKT, protein kinase B; JNK, c-Jun N-terminal kinase;
ER, endoplasmic reticulum; UPR, unfolded protein response; 4PBA, 4-
phenylbutyric Acid; siRNA, small interfering RNA; CHOP/GAD153, C/EBP
homologous protein; NAC, N-acetylcysteine; GRP78/Bip, glucose-regulated
protein 78; IREla, inositol-requiring transmembrane kinase/endoribonuclease
1o, PERK, protein kinase R-like endoplasmic reticulum kinase; ATF6, activating
transcription factor 6; Bcl-2, B-cell lymphoma 2; Bim, Bcl-2 homology 3-only
protein; Bax, BCL2-associated X; ATF4, activating transcription factor 4; MEK,
mitogen-activated protein kinase kinase; ERK1/2, extracellular signal-regulated
kinase 1/2; Nrf-2, nuclear factor erythroid 2-related factor 2; Cu/Zn SOD,
copper/zinc superoxide dismutase; P62, ubiquitin-binding protein; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase
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Introduction

Melanoma is the deadliest cancer among all skin cancers, with
high metastasis, poor prognosis, and resistance to present treatment
strategies (1). It represents less than 5% of skin malignancies but
accounts for 80% of related mortalities (2). Due to its extraordinary
opposition to conventional chemotherapeutic strategies, there is
urgency for the development of novel and targetable therapeutic
strategies to control this deadly disease (3). A high load of oxidative
stress in melanoma tumors increases the aggressiveness of
therapeutic agents imparting a high Reactive Oxygen Species
(ROS) stress threshold in cancer cells and has shown promising
potential to selectively target melanoma (4, 5). phosphoinositide 3-
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kinase(PI3K)-AKT has been shown to increase in part the
proliferative and anchorage-independent growth nature in
melanoma cells (6, 7). Moreover, mitogen-activated protein
kinase (MAPK) signaling has been found to be critical and
constitutively activated by various mechanisms, making it a target
for melanoma (8).

Endoplasmic reticulum (ER) is a membrane-bound cytosolic
organelle with a high calcium (Ca") storage and neutral pH and
plays a pivotal role in protein folding due to the presence of
chaperone proteins such as glucose-related protein (GRP)78/Bip
collectively controlling cellular homeostasis. A hostile cellular
environment causes misfolded proteins to accumulate, leading
to imbalances in ER homeostasis and finally culminates into ER
stress/unfolded protein response (UPR). The signaling pathways
overseeing the ER stress response are inositol-requiring
transmembrane kinase/endoribonuclease 1o. (IREla), protein
kinase R-like endoplasmic reticulum kinase (PERK), and
activating transcription factor (ATF)6. UPR results in the
induction of the expression of proteins called chaperones that
are involved in the recovery process. However, in case of
excessive stress or sustained insult, the function of the ER is
compromised, triggering apoptosis, thereby removing the
affected cell. Recent findings in this regard have well
established that ER stress is a potent inducer of autophagy, a
cellular self-degradative process having an adaptive function (9),
and modulation of UPR by agents that actively induce ER stress
may be effective as anti-melanoma agents (10, 11). These pieces
of evidence are highly suggestive of ER stress-mediated
autophagy as a therapeutic target against melanoma.

During physiological conditions, autophagy plays a
housekeeping role in removing the misfolded proteins and in
clearing damaged organelles from cells (12, 13). Previous studies
have suggested that autophagy performs context-dependent
roles in cell survival and death mechanisms (14). In cancer
morbidity conditions, autophagy deficiency acts as a tumor
suppressor or supports tumor progression by limiting stress
(15). Induction of autophagy on stimulation can either be
protective or promote apoptosis in cancer cells. Therefore,
anticancer drugs acting through autophagy in tumors leads to
autophagy-mediated cell death (16), and strategies targeting
autophagy as a drug target are worth it in melanoma cancer
therapy. In melanoma, c-Jun N-terminal kinase (JNK) signaling
pathway has a major role to play in autophagy-mediated
apoptotic cell death (17, 18). Therefore, it has been clearly
inferred that autophagy and MAPK/JNK along with AKT
signaling axis can also be targeted to induce autophagy-
mediated cell death response in melanoma cells (19).

Nature-based agents have been the backbone of drug
discovery in the area of cancer treatment strategies. Different
derivatives of 18B-glycyrrhetinic acid, a secondary metabolite
from a reputed plant used in most traditional medicine
practices of the world, Glycyrrhiza glabra, are in various phases
of clinical trials against various cancers (20, 21). In the present
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study, we synthesized and analyzed the anti-melanoma effect and
the mechanistic basis of 3-(3-methyl-but-2-enyloxy)-11-oxo-
olean-12-ene-29-oic acid (NPC-402), a pentacyclic triterpenoid
ether derivative of glycyrrhetinic acid (GA), against several cellular
models of melanoma and in C57BL/6] mice. The present study
was designed to demystify the mechanistic basis and
interrelationship of ER stress and autophagy in cell death by
examining and looking for the changes in the PERK-ATF4-C/
EBP Homologous Protein (CHOP) and MAPK and PI3K/AKT
signaling pathway axes regulating cellular proliferation and death
processes and evaluating their role as therapeutic targets for NPC-
402 treatment to achieve an anti-melanoma effect. In addition, a
reduction in tumor size/volume in C57BL/6] mice in the Matrigel
plug assay was performed to assess the efficacy and potency of our
study molecule (NPC-402) as an anti-melanoma agent.

Materials and methods
Chemicals and reagents

All of the chemicals/reagents were purchased from different
authorized companies. Most of the cell culture-based chemicals
and reagents were purchased from Sigma-Aldrich, and the
cultureware was purchased from the Nunclon Thermo-
Scientific-India. The Western blot apparatus, tools, and reagents
were purchased from Bio-Rad Technologies, USA. Dulbecco’s
modified Eagle’s medium (DMEM), penicillin-streptomycin,
propidium iodide (PI), 2,7-H,DCF-DA, proteinase K,
ribonuclease-A, agarose, dimethyl sulfoxide (DMSO),
Dulbecco’s phosphate buffer saline (DPBS), fetal bovine serum
(FBS), LC3V/IL, and anti-B-actin antibodies were purchased from
Sigma-Aldrich Chemicals (St. Louis, MO, USA). Antibodies
against caspase-3/caspase-8, B-cell lymphoma 2 (Bcl-2), Bcl-2
homology 3-only protein (Bim), BCL2-associated X (Bax),
ATF4, phospho-mitogen-activated protein kinase kinase (MEK),
phospho-extracellular signal-regulated kinase (ERK), total ERK,
total MEK, phospho-p38, p-38, phospho-JNK, JNK, phospho-
AKT, nuclear factor erythroid 2-related factor 2 (Nrf-2), catalase,
copper/zinc superoxide dismutase (Cu/Zn SOD), AKT, Beclinl,
P62, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were purchased from Santa Cruz Biotechnology, Inc. Glycyrrhizin
was purchased from Sigma-Aldrich.

Synthesis and characterization of 3-(3-
Methyl-But-2-Enyloxy)-11-Oxo-Olean-
12-Ene-29-0ic Acid (NPC-402)

Hydrolysis of glycyrrhizin

GA was prepared by hydrolyzing glycyrrhizin in 5% aq. HCl and
purified over a silica column in ethanol:hexane (25:75) and further
characterized by comparison of melting point and spectral data with
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values in literature. The modifications were done at the C-3 position
for the synthesis of O-alkylated/benzylated GA derivatives.

General method for the preparation of O-
Alkylated/Benzylated Glycyrrhetinic acid

K,COj3 (1.2 mmol) was added to the solution of 33-hydroxy-
11-oxo-olean-12-en-30-olic acid (100 mg, 1 mmol) in dry
acetone (5 ml) followed by addition of different alkyl and
benzyl halides (1 mmol). Stirring was done at room
temperature for 8 h under inert atmosphere and concentrated
under reduced pressure conditions. The resultant mixture was
chloroform diluted and water was added, leading to the
formation of a white precipitate in the aqueous layer. The
organic layer was decanted, and the remaining residual solid
material was washed 5-6 times with chloroform. Under reduced
pressure, the combined chloroform layer was evaporated and the
residue was purified by silica gel (#100-200) column
chromatography using hexane-ethyl acetate as an eluent to
yield the different alkylated products (Figures S1A, B).

Cell culture and animal experiments

Murine melanoma cell line B16F10, human immortalized
fibroblast cell line from foreskin Hs68, and cell line A375
(human melanoma) were purchased from the American Type
Culture Collection (Rockville, MD, USA). Human immortalized
keratinocyte cell line HaCaT was purchased from CSL-Eppelheim
Germany. The cell culture method was followed as described
previously (22). Briefly, cells were seeded in DMEM supplemented
with L-glutamine, glucose (3.5 g/L), and (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) (15 mM). Additionally,
penicillin G (120 mg/L), streptomycin (270 mg/L), amphotericin
B (250 mg/L), sodium bicarbonate 1.2 g/L, sodium pyruvate 220
mg/L, and FBS (10% v/v) were added. The culture conditions for
all cell culture experiments were 37°C and 5% CO, and kept for
incubation in a water jacketed humidified incubator (Thermo-
Scientific Model No. 3121). Cells were observed daily under light
microscope (Olympus-Japan). Cells with passage nos. from 10 to
20 were used in most of the experiments.

Four-week-old male mice C57BL/6] (16-18 g weight) were
procured from an institutional animal care facility and
acclimated for 1 week. The study was duly approved by the
institutional animal ethics committee (IAEC). Mice were divided
into three groups (n = 7). Group 1: Control group was given 1
million B16F10 melanoma cells subcutaneously into the ventral
area in Matrigel and Vascular endothelial growth factor (VEGEF),
Group 2: B16F10 cells + NPC-402 treatment, Group 3: B16F10
cells + dacarbazine treatment. NPC-402 was administered
intraperitoneally (ip.) at 10 mg/kg for 5 days in a week by
preparing as a suspension in transketolase, while the dacarbazine
standard group was administered Dacarbazine at 60 mg/kg as a
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suspension in transketolase at alternate intervals thrice a week.
The study was scheduled for a week. All of the mice were
separately caged at 24°C + 2°C, having free access to food with
12-h light/dark cycle. Weekly weight patterns were monitored,
and mice were sacrificed by CO, euthanasia. Blood was collected
by cardiac puncture and subjected to centrifugation, and serum
was stored at -80°C in the Matrigel plug assay.

Cell viability assay

Enzymatic reduction of 3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) by metabolic active cells
to MTT-formazan by mitochondrial enzyme succinate
dehydrogenase was used for the evaluation of cell viability as
described earlier (23, 24). Briefly, after cell culture and followed
by treatment with the test compound, the cells were further
incubated for 24 h. The absorbance was recorded by a Multiskan
plate reader (Thermo Electron Corporation) at 570 nm.

Colony formation assay

BI16F10 cells were seeded in six-well plates (250-300 cells/
well). After 24 h, cells were subjected to treatment with different
concentrations of NPC-402 for 24 h and further cultured for 5-7
days. Cells were fixed with 70% methanol and stained with
crystal violet 0.1%. Stained colonies were captured by EVOS-FL
Cell Imaging System (Thermo Fisher).

Scratch assay (cell migration)

The scratch assay was performed as described previously (25).
Briefly, cell proliferation was inactivated by mitomycin-C, and
then cells were wounded by a microtip and washed with PBS.
Cells were treated with the required concentrations of NPC-402
and further supplemented with fresh medium with or without
VEGF (20 ng/ml).

Annexin V/propidium iodide staining
Apoptosis was investigated using FITC Annexin-V/Dead Cell
Apoptosis Kit (Molecular Probes-Life Technologies, OR, USA) as

per protocol provided by the manufacturer. Stained samples were
analyzed using BD FACS Calibur Aria flow cytometry.

DNA fragmentation assay

Analysis of DNA fragmentation was performed as described
previously (26). Briefly, after the treatment schedule, B16F10 cells
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were collected and washed with ice-cold 0.1 M Ethylenediamine
tetra acetic acid (EDTA)-DPBS buffer and lysed in DNA lysis buffer
and further incubated at 37°C for 1.5 h in a shaker water bath. After
centrifugation, the supernatant was treated with proteinase K (250
pg/ml) at 50°C for an additional 60 min. DNA was extracted in
phenol-chloroform and precipitated with ethanol and
analyzed electrophoretically.

Reactive oxygen species measurement
via fluorescence microscopy/flow
cytometry

Dichlorofluorescin diacetate (H,DCFDA) was used for the
measurement of ROS generation as described previously (27).
After completion of the treatment schedule, the dishes were
incubated with H,DCFDA (5 uM, Sigma-Aldrich) for 15 min
then followed by DPBS washing, and images were captured on
fluorescent microscope on GPF-filter at x20 resolution.
Camptothecin (5 uM) was used as a positive control for the
indicated time points (Figures 4A, B). Fluorescence of the images
was quantified by using Image] software as reported earlier (28).
We have also evaluated the ROS generation by flow cytometry
(BD FACS Calibur Aria) by looking for the change in fluorescence
due to the production of 2’, 7’-dichlorofluorescein (DCF). H,0,
(100 uM) was used as a positive control. BI6F10 cells were
exposed to H,O, (100 uM) for 15 min prior to analysis.

Lipid peroxidation assay

Lipid peroxidation was measured by quantifying
malondialdehyde (MDA-Thiobarbituric acid (TBA) adducts) by
a commercially available colorimetric assay (Sigma-Aldrich) as per
the manufacturer’s protocol. Briefly, after termination of the
experiment, cells were collected in 1.5-ml centrifuge tubes and
homogenized on ice in MDA lysis buffer containing butylated
hydroxytoluene (BHT) and then centrifuged at 13,000 g for 10 min
to remove the insoluble material. The TBA solution was added to
each Sample & Standard tube and incubated at 95°C for 60 min in
a water bath and allowed to cool on an ice bath for 10 min. Finally,
absorbance was documented at 532 nm by a spectrometer
(Multiskan Spectrum plate reader, Thermo Electron Corporation).

Study of mitochondrial membrane
potential using fluorescence microscopy

Mitochondrial membrane potential (AWm) was analyzed by
JC-9 staining as described previously (28). Briefly, cells were
grown on coverslips, and after attaining confluency of 60%-70%,
the cells were treated with the indicated concentrations of NPC-
402. After completion of treatment, JC-9 (5 ug/ml) dye in DPBS
was given to cells and incubated for 25 min in culture conditions.
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After slide preparation, imaging was performed using EVOS-FL
Microscope (Thermo Fisher) using red and green filters, and the
images were quantified using the Image] software (28).

Immunocytochemistry assay

Immunocytochemistry (ICC) experiments were carried out
as reported previously (22, 28). Briefly, cells were incubated on
coverslips in 35-mm culture dishes. After the completion of the
treatment schedule, fixation of cells was carried out with 4%
paraformaldehyde for 10 min at Room Temperature (RT). Cells
were further permeabilized with 0.1% Triton X-100 for 10 min at
RT. After blocking in 1% bovine serum albumin (BSA), cells
were incubated with primary antibody overnight at 4°C. After
proper washing with DPBS-T (Tween 20 0.1%), appropriate
secondary antibodies were added to cells and incubated in the
dark for 2 h at RT. Cells were mounted with ProLong Gold
antifade reagent (4’,6-diamidino-2-phenylindole) (DAPI), and
images were taken on EVOS-FL Cell Imaging System at x20.

Small interference RNA-mediated
knockdown assay

Validated CHOP small interference RNA (siRNA) was
procured from Santa Cruz Biotechnology, USA. Lipofectamine
(Invitrogen, Life Technologies) and CHOP siRNA were diluted
into opti-MEM 1 reduced serum medium (Gibco, Life
Technologies) as per manufacturer’s instruction. B16F10 cells
were incubated with a transfection mixture for 16 h at a final
siRNA concentration of 50 pmol and supplemented with fresh
medium. The cells were further subjected to treatment of NPC-
402 as per experimental design.

Cytochrome C release from
mitochondrial membrane imaging assay

Cells were grown in coverslips overnight. Later, the cells were
treated with/without NPC-402 for 12 h and then incubated with
MitoTracker-DND-red (250 nM) for 30 min. The cells were washed
thrice with warm DPBS followed by other steps in the ICC protocol
by looking for the localization of cytochrome C as described.

Preparation of cell lysates for western
blotting

Cell lysates for protein expression studies were prepared as
per our previous reports (29, 30). Briefly, after cell harvesting,
cells were lysed with Radioimmunoprecipitation assay buffer
(RIPA buffer) and protein quantification of the samples was
measured by the Bradford colorimetric assay (Sigma-Aldrich)
using BSA as standard. Equal amounts of protein (40 pg) were

frontiersin.org


https://doi.org/10.3389/fonc.2022.890299
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

10.3389/fonc.2022.890299

Nazir et al.
A (o]

120 120 <120
3100 . 200 | = = =100 - [
=~ 1 > .
> 80 . 80 I % 80 "
§ . 60 oo = 60
| [ » 2 40

&40 é )
E 40 = »
. = " o 2
é N S p S 20 T - 0 :
<20 ,.] " ° [ ] . 1025 50 CPT
'S >
o 11 ‘ Ohr 6l 12hr 24hr 36hr 48hr GA(M) SuM
OpM  SpuM  10pM 20uM 30puM 40uM NPC-402(150M)
NPC-402 (24hr) F

P : | | |
3 = =) 3
€100 ' : Melanoma | IC4(uM) +SD ; s )
& 30 ” Cell Line 24Hr) s
2 .

- 60 B16F10 16£0.2 100 | = 2 *°
k| g e
E 40 % %0 .
v ——— -. i
SKMEL-28 27:1.9
“ 20 K 5_ 0
Fy 0
0 4 . A37S 33.5223
0 S 10 25 $0 CPT ‘3 20 i
NPC-102(3M) UM 2 oollsllolhs]i20
NPC-102(nM)

G H K :
NPC-402M) - 10 18 ) NPC4026M) 10 " Untreated NPC-402 Treated
Tg-200aM - - + Rap-2000M . g

LCI | e s —_—— g
n | o — 8
o
seser 0 D O B
pé2 l- [ R g
P Actn |m- 3
1 ) J
28 o0 6 - 3.
§t ’ e M s A s} E 2 4% - .
] + #82s ¥ o
(K} i+ 1 24 +
4 I f . g§‘° ~
L' $22. % 3814 i . 2260 .
“Zos i 280 | x: :
© | 1] 0 ﬂ £ "
o lLLLLLL 0 L 4% ;
03 c*"\ P & *‘\ Q‘\\"\ d O > © "0 { ]
T, s F NS F N » &
< ‘\\.’.\ & \;& \, *\!‘\*“!' ey 0“‘ R \\@ A\s;? q»&"‘ 0
&3 L K N & e
&L & .\" S
28 ) I ¥ SN P
6 % ? 1 \ (\' Q ¢,
L85 5 o8 2 A m 3 A . ! -\3\' - <
34 . 23,4 ‘ £ o j: 08 .
il b is e B85, 2206 Sample % cell viability
ol & 141 m . - M
35> % i, éi‘ : M 3o || & Control 100:0.01
o | : 1. I 02 M || [RPcao1sM] $:40
0 AL . 0 0+ IMA-2mM 10042
> > S S PSS D [ £
ST O o SIS St [Npca0:vA §2:6
K atar v v Y & N o8 AN o
e T MK S Rap-100nM 10022
L& &8 & & NPC-402+Rap 27438
Al o
FIGURE 1
Continued

Frontiers in Oncology

frontiersin.org


https://doi.org/10.3389/fonc.2022.890299
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nazir et al.

10.3389/fonc.2022.890299

FIGURE 1 (Continued)

NPC-402 Shows Potent Growth Inhibition and ER stress-mediated autophagy induction in B16F10 melanoma cells. (A) Bar graph represents the
cell viability analysis of B16F10 cells treated with/without NPC-402 for 24 h using the MTT assay (*represents p < 0.001, **p < 0.01, *p < 0.05,
control vs. NPC-402 treatment). (B) Bar graph represents the cell viability analysis of B16F10 cells treated with 15 pM of NPC-402 for different
time intervals using the MTT assay (*represents p < 0.001, **p < 0.01, #p < 0.05, control vs. NPC-402 treatment). (C) Bar graph represents the
cell viability analysis of B16F10 cells treated with/without glycyrrhetinic acid (GA) for 24 h using the MTT assay. Camptothecin (CPT) serves as a
positive control (*p < 0.05, control vs. CPT treatment). (D) Bar graph represents the cell viability analysis of HaCaT cells treated with/without
NPC-402 for 24 h using the MTT assay. Camptothecin (CPT) serves as a positive control (*p < 0.001, control vs. CPT treatment). (E) Represents
the IC50 of NPC-402 treatment in penal of melanoma cells. (F) The diagram represents the colony formation in NPC-402-treated B16F10 cells,
and the bar graph represents the percentage colony formation in B16F10 cells treated with/without NPC-402 (*p < 0.00, **p < 0.01, control vs
NPC-402 treatment). Results are representative of three similar experiments. (G) Western blot represents the protein expression of p-elf2a,

elf2a, CHOP, GRP-78, and ATF4 using beta-actin as a loading control in B16F10 cells treated with NPC-402. () Bar graph represents the
densitometry analysis of protein in fold change p-elf2o/elf2a, CHOP, GRP-78, and ATF4 using beta- actin as a loading control in B16F10 cells
treated with NPC-402 using Image Lab™ Software Version 3.0 (Bio-Rad). (H) Western blot represents the protein expression of LC3ll, Beclinl,
and P62 using beta-actin as a loading control in B16F10 cells treated with NPC-402. (J) Bar graph represents the densitometry analysis of
protein in fold change of LC3Il, Beclinl, and P62 using beta-actin as a loading control in B16F10 cells treated with NPC-402 using Image Lab™
Software Version 3.0 (Bio-Rad). (K) Microscopic images represent the detection of autolysosomes thru acridine orange staining in NPC-402-
treated B16F10 cells. (L) The bar graph and table represent the cell viability analysis of B16F10 cells treated with/without NPC-402, 3MA, or Rap
or in combinations for 24 h using the MTT assay (*represents p < 0.001 control vs. NPC-402, #p < 0.001 control vs. NPC-402+3MA)

(*p < 0.001, **p < 0.01, control vs. NPC-402 treatment). ns, non-significant.

loaded to polyacrylamide gel, and the proteins were resolved in
8%-15% gel using Miniprotein Tetra System (Bio-Rad). The gel
was transferred to Polyvinylidene fluoride (PVDF) membranes
and immunoblotted using specific antibodies against various
proteins. Secondary antibodies (Horseradish peroxidase (HRP)-
conjugated) at a dilution of 1:2,000 (Santa Cruz/CST-USA) and
directed against primary antibodies were used, and the blots
were developed with Immobilon Western Chemiluminescent
HRP Substrate. Signal intensities of bands were detected and
quantified by ChemiDoc Imaging System (Bio-Rad).

Matrigel plug assay

The assay was performed as described previously (31). Briefly,
0.5 ml of Matrigel and VEGF (100 ng) with or without B16F10
melanoma cells (I million cells/animal) were injected
subcutaneously into the ventral area of C57BL/6] mice. Animals
of group 2 were dosed daily with NPC-402 (10 mg/kg/body weight;
i.p./oral) and animals of group 3 were dosed with standard drug
dacarbazine at alternate intervals (60 mg/kg/body weight; i.p./oral)
for 1 week. On day 7, animals were sacrificed, and intact Matrigel
plugs were removed and photographed showing the extent of
vascularization. Matrigel plugs were analyzed and quantified for
neovascularization by measuring their size and hemoglobin (Hb)
content using the Drabkin reagent.

Statistical analysis

Data are expressed as the mean + standard deviation (SD).
INSTANT statistical software was used to perform statistical
analysis. Data are presented as mean + SD from three
independent experiments. Comparison between two groups
was performed by Student’s t-test and that among groups was
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carried out by one-way ANOVA for statistical significance.
p < 0.05 was considered statistically significant.

Results

Screening of O-Alkylated/Benzylated
Glycyrrhetinic acid analogs against
melanoma

Eighteen different analogs were synthesized from
glycyrrhizin through GA at the C3 position (Figure S1A).
After the cell-based screening assay among the different
analogs (Figure S1B), 3-(3-methyl-but-2-enyloxy)-11-oxo-
olean-12-ene-29-oic acid (NPC-402) was found most potent
against BI6F10 melanoma cells with an ICs, of 16 uM. The yield
percentage of NPC-402 obtained was 90% with a purity of 98.7%
analyzed from HPLC-chromatogram fy = 48.4 min (98% purity);
yield: 90%; TR (CHCL): Vinax 3,441, 2,927, 2,867, 1,724, 1,658,
1,658, 1,619, 1,454, 1,385, 1,327, 1,310, 1,257, 1,210, 1,152, 1,084,
and 1,046 cm™* (Figure S1D). Figure S1C describes the "H NMR
(400 MHz, CDCL3): § (ppm) 5.63 (s, 1H, CH-12), 5.34 (t, 1H,
CH-2"), 4.62 (m, 2H, CH,-1"), 3.23 (dd, 1H, CH-2), 2.81 (tt, 1H,
CH-18), 2.34 (s, 1H, CH-9), 1.77 (s, 3H, CH-3"), 1.72 (s, 3H,
CH-4"), 1.36 (s, 3H, Me-27), 1.26 (s, 3H, Me-25), 1.14 (s, 3H,
Me-29), 1.13 (s, 3H, Me-26), 1.01 (s, 3H, Me-23), 0.81 (s, 3H,
Me-24), 0.80 (s, 3H, Me-28), 0.71 (d, 1H, CH-5); HR-ESIMS: m/
7 539.4106 [M+H]" calculated for C35Hs,0, + H' (539.4094).

NPC-402 shows potent growth
inhibition in melanoma cells

The cytotoxic effect of NPC-402 was first investigated at
various concentrations on different melanoma cell lines
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FIGURE 2

4PBA interferes with NPC-402-induced ER stress response and autophagy in B16F10 cells. (A) Represents the Western blot of protein
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expression of p-elf2o, elf2a, CHOP, GRP-78, and ATF4 using beta-actin as a loading control in B16F10 cells treated with NPC-402 along with/
without 4PBA. (B) Bar graph represents the densitometry analysis of ER stress proteins in fold change in comparison to beta-actin in B16F10
cells treated with NPC-402 along with/without 4PBA using Image Lab™ Software Version 3.0 (Bio-Rad). (C) Represents the Western blot of
protein expression of LC3I/Il, Beclinl, and p62 using beta-actin as a loading control in B16F10 cells treated with NPC-402 along with/without
4PBA. (D) Bar graph represents the densitometry analysis of autophagy proteins in fold change in comparison to beta-actin in BL6F10 cells
treated with NPC-402 along with/without 4PBA using Image Lab™ Software Version 3.0 (Bio-Rad). (E) Represents the Western blot of protein
expression of PARP1, caspase-12, caspase-9, and caspase-3 using beta-actin as a loading control in B16F10 cells treated with NPC-402 along
with/without 4PBA. (F) Bar graph represents the densitometry analysis of apoptosis proteins in fold change in comparison to beta-actin in
B16F10 cells treated with NPC-402 along with/without 4PBA using Image Lab™ Software Version 3.0 (Bio-Rad). (G) Bar graph represents cell
viability percentage of B16F10 cells treated with NPC-402 along with/without 4PBA. Western blot represents the protein expression of cyclin D1
in B16F10 cells treated with NPC-402 along with/without 4PBA. (H) Microscopic images represent the JC-9 staining for the detection of A¥m
in B16F10 cells treated with/without NPC-402 along with/without 4PBA. () ICC images of GRP-78 (green), CHOP (red), costained with DAPI
(blue) on B16F10 treated with NPC-402 along with/without 4PBA. The images were taken at x40 under microscope (EVOS). (J) ICC images of
p62-78 (green) cleaved caspase-9 (red) costained with DAPI (blue), on B16F10 treated with NPC-402 along with/without 4PBA. The images
were taken at x40 under microscope (EVOS). (K) Represents the Western blot of protein expression of CHOP, Beclinl, p62, caspase-12,
caspase-9, and caspase-3 using beta-actin as a loading control in B16F10 cells treated with NPC-402 along with/without 4PBA. (L) The bar
graphs represents the fold change expression of proteins evaluated by densitometry method using Image Lab™ Software Version 3.0 (Bio-Rad)
(*p < 0.01, **p < 0.05 for control vs. NPC-402 and #p < 0.01, #p < 00.05 for NCP-402 vs. NPC-402+4PBA)

Frontiers in Oncology

60

frontiersin.org


https://doi.org/10.3389/fonc.2022.890299
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Nazir et al.

(B16F10, A375, and SKMEL-28) and normal cell lines (human
immortalized keratinocyte HaCaT). Upon treatment of B16F10
cells with NPC-402, cellular viability decreases significantly and
dose-dependently (Figure 1A). We calculated the ICs, of NPC-
402 treatment of melanoma cells at 24 h and found it to be 16 +
0.2 uM for B16F10, 27 + 1.9 uM for A375, and 33.5 + 2.3 uM for
SKMEL-28 (Figure 1E). BI6F10 cells were treated with 15-uM
concentration of NPC-402 at different time intervals, and NPC-
402 induces a significant cell death effect in a time-dependent
manner, and we achieved 96% + 2% cell death 48 h posttreatment
(Figure 1B). We have also checked the effect of parent compound
GA on BI16F10 cells and found that it did not alter cell growth.
Camptothecin 5 UM was used as a standard positive cytotoxic
control (Figure 1C). In contrast, NPC-402 shows no significant
cytotoxic effect on human immortalized keratinocyte cell line
HaCaT up to a concentration >50 uM (Figure 1D), indicating the
specificity of NPC-402 for melanoma cells over normal cells.
Furthermore, we performed colony formation assay and found
that NPC-402 significantly decreases cell colony formation at
higher concentrations (Figure 1F). The percentage of colony
formation clearly reveals that NPC-402 at lower concentrations
was cytostatic whereas NPC-402 at higher concentrations was
cytotoxic (Figure 1F).

These results cite that the effectiveness of NPC-402 in
inducing toxicity is cell type-specific and indicate that NPC-
402 is capable of eliciting different cellular responses that need
comprehensive characterization to fully understand how it can
be taken forward as a potential anti-melanoma candidate drug.

NPC-402 leads to endoplasmic
reticulum stress-mediated autophagy
induction that culminates into apoptosis
in BL6F10 melanoma cells

To investigate the effect of NPC-402 on ER stress response, we
evaluated the expression levels of key proteins related to ER stress:
p-elF2a, GRP78, CHOP, and ATF4. We found that NPC-402 at
12 h posttreatment significantly upregulates the expression of ER
stress response proteins (Figures 1G, I), indicating that NPC-402
leads to the induction of ER stress. Thapsigargin (Tg; 200 nM)
was used as an ER stress positive control. The exact role of
autophagy in melanoma is not yet known, but research reports
suggest that ER stress triggers autophagy induction. We
investigated whether NPC-402 has any effect on cellular
autophagy response by looking for the expression profile of
autophagy-related proteins LC3I/II, Beclinl, and p62. We
observed an elevated expression level of LC3-II by calculating
the conversion ratio of LC3-I to LC3-II after NPC-402 treatment
of cells (Figures 1H, J). The expression level of Beclinl is
upregulated significantly compared to that of control
(Figures 1H, J). In addition, we observed downregulation of p62
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in NPC-402-treated cells, being an essential protein in the
autophagy process (Figures 1H, J). Furthermore, we looked for
autolysosomes in NPC-402-treated B16F10 cells, and acridine
orange staining revealed an increase in the volume of acidic
vesicular organelles (AVOs) that indicates the autophagy
response (Figure 1K). All of these findings indicate the
induction of autophagy by NPC-402 treatment in B16F10 cells.
To confirm the cell death role of autophagy in NPC-402-treated
B16F10 cells, cell viability analysis was performed and autophagy
inducer rapamycin (Rap) and autophagy inhibitor 3-
methyladenine (3MA) were used as respective controls. We
found that NPC-402 (at 15 pM) alone induces 48% cell death
compared to control, whereas NPC-402+3MA (2 mM) induce
18% cell death compared to control and NPC-402+Rap (100 nM)
significantly induce 73% cell death compared to control
(Figure 1L). From the above results, we conclude that inhibition
of autophagy by 3MA blocks NPC-402-induced cell death and
activation of autophagy by Rap enhances NPC-402-induced cell
death and confirm that the nature of autophagy induced by
exposure to NPC-402 of B16F10 cells has a cytotoxic effect.

Chemical chaperone 4-phenylbutyric
acid interferes with NPC-402-induced
apoptosis via relieving endoplasmic
reticulum stress-mediated autophagy
induction in B16F10 melanoma cells

To investigate whether NPC-402 exposure of melanoma
B16F10 cells leads to ER stress-mediated autophagy induction
and apoptosis, we employed chemical chaperone 4-phenylbutyric
acid (4PBA) and evaluated its cytoprotective nature upon
treatment of B16F10 cells with NPC-402 as it rescues cells from
ER stress effects. 4PBA is a well-known attenuator of ER stress/
UPR used in different models of mammalian cell cultures and has
great clinical potential in restoring ER stress-disturbed
homeostasis (32). 4PBA treatment was given 2 h prior to NPC-
402 in B16F10 cells. We found significant downregulation in ER
stress-related proteins p-elF2a, CHOP/GAD153, and GRP78
after cotreatment of B16F10 cells with NPC-402 and 4PBA
compared to NPC-402 only treatment (Figures 2A, B),
indicating that 4PBA attenuates NPC-402-induced ER stress
response. We also found that attenuation of ER stress by 4PBA
leads to inhibition of NPC-402-induced autophagy by observing
significant downregulation of Beclinl and accumulation of p62
after cotreatment of B16F10 cells with 4PBA+NPC-402 compared
to NPC-402 only treatment (Figures 2C, D). This confirms that
NPC-402 exposure of melanoma cells induces an ER stress
response that leads to the induction of autophagy. We also
tested whether 4PBA interferes with NPC-402-induced
apoptosis and found a significant decrease in cell death rate
after cotreatment of BI6F10 cells with 4PBA+NPC-402
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NPC-402 induces mitochondrial dysfunction and modulates the expression level of proapoptotic and antiapoptotic markers. (A) Staining of B16F10
cells with DAPI on treatment with NPC-402. Cellular morphology and nuclear fragmentation, indicated by red arrows, were seen in melanoma cell
line post 24 h treatment, and camptothecin was used as a positive control. (B) Annexin V/PI FITC staining of B16F10 cells was done to find the
apoptosis induction in B16F10 cells post 12 h treatment of NPC-402 and found increasing percentages of Annexin-V-bound cells. (C) Represents
the confocal imaging for the detection of cytochrome C translation into cytosol upon exposure of B16F10 cells to NPC-402 treatment for 12 h
compared with untreated cells. (D) Gel diagram represents DNA fragmentation in B16F10 cells treated with/without NPC-402 for 24 h,
camptothecin as a positive control, and GA as a parent molecule of NPC-402. (E) Microscopic images represent the JC-9 staining for the detection
of A¥m in B16F10 cells treated with/without NPC-402; CPT acts as a positive control. (F) Red/green fluorescences of panel (B) were quantified by
using ImageJ software (*p < 0.001; control vs. NPC-402 treatment). (G) Represents the Western blots of Bcl2, Bax, Parpl, Bim, caspase-8, and
caspase-3 in B16F10 cells treated with NPC-402 for 24 h. B-Actin was used as a loading control. (H) Bar graphs represent the densitometry analysis
of Bax/Bcl, ratio in B16F10 cells treated with NPC-402 for 24 h using Image Lab™ Software Version 3.0 (Bio-Rad). (I) Bar graphs represent the
densitometry analysis of cleaved caspase-8 and cleaved caspase-3 in B16F10 cells treated with NPC-402 for 24 h using Image Lab™ Software
Version 3.0 (Bio-Rad). (J) Bar graphs represent the densitometry analysis of cleaved PARP1 and Bim in B16F10 cells treated with NPC-402 for 24 h
(*p < 0.001, control vs. NPC-402 treatment; **p < 0.01, control vs. NPC-402 treatment; p<0.05 GA treated vs. NPC-402)
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FIGURE 4

Induction of oxidative stress leads to apoptosis and inhibition of MAP kinase/AKT pathways in NPC-402-treated B16F10 cells. (A) Microscopic
images represent time-dependent ROS fluorescence in B16F10 cells treated with/without NPC-402 by using H,DFDA dye. (B). Bar graphs
represent fluorescence intensity time- and dose-dependently in NPC-402-treated/without treatment B16F10 cells using ImageJ software. (C)
Represents flow cytometric analysis of ROS generation dose-dependently in NPC-402-exposed B16F10 cells, and H,O, was used as an
experimental control. (D) Represents Western blots of protein SOD, catalase, and Nrf2 in B16F10 cells treated with NPC-402. (E) Bar graph
represents the densitometry analysis of catalase, Nrf2, and SOD using Image Lab™ Software Version 3.0 (Bio-Rad). (F) Microscopic images
represent the ROS fluorescence by H,DFCA staining in B16F10 cells treated with NPC-402 or NAC or both, and the bar graphs represent ROS
quantification thru Imaged software. (G) Immunoblots of catalase, Parpl in B16F10 cells treated with NPC-402/NAC or both. B-Actin was used
as a loading control. (H) Bar graph represents the densitometry analysis of catalase, Parpl in B16F10 cells treated with NPC-402/NAC or both
using Image Lab™ Software Version 3.0 (Bio-Rad). (I) Bar graph represents the cell viability analysis of B16F10 cells treated with/without NPC-
402 or NAC for 24 h using the MTT assay (*p < 0.001 control vs. NPC-402, ¥p < 0.001, NPC-402 vs. NPC-402+NAC) (*p < 0.001, control vs.

NPC-402 treatment, **p < 0.01, control vs. NPC-402 treatment,

#p < 0.001, control vs. NAC treatment). (J) Immunoblot represents the protein

expression of B-RAF and PGP using B-actin as a loading control in B16F10 cells treated with NPC-402. (K) Immunoblot represents the protein
expression of p-AKT/AKT using B-actin as a loading control in B16F10 cells treated with NPC-402 and 3MA. (L) Immunoblots represent the
protein expression of p-mTOR/MTOR using B-actin as a loading control in B16F10 cells treated with NPC-402. Rapamycin serves as a positive

control (*p < 0.001, **p <0.01, control vs. NCP402 treatment).

compared to NPC-402 only treatment, demonstrating that
relieving ER stress by 4PBA attenuates the apoptotic effect of
NPC-402 (Figure 2G). We also observed significant
downregulation in the expression level of caspase-12, cleaved
caspase-3, and caspase-9 in these cells cotreated with 4PBA
+NPC-402 (Figures 2E, F). NPC-402 also leads to inhibition of
cyclin D1 in B16F10 cells, depicting cell cycle arrest at G1-stage
that promotes apoptosis, and restoration of cyclin D1 in cotreated
(4PBA+NPC-402) conditions releases cells from Gl-stage and
promotes cell proliferation (Figure 2G). These results suggest an
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indispensable role of NPC-402-mediated ER stress response in
regulating caspase-dependent apoptosis signaling via autophagy
in B16F10 cells. We further investigated the molecular mechanism
of NPC-402-induced cell death effect via ER stress and autophagy.
We knocked down the expression of CHOP, as it is known to
regulate autophagy by increasing the expression of autophagy-
related proteins by using 50 pM concentration of CHOP siRNA
and analyzed apoptosis. We found that Beclinl is significantly
decreased and the expression of SQSTM/p62 is increased in
siRNA-transfected cells treated with NPC-402 compared to
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NPC-402 only treatment (Figures 2K, L). Blockage of NPC-402-
induced ER stress by silencing CHOP prevents cell death in
B16F10 cells as is clear from the expression of cleaved Parpl
and Bax (Figures 4K, 4K.d, 4K.e). ICC of CHOP and GRP78
confirms our finding (Figure 2I), and the results of p62 and
cleaved caspase-9 were also confirmed by ICC (Figure 2]). We
have also verified that 4PBA treatment of B16F10 cells alleviates
the loss of AWm analyzed via rhodamine-123 staining
(Figure 2H). ER stress results in accumulation of ROS causing
oxidative stress and also upregulates CHOP that plays a great role
in potentiating the oxidative stress-mediated cell death
response (33).

NPC-402 induces apoptosis in
B16F10 cells

NPC-402 exposure of BI6F10 cells in 24-h treatment induces
morphological changes compared to control cells. These changes
include surface detachment, cell shrinkage, and multinucleation,
and increasing the concentration of NPC-402 causes disruptive
changes in the nuclei of cells. Chromatin condensation was
observed with significant nuclear shrinkage and fragmentation
in treated cells compared to control (Figure 3A). We further
evaluated the induction of apoptosis in BI6F10 cells upon NPC-
402 treatment through Annexin V-FITC staining by looking for
inner membrane-bound phosphatidylserine (PS). NPC-402-
treated B16F10 cells after 24 h significantly increased Annexin
V-positive cells. Camptothecin was used as an experimental
control (Figure 3B). Mitochondrial cytochrome C plays an
important role in apoptosis via the apoptotic protease-activating
factor (Apaf) and the release of cytochrome C from mitochondria
to cytosol, leading to the cascade of events that leads to the
activation of caspases that in turn leads to nuclear DNA
fragmentation (34). Translocation of cytochrome C to cytosol
(Figure 3C) in NPC-402-treated BI6F10 cells was confirmed
through confocal microscopy by using MitoTracker as shown in
Figure 3C. We have also found that NPC-402 induces DNA
fragmentation in B16F10 cells compared to untreated and GA-
treated cells (Figure 3D). Rhodamine-123 was used to analyze the
effect of NPC-402 on Aym, and we found that NPC-402 leads to a
significant loss of Aym in a dose-dependent nature compared to
untreated cells (Figures 3E, F). Loss of green fluorescence clearly
indicates mitochondrial depolarization due to NPC-402 treatment
of BI6F10 cells. The activation of caspases, Bcl-2/Bax ratio, and
other proteins associated with apoptosis were examined by
Western blotting. Bax/Bcl-2 ratio acts as a rheostat that
determines cellular susceptibility to apoptosis, and elevated
levels of this ratio indicate apoptosis (35) and NPC-402
significantly increases the ratio of Bax/Bcl-2 dose-dependently
compared to untreated cells (Figures 3G, H). Apoptosis induction
by NPC-402 is also clear from increased levels of initiator cleaved
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caspase-8 and executor caspase-3 in a dose-dependent nature
(Figures 3G, I). Cleaved Poly [ADP-ribose] polymerase 1
(PARP-1) is also significantly increased in NPC-402-treated
cells compared to untreated cells (Figures 3G, H). Taken
together, these results suggest that NPC-402 causes stable
induction of apoptosis and decreases the expression level of
proapoptotic proteins.

NPC-402 induces oxidative stress
in B16F10 cells

To investigate the effect of NPC-402 on ROS generation,
DCFH-DA-based flow cytometry and fluorescent imaging
analysis were performed to study oxidative stress response. We
detected a significant elevation of intracellular ROS in NPC-402-
treated B16F10 cells time- and dose-dependently compared to
untreated cells (Figures 4A, B), and the same results were
obtained in cytometry analysis, as NPC-402-treated samples
show increased area under the curve of FL-2 peak (Figure 4C).
Furthermore, we analyzed the potential of NPC-402 to induce
oxidative stress by measuring the MDA levels in NPC-402-treated
B16F10 cells, and we observed that NPC-402 dose-dependently
increased the lipid peroxidation levels as compared to that of
control (Figure S3). To confirm our microscopy findings, we
additionally performed Western blotting analysis of key oxidative
stress-related proteins catalase, Nrf2, and SOD and found that
NPC-402 increases the expression of catalase and decreases the
expression of Nrf2 in a dose-dependent manner (Figures 4D, E).
This disturbance related to the change in the expression of
oxidative marker proteins leads to the induction of apoptosis in
B16F10 melanoma cells. N-acetylcysteine (NAC) is a potent
quencher of ROS, and here, NAC 10 mM was used to quench
the NPC-402-induced ROS in B16F10 cells. We found that NAC
significantly alleviates ROS generation, restores catalase
expression, and blocks activation of cleaved PARP-1 in
cotreated (NAC+NPC-402) B16F10 cells compared to NPC-402
only treatment (Figures 4F-I).

NPC- 402 attenuates MAPK/AKT
signaling pathway in B16F10
melanoma cells

The MAPK pathway is activated in all melanomas, regulating
cell survival, proliferation, and metastasis (36). We studied the effect
of NPC-402 on MAPK signaling in B16F10 melanoma cells by
Western blotting and found that NPC-402 treatment decreases the
expression of phospho-MEK, phospho-ERK (Figure 4], Figure
S2A), and P-AKT (Figure 4K, Figure S2B) significantly in a dose-
dependent nature. The effect of NPC-402 on stress kinases was
explored, and it was found that NPC-402 downregulates the
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FIGURE 5

NPC-402 inhibits VEGF-mediated tumor angiogenesis in Matrigel assay. (A) Represents in vivo angiogenesis via Matrigel assay in C57BL/6J mice
treated with/without NPC-402, and dacarbazine was used as a standard drug against melanoma. (B) Bar graph represents the tumor weight and
volume of C57BL/6J mice treated with/without NPC-402 (*p < 0.001 control vs. NPC-402 group, #p < 0.001 control vs. dacarbazine group). (C)
Bar graph represents Hb content of tumors, C57BL/6J mice treated with/without NPC-402 (*p < 0.001 control vs. NPC-402 group, *p < 0.001
control vs. dacarbazine group). (D) Images represent the cell migration assay (in vitro) in BL6F10 cells treated with NPC-402. (E) Bar graphs
describes the percentage wound closure in B16F10 cells treated with/without NPC or GA (*p < 0.001 control vs. NPC-402, #p < 0.001 GA vs.
NPC-402). (F) Represents the Western blots of MMP1 and MMP9 in B16F10 cells treated with NPC-402 for 24-h. B-Actin was used as a loading
control. (G) Bar graphs represent the densitometry analysis of MMP9 and MMP1 in B16F10 cells treated with NPC-402 for 24 h using Image
Lab™ Software Version 3.0 (Bio-Rad). (H) Represents the Western blots of p-VEGFR2, VEGFR2, and HIFlo in B16F10 cells treated with NPC-402
for 24 h. B-Actin was used as a loading control. () Bar graphs represent the densitometry analysis of p-VEGFR2, VEGFR2, and HIFlo in B16F10
cells treated with NPC-402 for 24 h using Image Lab™ Software Version 3.0 (Bio-Rad) (*p < 0.001, control vs. NPC-402 treatment; **p < 0.01,

control vs. NPC-402 treatment).

expression of phospho-P38 dose-dependently. However, NPC-402
significantly increases the expression in phosphorylation of p-JNK
(Figures S2D-S2I). It has been reported that p-JNK induces cell
death via c-Jun/cyclin D1 axis and plays a key role in ER stress-
mediated autophagy induction. In 60% of melanoma cases, the
primary cause is BRAF mutation, thus we analyzed the effect of
NPC-402 on BRAF expression and observed that BRAF is
significantly downregulated by 3-fold at higher concentrations
(Figure 4J, Figure S2A). In addition, we also checked the PGP
protein that is related to drug efflux in case of cancer cells and is
normally active to efflux out the drugs taken in by cells in defense
response. NPC-402 was found to reduce PGP levels (Figure 4],
Figure S2A), suggesting that the drug effusion property of B16F10
cells is reduced drastically, inducing apoptosis-related events. We
further checked for the expression of p-mTOR and p-AKT through
Western blotting analysis and found that NPC-402 treatment
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induces the expression of p-mTOR but downregulates p-AKT
(Figures 4K, L), suggesting that the cell death potential of NPC-
402 is independent of mTOR but is executed through involvement
of AKT. Overall, these results suggest that NPC-402 treatment
inhibits MAPK family proteins toward potentiating ER stress-
mediated apoptosis.

NPC-402 inhibits VEGF-induced tumor
angiogenesis in the Matrigel plug assay

Angiogenesis is the key stride in tumor metastasis (37). We
analyzed the effects of NPC-402 on VEGF-induced angiogenesis
in vivo. C57BL/6] mice were dosed i.p. with NPC-402 (10 mg/kg/
body weight) after implantation of Matrigel with or without
B16F10 cells. The Matrigel plug of the control group revealed a
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marked increase in vascularization and tumor size as is evident
from deep red appearance and high Hb content (Figures 5A, C).
Matrigel plugs of animals dosed with NPC-402 (10 mg/kg/body
weight) and dacarbazine (60 mg/kg/body weight) show significant
alleviation in vascularization, tumor volume, and weight and
appear white with negligible Hb content (Figures 5A, B),
indicating that NPC-402 significantly inhibited angiogenesis.
Furthermore, we also investigated Vascular endothelial growth
factor receptor 2 (VEGFR2) and Hypoxia-inducible factor 1-
alpha (HIFlo) protein expression that activates genes involved
in migration, angiogenesis, and survival, such as VEGFs that are
found to be overexpressed in tumor cells, suggesting that these
proteins also have involvement in tumor progression (38). We
found that NPC-402 reduces the expression of these proteins
(Figures 5H, I), suggesting that NPC-402 alters the signaling
response of melanoma cells that is associated with growth,
development, and migration of the tumor. In addition, we
performed a wound healing assay and found that NPC-402
significantly reduces the wound-healing ability of B16F10 cells
as compared to that of control (Figures 5D, E). In melanoma,
upregulation of matrix metalloproteinases (MMPs) is associated
with migration of the tumor, and upon treatment of BI6F10 cells
with NPC-402, it dose-dependently downregulates the expression
of MMP1 and MMP9 compared to untreated (Figures 5F, G).
Similar results were obtained in dacarbazine-treated mice that was
used as a positive control and is a standard anticancer drug used
against melanoma treatment.

Discussion

Cancer is generally defined as a malignant process of
autonomous uncontrolled cell proliferation with the ability to
metastasize and resistant to a normal cell death program. Cancer
is the second leading cause of death in the world—only surpassed
by cardiovascular diseases. Natural products have been widely
used for their chemopreventive potential by interfering with
cancer morbidities, but lately, drug resistance has become a
challenge in cancer chemoprevention, so there is a need for
discovering new chemical entities (NCEs) to overcome the
burden of cancer pathologies. Among biologically beneficial
organic compounds synthesized by plants, pentacyclic
triterpenoids have been extensively explored for their appealing
pharmacological properties. However, due to poor biological
effects of pentacyclic triterpenoids on their molecular targets,
these natural products have been used as important templates
for the preparation of more active derivatives.

The 18B-glycyrrhetinic acid, a pharmacologically active
secondary metabolite from a medicinally reputed plant G. glabra,
shows significant cytotoxic and antitumor properties. The molecular
mechanisms and proapoptotic targets of 183-glycyrrhetinic acid
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have been exhaustively explored over the last decade. With the
advantage of being an easily available and inexpensive triterpene, a
large number of analogs have been synthesized on the basis of 18[3-
glycyrrhetinic acid scaffold with ICsy <30 WM.

In the present study, we have explored the therapeutic efficacy
and molecular mechanism of the anti-melanoma effect of NPC-
402 [3-(3-methyl-but-2-enyloxy)-11-oxo0-olean-12-ene-29-oic
acid], a triterpenoid ether derivative of GA (Figures S1IA-S1D)
on melanoma cells (B16F10) with only marginal toxicity on
normal cells. In a cancer therapeutic perspective, it is
indispensable for chemotherapeutics to kill cancerous lesions
with minimum toxic manifestations on normal tissues (39).
Therefore, human keratinocytes (HaCaT cells) were used as a
reference model of normal or non-tumorigenic skin cells. We
found that NPC-402 is non-toxic up to a concentration of 50 UM
in HaCaT cells in 24-h treatment (Figure 1D) compared to
B16F10 cells with an ICs, at 16 uM (Figure 1A). Moreover,
NPC-402 was found to induce cell death in a time-dependent
manner (Figure 1B). GA, the parent molecule of NCP-402, was
found to be devoid of toxic effects on B16F10 cells (Figure 1C). We
tested the toxicity of NPC-402 on various melanoma cell line
models and evaluated the ICs, as shown in Figure 1E and
performed colony formation assay and found that NPC-402 acts
as a cytostatic agent at lower concentrations and caused
cytotoxicity at higher concentrations (Figure 1F).

We evaluated the effect of NPC-402 on ER stress. ER is a
cytoplasm-based dynamic membrane-bound organelle that is
responsible for protein folding and also involved in
posttranslational modification, calcium storage, and lipid
metabolism (10). Inimical conditions such as calcium
depletion, truncated or misfolded proteins, and oxidative stress
in the cell lead to a condition known as ER stress that leads to
UPR via activating associated signaling pathways (10). Targeting
ER stress is considered as the therapeutic future in melanoma
treatment (40). In line with this, we observed that NPC-402
treatment induces ER stress response in cells as was evident by
the increased expression of GRP78 that evokes the UPR and also
halts protein translation via GRP78-eIF20.-CHOP signal
transduction pathway (Figures 1G, I). Severe and prolonged
ER stress deteriorates cellular physiology and switches cell fate
toward apoptosis. Numerous studies have suggested that ER
stress and autophagy are systematically interconnected, wherein
the UPR and ER stress pathway stimulates the induction of basal
autophagy that potentiates cell death. Induction of autophagy
was observed upon NPC-402 treatment of melanoma cells
corroborated by increased acidic vacuole formation
(Figure 1K), LC3I/II lipidation, upregulation of Beclinl, and
downregulation of cargo cum adapter protein SQSTM1/P62
(Figures 1H, J). In order to validate the role of autophagy in
NPC-402-mediated cell death, the cell viability assay was
performed in the presence of an autophagy activator, Rap, and
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an autophagy inhibitor, 3MA. The results clearly indicate that
Rap potentiated, whereas 3MA mitigated, the cell death effects of
NPC-402 (Figure 1L).

Chemical chaperone 4PBA is a noticeable molecule that
mitigates the ER stress induced by hostile conditions that has
been confirmed in our previous studies (41). We analyzed
whether 4PBA interferes with NPC-402-induced apoptosis via
relieving ER stress-mediated autophagy induction in B16F10
melanoma cells. We observed that 4PBA mitigates ER stress
induced by NPC-402 evident from the expression of GRP78/Bip
that in turn prevented downstream activation of eIF2a-CHOP
and finally culminated into alleviation of autophagy response in
cells (Figures 2A-D) and thereby prevented NPC-402 apoptosis
as analyzed by Western blotting (Figures 2E, F) and
immunostaining assay (Figures 2I, J). Cell viability analysis
also supports that 4PBA retards NPC-402-induced cell death
in B16F10 cells (Figure 2G), and cyclin D1 expression clearly
explains the prevention of cell cycle arrest caused by exposure of
B16F10 cells to NPC-402 (Figure 2G). Transcriptional factor
CHOP also plays a highly significant role in ER stress-mediated
apoptosis, as the sustained activation of UPR causes
upregulation of CHOP via GRP78/ATF4 signaling pathway
(42). Sustained CHOP upregulation increases the induction of
autophagy that leads cells toward apoptosis. We silenced CHOP
by using specific siRNA transfection in BI16F10 cells and
observed that knockdown of CHOP prevented the induction
of autophagy that blocked cell death in NPC-402-treated, CHOP
siRNA-transfected BI6F10 cells compared to NPC-402 only-
treated cells (Figures 2K, L).

ROS generation and ER stress along with UPR lead to
oxidative and mitochondrial damage and induce cell death in
cancer cells when treated with anticancer drugs (43, 44). Here, we
observed that NPC-402 markedly increases ROS in B16F10 cells
as analyzed by microscopy (Figures 4A, B) and flow cytometry
assay (Figure 4C). It was found that NPC-402 reduced the Nrf-2
expression and modulated downstream redox signaling proteins
SOD and catalase probably due to DNA damage and elevation of
the oxidative stress response in B16F10 cells (Figures 4D, E). We
also observed that antioxidant NAC diminished the effect of NPC-
402 on oxidative stress (Figures 4F-H) and prevented NPC-402-
induced cell death (Figure 41).

Finally, we evaluated the effect of NPC-402 on cell death
signaling. In melanoma therapy, target-specific cell death is very
important for melanoma tumors (45). NPC-402 was found to be
a potential cell death-inducing agent in melanoma cells through
dysregulation of survival signaling pathways and activation of
apoptotic signaling and prevented the proliferation and
transformation of cancer cells into tumors. The proapoptotic
effects of NPC-402 in B16F10 cells can be attributed to a change
in AWm (Figures 3E, F), PARP-1 cleavage, activation of caspases
(Figures 3G-]), DNA damage (3D), and nuclear fragmentation
(Figure 3A). We have also confirmed the release of cytochrome
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C from the mitochondrial inner membrane space that conveys
that, upon treatment, NPC-402 induced a cascade of apoptotic
events in BI6F10 cells (Figure 3C). Taken together, these events
constitute diverse mechanisms behind the anti-melanoma
activity of NPC-402 in B16F10 cells through intrinsic and
extrinsic apoptotic pathways.

Anticancer drugs are known to alter/hinder multiple
intracellular signaling pathways in melanoma (46). Classically,
MAPK signaling pathway plays a protective and pivotal role in
response to varied external stimuli (47). Based on the findings of
the present study, it was evident that NPC-402 decreased the
activity of MAPK signaling axis in favor of increased apoptosis
(Figures S2D-S2G). Furthermore, NPC-402 downregulated
AKT survival signaling pathway (Figures 4K, L) albeit
upregulated the expression of p-mTOR (Figure 4L),
corroborating with growth inhibitory effects of NPC-402 in
NPC-402 is
pharmacologically active through the i.p. route of drug

B16F10 melanoma cells. Moreover,
administration. NPC-402 administration effectively inhibits
B16F10 cell growth in the Matrigel plug assay. NPC-402 was
equally effective as a standard clinical drug, dacarbazine, in
retarding angiogenesis as was found through estimation of Hb
through the Drabkin test (Figures 5A-I). These results suggest
that NPC-402 inhibits VEGF-mediated angiogenesis, with
relatively fewer toxic manifestations on normal cells.

Conclusion

Overall, the present study supports the use of NPC-402
against melanoma cells as a potential therapeutic lead that may
have relevance clinically. Furthermore, more mechanism-based
and preclinical studies are required to confirm the therapeutic
safety, efficacy, and potency of NPC-402 in its use as a promising
melanoma drug.
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Nanoparticle delivery systems have been shown to improve the therapeutic
efficacy of anti-cancer drugs, including a variety of drugs for the treatment of
hepatocellular carcinoma (HCC). However, the current systems show some
limitations, and the delivery of more effective nanoparticle systems for anti-HCC
drugs with better targeting ability are needed. Here, we created paclitaxel (PTX)/
norcantharidin (NCTD)-loaded core—shell lipid nanoparticles modified with a
tumor neovasculature-targeted peptide (Ala-Pro-Arg-Pro-Gly, APRPG) and
investigated their anti-tumor effects in HCC. Core—shell-type lipid nanoparticles
(PTX/NCTD-APRPG-NPs) were established by combining poly(lactic-co-glycolic
acid) (PLGA)-wrapped PTX with phospholipid-wrapped NCTD, followed by
modification with APRPG. For comparison, PTX-loaded PLGA nanoparticles
(PTX-NPs) and PTX/NCTD-loaded core—shell-type nanoparticles without APRPG
(PTX/NCTD-NPs) were prepared. The in vitro and in vivo anti-tumor effects were
examined in HepG2 cells and tumor-bearing mice, respectively. Morphological
and release characterization showed that PTX/NCTD-APRPG-NPs were prepared
successfully and achieved up to 90% release of PTX in a sustained manner.
Compared with PTX/NCTD-NPs, PTX/NCTD-APRPG-NPs significantly enhanced
the uptake of PTX. Notably, the inhibition of proliferation and migration of
hepatoma cells was significantly higher in the PTX/NCTD-APRPG-NP group
than those in the PTX-NP and PTX/NCTD-NP groups, which reflected
significantly greater anti-tumor properties as well. Furthermore, key molecules in
cell proliferation and apoptosis signaling pathways were altered most in the PTX/
NCTD-APRPG-NP group, compared with the PTX-NP and PTX/NCTD-NP groups.
Collectively, PTX/NCTD-loaded core-shell lipid nanoparticles modified with
APRPG enhance the effectiveness of anti-HCC drugs and may be an effective
system for the delivery of anti-HCC drugs.
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Introduction

Hepatocellular carcinoma (HCC) is the most common
malignancy of the liver and a leading cause of cancer-related
death worldwide (1). The majority of HCC cases occur in Asian
countries and account for approximately 50% of all the new
HCC cases globally (2, 3). Paclitaxel (PTX) is a naturally
occurring anti-tumor agent that is isolated from the bark of
Taxus brevifolia. PTX has been approved as a chemotherapeutic
drug and is widely used as first-line treatment of a broad
spectrum of cancers, including HCC, breast cancer, metastatic
ovarian cancer, and malignant melanoma (4-7). PTX exerts its
therapeutic effects through multiple effects, including inducing
cell growth arrest at the G2/M phase, apoptosis, and autophagy,
and proapoptotic death receptor (DR) 4 and DR5 have been
shown to play a role in its mechanisms of action (6, 7). However,
a number of limitations for PTX have been reported, such as its
poor aqueous solubility, and PTX is usually formulated with
solubilizing agents [Cremophor EL (CrEL) and ethanol] for
clinical usage to avoid these limitations. However, CrEL in the
PTX formulation has been reported to result in toxic effects, such
as severe anaphylaxis, a potentially life-threatening allergy (8, 9).
Therefore, research efforts have been made to develop novel
formulations using agents other than CrEL, such as nanospheres
(10), liposomes (11), nano-emulsions (12), and solid lipid
nanoparticles (13), to prolong the in vivo half-life and
residence time, and reduce the dosage and dosing frequency.

Nanoparticles have shown promising application in the
delivery of anti-cancer drugs, including anti-HCC drugs (14,
15). Rapid progress has been made in the development of
various nanoparticles, such as polymer, lipid, and metal
nanoparticles, for the treatment of HCC (15). The use of
nanoparticles has been shown to improve the targeting and
therapeutic efficacy of anti-HCC drugs (14, 15). Nanoparticle
drug delivery systems have advantages over traditional drug
delivery methods, including a prolonged in vivo half-life and
reduced systemic toxicity. Currently, liposome-based, polymer-
based, and micelle-like nanoparticles are commonly used
nanoparticle delivery systems for the treatment of malignant
tumors (16, 17). However, these conventional nanoparticle-
based delivery systems are clinically unsatisfactory (18-20).

Core-shell lipid nanoparticles have recently emerged as a
new type of nanoparticle for drug delivery and show several
beneficial characteristics, such as core-shell structure and
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programmable drug release (20). In the core-shell lipid
nanoparticle delivery system, nanoparticles loaded with a drug
in the core can be co-loaded with another drug in the
phospholipid shell to form a more stable delivery system.
Considering the advantages, such as controlled drug release,
modifiable surface structure, and excellent biocompatibility, the
core-shell lipid nanoparticle delivery system has become a
research hotspot in the field of pharmaceutics (21). Notably,
the loading of one drug in the core and the co-loading of another
drug in the shell in the core-shell lipid nanoparticle delivery
system enhances the therapeutic efficacy of the drugs compared
with the conventional nanoparticle delivery systems. To date,
anti-tumor drugs delivered using core-shell lipid nanoparticle
delivery systems have not been explored for the treatment
of HCC.

Norcantharidin (NCTD) is a demethylated derivative of
cantharidin, an anti-cancer active ingredient of traditional
Chinese medicine (22). Although NCTD has been shown as a
promising anti-tumor oral agent for the treatment of various
malignancies, the exact mechanism of action of NCTD remains
unknown (22). However, the narrow therapeutic window and
high renal toxicity have largely limited its clinical application
(23). Therefore, it is urgent to develop novel formulations to
improve the therapeutic effects and reduce the renal distribution
of NCTD. Ala-Pro-Arg-Pro-Gly (APRPGQG) is a synthetic peptide
that specifically targets tumor angiogenesis and was recently
applied as a targeting peptide loaded in liposomes (24, 25).

In the present study, we prepared novel core-shell lipid
nanoparticles loaded with PTX in the core as well as NCTD in
the shell and modified with APRPG and investigated their anti-
tumor effects in HCC.

Materials and methods

Preparation of PTX/NCTD-loaded core—
shell lipid nanoparticles modified with
APRPG (PTX/NCTD-APRPG-NPs)

PTX/NCTD-loaded core-shell lipid nanoparticles modified with
APRPG (PTX/NCTD-APRPG-NPs) were prepared as described
(20, 21). Briefly, we determined the optimal concentration of
phospholipid as follows. We mixed 100 mg of cholesterol, 10 mg
of mannose glycolipid, 10 mg of APRPG-PEG2000-DSPE, and 30
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mg of NCTD in a flask and different concentrations of phospholipid
(10 mg/ml, 20 mg/ml, and 30 mg/ml) were added. The phospholipid
used in the formulation was lecithin (Shanghai Yuanye Bio-
Technology Co., Ltd, Shanghai, China). The mixture was placed in
a round-bottom flask in a rotary evaporator, 20 ml of chloroform
was added, and the flask was placed in a 37°C water bath until the
mixture was completely dissolved. After drying the remaining
chloroform, the samples were dissolved in 10 ml of hexyl hydride.
The sample was subjected to centrifugation; the supernatant was
collected and the organic solvents were dried. The remaining
mixture was dissolved in chloroform and a film was formed using
a rotary evaporator. An appropriate volume of the PTX-PLGA
nanoparticle suspension was added to the film, followed by
hydration for 12 h. Finally, PTX/NCTD-APRPG-NPs were
obtained. The particle size and uniformity of the film were
measured to determine the optimal concentration of phospholipid.
The minimal particle size and uniform film formation were observed
in the 10 mg/ml phospholipid group. Therefore, a concentration of
10 mg/ml was used as the optimal phospholipid concentration in
subsequent experiments.

The optimal ratio of phospholipid to cholesterol was
determined from screening different ratios (1:1, 1:2, 2:1, 4:3,
and 3:4) using the optimal phospholipid concentration of 10 mg/
ml. The minimal particle size and uniform film formation were
found in the 4:3 ratio group, and this was considered the optimal
ratio of phospholipid to cholesterol.

After the optimal conditions were determined, we prepared
PTX/NCTD-APRPG-NPs by dissolving 200 mg of
phospholipid, 150 mg of cholesterol, 30 mg of NCTD, 10 mg
of mannose glycolipid, and 10 mg of APRPG-PEG2000-DSPE in
20 ml of chloroform following the procedures described above.

For a comparative study, we also prepared core-shell lipid
nanoparticles loaded with PTX/NCTD without 10 mg of APRPG-
PEG2000-DSPE (PTX/NCTD-NPs) using similar procedures as
described above. In addition, conventional PTX-loaded poly(lactic-
co-glycolic acid) (PLGA) nanoparticles (PTX-NPs) with a core but
without a shell structure were prepared as described previously (26).

The particle size was measured using the Beckman particle size
analyzer (Beckman, CA, USA). The micromorphology of the
APRPG-NPs and nanoparticles was observed by transmission
electron microscopy. The encapsulation efficiency (EE) of the
APRPG-NPs and nanoparticles was calculated after determining
the PTX concentration in the APRPG-NPs and nanoparticles using
high-performance liquid chromatography (HPLC). The APRPG-
NPs and nanoparticles were placed under 4°C, 37°C, and 25°C for
24 h, and changes in the particle size were observed using the
Beckman particle size analyzer (Beckman).

In vitro release determination of PTX/
NCTD-APRPG-NPs

Phosphate-buffered saline (PBS) containing 1% Tween 80 at
pH 7.4 was used as the release medium. A 2-ml suspension of
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PTX/NCTD-APRPG-NPs was carefully transferred into a
dialysis bag and placed into 20 ml of the release medium. The
in vitro release assay was performed at 37°C with 100 shocks per
minute. Three milliliters of media was collected at certain time
points with supplementation of fresh media. The collected media
was dried and the dried samples were dissolved in 1 ml of methyl
alcohol, followed by filtration using a 0.22-pum Millipore filter.
HPLC was used to detect the concentration of PTX and mass
spectrometry (MS) was used to determine the concentration of
NCTD in the samples to calculate the cumulative release
percentage and generate the release curve as reported
previously (27).

Cell culture and cellular uptake assay

HepG2 cells were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA, USA) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37°C and
5% CO,.

A cellular uptake assay was performed with HepG2 cells.
The water-insoluble fluorescent dye coumarin 6 (COUS6) used in
the cellular uptake assay was purchased from Sigma-Aldrich (St
Louis, MO, USA). Briefly, cells were incubated with COU6 (10
mg/ml) alone, COU6 (10 mg/ml) in combination with
nanoparticles (COU6-nano), or COU6 (10 mg/ml) combined
with PTX/NCTD-APRPG-NPs. After incubation for 2 h and
washing three times with PBS buffer, the cells were visualized
under an inverted fluorescence microscope (Olympus, Tokyo,
Japan) at 37°C. The cellular uptake mechanism was investigated
with a blocking experiment using free APRPG (10 mg/ml) and a
low temperature test was conducted at 4°C.

Cell proliferation assay

The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) assay was conducted to assess cell
proliferation. In brief, HepG2 cells were seeded in 96-well
plates at a density of 5x10° cells/well in 200 ul of DMEM
supplemented with 10% FBS and incubated with 200 ul of
MTT solution (1 mg/ml) for 4 h. After removing the
supernatant, 150 ul of dimethyl sulfoxide (DMSO) was added
to solubilize the MTT-formazan crystals. Following incubation
for 15 min, the absorbance at 570 nm was read on a Microplate
Reader (PerkinElmer, MA, USA).

Transwell assay

Transwell assays were performed using a Transwell kit (BD
Bioscience, CA, USA). Briefly, HepG2 cells (8x10* cells) were

frontiersin.org


https://doi.org/10.3389/fonc.2022.932156
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xie et al.

suspended in 300 pl of serum-free DMEM medium and placed in
the upper chamber of the insert; complete medium was added into
the lower chamber. After incubation for 36 h, the cells were fixed
with methanol and stained with Giemsa; the cells on the top
surface of the membrane were wiped off and the cells on the lower
surface were analyzed under a microscope (Olympus DP72,
Olympus, Tokyo, Japan). The average number of migrated cells
was determined to measure the migration capacity.

Animals

Female BALB/c nude mice (4-6 weeks of age, 16-20 g) were
purchased from Shanghai Slac Laboratory Animal Co. Ltd.
(Shanghai, China) [animal certificate: SCXK (Shanghai) 2007-
0005]. Experimental mice were housed in a specific-pathogen-
free (SPF) animal facility at the Animal Experimental Center,
Zhejiang University (Hangzhou, Zhejiang, China) and
maintained under controlled conditions: room temperature
(22°C), SPF conditions, and a 12/12-h light/dark cycle with
free access to normal chow and water. The protocols involving
the use of experimental animals were approved by the
Laboratory Animal Care and the Department of Laboratory
Animal Research of Zhejiang University.

Tumor model and tissue
distribution assay

A total of 27 BALB/c nude mice were used to generate a
tumor-bearing model for an in vivo tissue distribution assay.
BALB/c nude mice were injected subcutaneously with 5x10°
HepG2 cells to establish a tumor-bearing mouse model.

After 7 days of implantation, when the tumor volume
reached approximately 500 mm?, the mice were injected
through the tail vein with PTX-NPs, PTX/NCTD-NPs, and
PTX/NCTD-APRPG-NPs [in normal saline (NC)] at a dose of
10 mg/kg (PTX). The mice were euthanized at 0.5, 2, and 6 h
post-injection (n = 9 for each time point). Heart, lung, spleen,
stomach, kidney, and tumor were collected and washed with NC,
followed by homogenization. The concentration of PTX and
NCTD in the tissues was measured using HPLC coupled with
electrospray ionization MS (LC-MS) (Supplementary Figures 1,
2). The conditions for HPLC were as follows: Agilent ZORBAX
HPLC analytic column-C18 (3.0x100 mm, 1.7 pm particle
diameter); column temperature, 40°C; mobile phase
composition (mobile phase A, pure water; mobile phase B,
acetonitrile solution); wavelength (210 nm, 227 nm) for HPLC
UV detector; flow rate, 0.4 ml/min; and an injection volume of
10 ul (28, 29). The conditions for MS were as follows: mass
spectrometer (Xevo G2-XS QTOF, Waters, USA); ion
generation, electrospray ionization (ESI); quantification,
multiple reaction monitoring (MRM) mode; scan mode,
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negative ion mode; capillary voltage, 2 kV; cone voltage, 40 V;
scan time, 0.2 s; data acquisition mode, MSE.

In vivo imaging for assessment of
tissue distribution

The distribution of PTX was visualized with a Bruker Small
Animal Optical Imaging System (In Vivo Xtreme II, MA, USA).
The PTX/NCTD-NPs and PTX/NCTD-APRPG-NPs were
prepared with fluorescein isothiocyanate (FITC)-PTX (Sigma,
New York, NY, USA) according to the manufacturer’s
instructions. BALB/c nude mice were injected subcutaneously
with 5x10° HepG2 cells. After 7 days, when the tumor volume
reached 500 mm®, the mice were injected through the tail vein
with FITC-PTX-NPs, FITC-PTX/NCTD-NPs (prepared with
FITC-PTX), and PTX/NCTD-APRPG-NPs (prepared with
FITC-PTX). The tissue distributions of PTX were visualized
and imaged on the Bruker Small Animal Optical Imaging System
(In-Vivo Xtreme II; MA, USA) at 2 h post-injection.

Examination of anti-tumor effects
in mice

To examine the in vivo anti-tumor effects of the NPs, 27
BALB/c nude mice were injected subcutaneously with 5x10°
HepG2 cells. After the tumor volume reached approximately 200
mm?, the mice were injected through the tail vein with NC (as
the control), PTX-NPs, PTX/NCTD-NPs, or PTX/NCTD-
APRPG-NPs at a dosage of 6 mg/kg (PTX) on days 1, 4, 7, 10,
13, and 16. Tumor volume and body weights were measured on
days 1,4, 7, 10, 13, and 16. Upon completion of the experiments,
the mice were euthanized and the tumors were collected and
weighted. The inhibitory rate was calculated in each group.

Flow cytometry

Flow cytometry was performed to examine the effects of
PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on
apoptosis and the cell cycle distribution in HepG2 cells.
Apoptotic cells were determined using an FITC Annexin V
Apoptosis Detection Kit I (BD Pharmingen, CA, USA)
according to the manufacturer’s instructions. Briefly, 5 ul of
propidium iodide (PI) and 5 ul of Annexin V were added to
HepG2 cells (1x10° cells) and cells were incubated at room
temperature for 30 min. For cell cycle analysis, cellular DNA
content was examined following cell staining with PI. The
percentages of cell populations in different phases of the cell
cycle (GO/G1, S, and G2/M) were assayed on the BD flow
cytometer (BD Pharmingen, CA, USA) following the
manufacturer’s protocol.
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Western blot analysis

Total proteins were isolated from treated HeG2 cells using
radioimmunoprecipitation assay (RIPA) Lysis Buffer (Beyotime,
Shanghai, China) and protein concentrations were quantified
with a BCA kit (Beyotime). Protein samples were separated by
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. After blocking with 5% bovine serum
albumin (BSA), the membrane was incubated with primary
antibodies against phosphorylated protein kinase B (p-AKT;
1:1,000, CST, Boston, MA, USA), AKT (1:1,000, CST),
phosphorylated extracellular signal-regulated protein kinase
(p-ERK1/2; 1:1,000, CST), ERK1/2 (1:1,000, CST),
phosphorylated mitogen-activated protein kinase kinase (p-
MEK; 1:1,000, CST), MEK (1:1,000, CST), caspase-3 (1:1,000,
CST), cleaved caspase-3 (1:1,000, CST), B-cell lymphoma 2 (Bcl-
2; 1:1,000, CST), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:1,000, CST) at 4°C overnight. The
membranes were then incubated with secondary antibody at
room temperature for 1.5 h. Protein bands were visualized using
ECL solution (Beyotime, Shanghai, China) on the Tanon 5200-
multi (Tanon, Shanghai, China). Quantification was performed
using Image]J software to determine the relative expression level
of the target proteins.

Statistical analysis

Data are expressed as the means + standard deviation (SD)
of at least three independent experiments. The unpaired
Student’s t-test was used to compare quantitative data between
two study groups when the groups were not matched. One-way
analysis of variance (ANOVA) followed by Tukey’s test for post-
hoc analysis was used to determine statistical differences between
the mean values for multiple groups. p-values lower than 0.05
were considered to be statistically significant.

Results

Preparation and characterization of
PTX-NPs, PTX/NCTD-NPs, and PTX/
NCTD-APRPG-NPs

We prepared PTX-loaded PLGA nanoparticles (PTX-NPs),
PTX/NCTD-loaded core-shell-type nanoparticles (PTX/NCTD-
NPs), and PTX/NCTD-loaded core-shell-type nanoparticles
modified with APRPG (PTX/NCTD-APRPG-NPs). The
structure and composition of PTX-NPs, PTX/NCTD-NPs, and
PTX/NCTD-APRPG-NPs are schematically illustrated in
Figures 1A-C. Their morphological and release characteristics
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are shown in Figures 1D, E. The PTX-NPs were morphologically
spherical and uniform in shape and size (~100 nm). Similarly,
the PTX/NCTD-APRPG-NPs presented a spherical shape and
size of around 100 nm (Figures 1F, G). We evaluated the in vitro
release characteristics of the PTX/NCTD-APRPG-NPs, and the
findings are presented in Figure 1H. Notably, up to 85% of PTX/
NCTD was released into the cell culture medium within 18-20 h
in a sustained manner.

PTX/NCTD-APRPG-NPs enhanced the
inhibitory effects of PTX on the
proliferation and migration of
hepatoma cells

Before determining the anti-tumor effects of the PTX/
NCTD-APRPG-NPs, we first examined the uptake of APRPG-
modified nanoparticles in HepG2 cells. As shown in Figure 2A
and Supplementary Figure 3, using an incubation temperature of
4°C as the negative control, the fluorescence intensity at 37°C in
the APRPG-COU6-nano group was significantly higher than
that in the COU6 only and COU6-nano groups (p < 0.05).
Moreover, when cells were incubated with APRPG (10 mg/ml)
before the COU6 formulations, the intracellular fluorescence
intensity of APRPG-COU6-nano was substantially reduced,
whereas the fluorescence intensity in the COU6 and COU6-
nano groups remained unchanged (Figure 1D and
Supplementary Figure 3). The difference may be attributed to
the specific binding of APRPG in HepG2 cells. Free APRPG
peptide competitively combined with the ligands instead of
APRPG-COU6-nano.

We further investigated the effects of PTX/NCTD-
APRPG-NPs on the proliferation of human hepatocytes (LO
cells) and hepatoma cells (HepG2, Huh-7, and Hep3B cells).
As shown in Figure 2B, PTX/NCTD-APRPG-NPs exhibited
significantly greater inhibitory effects than PTX/NCTD-NPs,
with half-maximal inhibitory concentration (ICsy) values of
4.173 ng/ml versus 7.976 ng/ml against HepG2 cells, 4.973
ng/ml versus 9.264 ng/ml against Huh-7 cells, and 6.933 ng/
ml versus 13.06 ng/ml against Hep3B cells (all p < 0.05). In
addition, analysis of hepatoma cell migration capabilities
showed that the number of migrated cells was significantly
suppressed in the PTX-NP, PTX-NCTD-NP, and PTX/
NCTD-APRPG-NP groups compared with the number in
the control groups (Figure 2C). The PTX/NCTD-APRPG-
NP group had the lowest number of migrated cells (p < 0.05
vs. control, p < 0.05 vs. PTX-NPs, p < 0.01 vs. PTX/NCTD-
NPs). These data indicated that the PTX/NCTD-APRPG-NPs
enhanced the inhibitory effects of the drugs on the
proliferation and migration of hepatoma cells compared
with the PTX-NPs and PTX/NCTD-NPs.
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FIGURE 1

The structural, morphological, and release characteristics of PTX-NPs and PTX/NCTD-APRPG-NPs. Schematic illustration of the structure and
composition of nanoparticles used in this study, including (A) PTX-loaded PLGA nanoparticles (PTX-NPs); (B) PTX/NCTD-loaded core—shell-type
nanoparticles (PTX/NCTD-NPs); and (C) PTX/NCTD-loaded core—shell lipid nanoparticles modified with APRPG (PTX/NCTD-APRPG-NPs). The
morphological characteristics of PTX-NPs and PTX/NCTD-APRPG-NPs, including the shape and size, were examined with transmission electron
microscopy (TEM) and the Zetasizer instrument, respectively. (D) The shape of the PTX-NPs; (E) The shape of the PTX/NCTD-NPs; (F) The shape of the
PTX/NCTD-APRPG-NPs; (G) in vitro release characteristic of PTX/NCTD-APRPG-NPs. PTX, paclitaxel; PLGA, poly(lactic-co-glycolic acid); NPs,
nanoparticles; NCTD, norcantharidin; APRPG, tumor neovasculature-targeted peptide (Ala-Pro-Arg-Pro-Gly).
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FIGURE 2

In vitro uptake and anti-tumor effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs. HepG2 cells were treated with PTX-NPs, PTX/
NCTD-NPs, or PTX/NCTD-APRPG-NPs, and the proliferation and migration abilities were assayed using MTT and Transwell assays, respectively
A fluorescence assay was performed to examine the uptake of PTX. (A) Fluorescence microscopic images showing nanoparticle uptake in
HepG2 cells. HepG2 cells were incubated with COU6 (10 mg/ml) alone, COU6 (10 mg/ml) in combination with nanoparticles (COU6-nano), or
COU6-nano modified with APRPG (APRPG-COU6-nano). After incubation for 2 h and washing three times with PBS buffer, cells were visualized
under a fluorescence microscope. (B) Comparison of the effects of PTX/NCTD-NPs and PTX/NCTD-APRPG-NPs on the proliferation of HepG2
cells. HepG2 cells were treated with PTX/NCTD-APRPG-NPs, PTX/NCTD-NPs, PTX-NPs, PTX, or NCTD, and proliferation was assayed using
MTT; *p < 0.001. (C) Effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the migration ability of HepG2 cells. HepG2 cells
were treated with PTX-NPs, PTX/NCTD-NPs, or PTX/NCTD-APRPG-NPs, and migration ability was examined using Transwell assays. *p < 0.05
vs. control; #p < 0.05 vs. PTX; &&p < 0.01 vs. nanoparticles
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PTX/NCTD-APRPG-NPs exerted
significant anti-tumor effects in mice

Based on the in vitro studies, we further investigated the
anti-tumor effects of PTX/NCTD-APRPG-NPs in tumor-
bearing nude mice. The tissue distribution and anti-tumor
effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-
APRPG-NPs are illustrated in Figure 3. At the three examined
time points, the concentration of PTX in the tumor tissues was
in the following order: PTX/NCTD-APRPG-NPs > PTX/
NCTD-NPs > PTX-NPs, indicating that the PTX/NCTD-
APRPG-NPs had a better targeting effect than the PTX/
NCTD-NPs and PTX-NPs. The tissue distribution of the
injected PTX/NCTD-APRPG-NPs and PTX/NCTD-NPs was
further confirmed by in vivo imaging. As shown in Figure 3D,
higher fluorescence intensity was observed in the tumor tissues
and lower fluorescence intensity was detected in the liver tissues
of PTX/NCTD-APRPG-NP-treated animals compared with the
PTX/NCTD-NP group, indicating that PTX/NCTD-APRPG-
NPs had potential lower toxicity and higher tumor-
targeting characteristics.

The anti-tumor effects and toxicity are shown in Figure 4
and Supplementary Figure 4. The tumor volume was suppressed
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to the greatest extent by PTX/NCTD-APRPG-NPs, followed by
PTX/NCTD-NPs and PTX-NPs (p < 0.05 vs. control, p < 0.01 vs.
control, p < 0.05 vs. PTX-NPs, p < 0.01 vs. PTX-NPs, p < 0.05 vs.
PTX/NCTD-NPs, p < 0.01 vs. PTX/NCTD-NPs) (Figure 4A). As
shown in Figure 4B, the body weights were slightly lower in the
PTX/NCTD-APRPG-NP group, followed by the PTX/NCTD-
NP and PTX-NP groups (p < 0.05 vs. control, p < 0.01 vs.
control). The tumor weight was significantly lower in the PTX-
NP group compared with controls and was dramatically further
inhibited in the PTX/NCTD-NP group (Figure 4C). A
pronounced decrease in the tumor weight was observed in the
PTX/NCTD-APRPG-NP group compared with the PTX/
NCTD-NP group (p < 0.01 vs. control, p < 0.01 vs. PTX-NPs,
p < 0.01 vs. PTX/NCTD-NPs). As shown in Figures 4D, E, the
PTX/NCTD-APRPG-NPs exhibited the greatest anti-tumor
effects, with the smallest tumor size in the PTX/NCTD-
APRPG-NP group (Figure 4D) and highest inhibitory rate of
78.67%. The inhibitory rate was 62.98% in the PTX/NCTD-NP
group and 35.01% in the PTX-NP group (p < 0.01 vs. PTX-NPs,
p < 0.01 vs. PTX/NCTD-NPs). Histological examinations of
tumor tissues further revealed the greatest anti-tumor effect of
PTX/NCTD-APRPG-NPs compared with the other treatments
(Supplementary Figure 4).
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In vivo distribution of PTX in tumor-bearing mice treated with PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs. The experimental mice were
randomly divided into three groups (PTX-NP, PTX/NCTD-NP, and PTX/NCTD-APRPG-NP groups) and injected with PTX-NPs, PTX/NCTD-NPs, or
PTX/NCTD-APRPG-NPs at the dosage of 10 mg/kg. The tissue distribution of PTX was detected at 0.5, 2, and 6 h following injection. Bar graphs
show PTX concentrations in various organs (heart, liver, spleen, lung, kidney, and stomach) and tumor tissues at (A) 0.5 h, (B) 2 h, and (C) 6 h after
injection; ###p < 0.001 vs. PTX-NPs; &p < 0.05, §8&p < 0.001 vs. PTX/NCTD-NPs. (D) In vivo imaging assay to visualize the distribution of PTX in
tumor-bearing mice treated with PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs. At 2 h after injection, the tissue distributions of PTX in the
three experimental groups were imaged on the Bruker Small Animal Optical Imaging System.
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FIGURE 4

In vivo anti-tumor effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs in the HepG2 xenograft mouse model. (A) Effects of PTX-
NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the tumor volume at different time points (days 1, 4, 7, 10, 13, and 16 after the first
administration); (B) effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the body weights at different time points (days 1, 4, 7,
10, 13, and 16 after the first administration); (C) effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the tumor weight on day
16 after the first administration; (D) effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the tumor size; and (E) effects of PTX-
NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on tumor growth in the HepG2 xenograft animal model. *p < 0.05 vs. control, **p < 0.01 vs.
control, #p < 0.05 vs. PTX-NPs, ##p < 0.01 vs. PTX-NPs, &p < 0.05 vs. PTX/NCTD-NPs, §&p < 0.01 vs. PTX/NCTD-NPs.

PTX/NCTD-APRPG-NPs induced
apoptosis through the AKT and
ERK pathways

To investigate whether the PTX/NCTD-APRPG-NPs
exerted the anti-tumor effects through targeting apoptosis, we
compared apoptotic rates between groups and examined key
molecules related to apoptosis in HepG2 cells. As shown in
Figure 5, the apoptotic rate was 24.13% in the PTX/NCTD/
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APRPG-NP group, which was significantly higher than 14.74%
in the PTX/NCTD-NP group, 11.13% in the PTX-NP group, and
8.08% in the control group (p < 0.05 vs. control, p < 0.05 vs.
PTX-NPs, and p < 0.01 vs. PTX/NCTD-NPs). In addition, the
proportion of cells arrested at the GO/G1 phase was 70.28% in
the PTX-NP group, which was significantly greater than 50.5%
in the control group (p < 0.05 vs. control). Notably, the
proportion of cells arrested at the GO/G1 phase in the PTX/
NCTD-APRPG-NP group was 83.69%, which was significantly
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B PTX/NCTD-APRPG-NPs

Apoptosis and cell cycle arrest were induced by PTX/NCTD-APRPG-NPs. Flow cytometry was conducted to determine the number of apoptotic
cells and cell cycle distribution in HepG2 cells treated with PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs. (A) Effects of PTX-NPs, PTX/
NCTD-NPs, and PTX/NCTD-APRPG-NPs on apoptotic rates in HepG2 cells; (B) effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-
NPs on the cell cycle distribution in HepG2 cells. *p < 0.05 vs. control, #p < 0.05 vs. PTX-NPs, &p < 0.05 vs. PTX/NCTD-NPs, &&p < 0.01 vs.

PTX/NCTD-NPs.

greater than 72.29% in the PTX/NCTD-NP group (p < 0.05 vs.
PTX/NCTD-NPs). These data indicated that apoptosis and cell
cycle arrest at the GO/G1 phase were induced to a significantly
greater extent by the PTX/NCTD-APRPG-NPs than by the
PTX/NCTD-NPs or PTX-NPs.

We further performed Western blot analysis to determine
whether the AKT and ERK signaling pathways were involved in
the PTX/NCTD-APRPG-NP-induced apoptosis. As shown in
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Figure 6, p-AKT, p-MEK, p-ERK1/2, and Bcl-2 protein
expression was significantly suppressed by the introduction of
PTX-NPs compared with the control group and was further
inhibited by treatment with the PTX/NCTD-NPs. p-AKT, p-
MEK, p-ERK1/2, and Bcl-2 protein expressions were markedly
decreased by treatment with PTX/NCTD-APRPG-NPs (p < 0.05
vs. control, p < 0.01 vs. control, p < 0.05 vs. PTX-NPs, p < 0.01 vs.
PTX-NPs, p < 0.05 vs. PTX/NCTD-NPs, and p < 0.01 vs. PTX/
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FIGURE 6

Effects of PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs on the AKT and ERK signal pathways in HepG2 cells. Western blot analysis was
performed on AKT and ERK pathway protein expression in HepG2 cells treated with PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-APRPG-NPs.

(A) Western blot images; (B) quantitative analysis of relative expression of p-MEK1/MEK; (C) relative expression of caspase-3; (D) relative expression
of cleaved caspase-3; (E) relative expression of Bcl-2; (F) relative expression of pAKT/AKT; and (G) relative expression of p-ERK/ERK. *p < 0.05 vs.
control, **p < 0.01 vs. control, #p < 0.05 vs. PTX-NPs, ##p < 0.01 vs. PTX-NPs, &p < 0.05 vs. PTX/NCTD-NPs, &&p < 0.01 vs. PTX/NCTD-NPs.

NCTD-NPs). In addition, PTX-NP-induced cleaved caspase-3
protein expression was significantly promoted by treatment with
PTX/NCTD-NPs and further enhanced by PTX/NCTD-
APRPG-NPs (p < 0.01 vs. control, p < 0.01 vs. PTX-NPs, p <
0.01 vs. PTX/NCTD-NPs). These findings, together with those of
others, suggested that the AKT and ERK signal pathways were
involved in apoptosis induced by PTX/NCTD-APRPG-NPs
(30-32).

Discussion

In this study, we developed new core-shell-type
nanoparticles loaded with chemically distinct drugs PTX/
NCTD and modified with APRPG and assessed the anti-tumor
effects in hepatoma cells (HepG2, Huh-7, and Hep3B) and
tumor-bearing nude mice. The novel findings of our study are
summarized as follows (1): PTX/NCTD-APRPG-NPs with a
core-shell structure were prepared successfully and achieved up
to 90% release of PTX in a sustained manner; (2) PTX/NCTD-
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APRPG-NPs led to significantly greater anti-tumor effects in
comparison with PTX-NPs and PTX/NCTD-NPs in both in
vitro and in vivo studies; and (3) mechanistic studies revealed
that PTX/NCTD-APRPG-NPs markedly induced apoptosis
through the AKT and ERK signal pathways, and the effects of
these nanoparticles were the greatest among the groups
evaluated. These findings demonstrated that the PTX/NCTD-
APRPG-NPs enhanced the effectiveness of anti-HCC drugs.
Core-shell lipid nanoparticles are a novel group of lipid/
polymer particle assemblies composed of lipid shells and
nanoparticle cores that possess the physical characteristics of
both lipid vesicles and nanoparticles (33, 34). Recently, core-
shell lipid nanoparticles have been applied in multiple
biomedical fields, such as drug delivery and genetic
transmission (35). Based on differences in the materials,
especially those used in the core, core-shell lipid nanoparticles
can be classified into four groups, of which silica (36), nanogel
(37), polysaccharide (38), and polymer nanoparticles were used
as the nanoparticle core (39). In the present study, PLGA was
used as the nanoparticle core to load PTX. PLGA is derived from
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the polymerization between lactic acid and glycolic acid [poly(D,
L-lactic-co-glycolic acid)]. PLGA has various advantages,
including beneficial characteristics such as biocompatibility
and degradation, which make PLGA the most widely used
polymer in the design of nanoparticles (40). In the present
study, the concentration of emulsifier, PLGA, PTX, and
phospholipid; the shear velocity; and the ratio of phospholipid
versus cholesterol were screened to obtain a minimal particle size
and uniform film formation. According to the previous findings
(41), we observed uniform spherical morphology, 100-nm
particle size, and sustained release with the core-shell lipid
nanoparticles prepared in this study.

Combination drug therapy using two or more drugs is an
important application for core-shell lipid nanoparticles.
Sengupta first reported the application of core-shell lipid
nanoparticles in anti-tumor combination drug therapy (42).
With combretastatin wrapped in the phospholipid shell and
adriamycin wrapped in the nanoparticles, core-shell lipid
nanoparticles were prepared with both promising anti-
angiogenesis and cytotoxic properties, leading to more
significant effects than the mixture of combretastatin and
adriamycin. Wong (43) reported that core-shell lipid
nanoparticles loaded with both the inhibitor of P-gp protein
and adriamycin showed significant inhibitory effects on
adriamycin-resistant breast cancer cell lines. In the present
study, we prepared core-shell lipid nanoparticles loaded with
PTX in the core and NCTD in the shell and compared the anti-
tumor effects with those of PTX-NPs and PTX/NCTD-NPs.
Notably, PTX/NCTD-APRPG-NPs showed more significant
inhibitory effects on the proliferation and migration of
hepatoma cells, as well as higher inhibitory rates on tumor
growth in the HepG2 xenograft animal model in mice. These
results demonstrate that the anti-tumor property of PTX was
markedly enhanced by the combination of PTX and NCTD
using core-shell lipid nanoparticles.

Notably, our results showed that PTX/NCTD-APRPG-NPs
exhibited the greatest anti-tumor activity among the tested
nanoparticles. APRPG is a short peptide that targets
neovascularization and specifically targets the vascular
endothelial growth factor receptor 1 (VEGFR-1), which is
highly expressed in neovascularization tissues (44). Recent
studies have reported the application of nanoliposomes
modified with APRPG for targeting angiogenesis (45, 46). In
the present study, APRPG was used to modify the core-shell
lipid nanoparticles to enhance the tumor-targeting property.
Compared with PTX/NCTD-NPs without APRPG, PTX/
NCTD-APRPG-NPs showed more significant inhibitory effects
on the proliferation and migration of hepatoma cells, as well as
greater inhibitory effects on tumor growth in the HepG2
xenograft animal model in mice. These in vitro and in vivo
findings indicated that the anti-tumor property of PTX/NCTD-
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NPs was dramatically elevated by the addition of APRPG in
PTX/NCTD-APRPG-NPs. In addition, in vitro uptake assays
and in vivo imaging revealed that the tumor targeting property
of PTX/NCTD-NPs was significantly promoted by the
modification with APRPG.

Previous reports have shown that PTX alone induces cell
growth arrest at the G2/M phase (1-3). In the present study, we
found that PTX-NPs, PTX/NCTD-NPs, and PTX/NCTD-
APRPG-NPs markedly induced cell cycle arrest at the GO/G1
phase, which was different from the induction of cell cycle arrest
at the G2/M phase by PTX alone. In addition, cell cycle arrest at
the GO/G1 phase was significantly induced to a greater extent by
the PTX/NCTD-APRPG-NPs than by the PTX/NCTD-NPs or
PTX-NPs. Further mechanistic studies confirmed that the AKT
and ERK signal pathways were involved in the PTX/NCTD-
APRPG-NP-induced cell cycle arrest at the GO/G1 phase. This
may be related to MEPK pathway, in which MEK and ERK
pathways are all important branch pathways. Previous studies
have found that MEK inhibitor can truly induce G1 cell cycle
arrest in tumor cells. The ERK pathway is constitutively
activated, which indicated that the ERK pathway might be a
potential therapeutic target (47, 48). Moreover, there is an
interesting observation that cell cycle arrest was induced at the
G2/M phase by PTX alone and at the G0/G1 phase by PTX/NPs
as well. Further in-depth mechanistic studies are needed to gain
insight into the mechanism of action. In addition, further
investigations, including in vitro angiogenesis assays (e.g.,
chick embryo chorioallantoic membrane assay, tube formation
assay), are necessary to confirm the enhanced neovascularization
targeting property of PTX/NCTD-APRPG-NPs and are
underway in our laboratory.

Taken together, our study has demonstrated that APRPG-
modified PTX/NCTD-loaded core-shell lipid nanoparticles
markedly improved the anti-tumor effectiveness of anti-HCC
drugs. Therefore, the newly developed PTX/NCTD-APRPG-
NPs hold promise as a potent nanoparticle delivery system in
the treatment of HCC.
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Glossary

APRPG Ala-Pro-Arg-Pro-Gly

ATCC American Type Culture Collection

COU6 coumarin 6

DMEM Dulbecco's Modified Eagle Medium

DMSO dimethyl sulfoxide

EE encapsulation efficiency

FBS fetal bovine serum

FITC fluorescein isothiocyanate

HCC hepatocellular carcinoma

HPLC high-performance liquid chromatography

MTT 3-[4,5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium
bromide

NC normal saline

NCTD norcantharidin

PBS Phosphate-buffered saline

PLGA poly (lactic-co-glycolic acid)

PTX paclitaxel

PTX/NCTD- PTX/NCTD-loaded core&ndash;shell lipid nanoparticles

APRPG-NPs modified with APRPG

PTX/NCTD-NPs  PTX/NCTD-loaded core&ndash;shell-type nanoparticles

PTX-NPs PTX-loaded PLGA nanoparticles

PVDF polyvinylidene difluoride

RIPA radioimmunoprecipitation assay

SD standard deviation

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

WB Western blot
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Zinc oxide nanomaterial is a potential material in the field of cancer therapy. In
this study, zinc oxide nanospheres (ZnO-NS) were synthesized by Sol-gel
method using yeast extract as a non-toxic bio-template and investigated
their physicochemical properties through various techniques such as FTIR,
XR, DLS, and TEM. Furthermore, free zinc ions released from the zinc oxide
nanosphere suspended medium were evaluated by using the ICP-AS
technique. Therefore, the cytotoxicity of ZnO nanospheres and released Zn
ions on both HuH7 and Vero cells was studied using the MTT assay. The data
demonstrated that the effectiveness of ZnO nanospheres on HUH7 was better
than free Zn ions. Similarly, ZnO-Ns were significantly more toxic to HuH7 cell
lines than Vero cells in a concentration-dependent manner. The cell cycle of
ZnO-Ns against Huh7 and Vero cell lines was arrested at G,/M. Also, the
apoptosis assay using Annexin-V/PI showed that apoptosis of HuH7 and Vero
cell lines by ZnO nanospheres was concentration and time-dependent.
Caspase 3 assay results showed that the apoptosis mechanism may be
intrinsic and extrinsic pathways. The mechanism of apoptosis was
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determined by applying the RT-PCR technique. The results revealed
significantly up-regulated Bax, P53, and Cytochrome C, while the Bcl,
results displayed significant down-regulation and the western blot data
confirmed the RT-PCR data. There is oxidative stress of the ZnO
nanospheres and free Zn*? jons. Results indicated that the ZnO
nanospheres and free Zn*? ions induced oxidative stress through increasing
reactive oxygen species (ROS) and lipid peroxidation. The morphology of the
HuH7 cell line after exposure to ZnO nanospheres at different time intervals
revealed the presence of the chromatin condensation of the nuclear
periphery fragmentation. Interestingly, the appearance of canonical
ultrastructure features of apoptotic morphology of Huh7, Furthermore,
many vacuoles existed in the cytoplasm, the majority of which were lipid
droplets, which were like foamy cells. Also, there are vesicles intact with
membranes that are recognized as swollen mitochondria.

KEYWORDS

zinc oxide nanosphere, reactive oxygen species, Zn+2 ion, G2/M transition,

apoptotic morphology, P53, Bax

Introduction

Hepatocellular carcinoma is an aggressive malignancy and
is ranked as the third most common cause of cancer-related
death globally (1). Annually, more than 600,000 people die due
to liver cancer (2). Generally, hepatocellular carcinoma (HCC)
is diagnosed at end-stage after metastasizing (3).
Hepatocellular carcinoma (HCC) is defined as the
progressive development of pre-neoplastic and neoplastic
lesions and the acquisition of multiple genetic and epigenetic
events contributing to the biochemical and molecular
heterogeneity of the disease (4, 5). Hepatic cancer is widely
spread in Asian countries because of the increasing number of
patients suffering from chronic viral hepatitis. HuH7 is a
hepatocyte cell line established in 1982 from a 57-year-old
Japanese male with well-differentiated hepatocellular
carcinoma (6). It’s available in the Japan Health Science
Research Resources Bank (catalog number JCRB0403) (7).
Currently, there are many strategies for HCC therapy, like
surgery, radiotherapy, or chemotherapy. Unfortunately, HCC
is more resistant to chemotherapy (8-11). Sorafenib is the only
drug that is effective against HCC (12). Recently, there has been
progress in the treatment of HCC. Only 14% of hepatic cancer
patients survived after treatment (13). Chemotherapy is
inactive in clinical trials against hepatic cancer due to its
adverse effects (14). Therefore, modern therapeutic agents
advance with better efficiency against HCC such as
Atezolizumab and Beacizumab (15). Scientists are now
working on allowing malignant cells to undergo apoptosis
after identifying biochemical and morphological markers of
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apoptotic cells (16, 17). P53 is a tumor suppressor protein that
has a powerful caretaker to protect cells from malignant
transformation by transcriptional up-regulation of pro-
apoptotic DNA repair and cell cycle arrest-related proteins
(18). Therefore, nanobiotechnology is considered the
preferable approach to identify a novel, sophisticated therapy
(19). In the last decade, nanomaterials have played a central
role in medical applications such as tumor diagnosis and
therapy. It can be classified as a noble metal or a metal oxide
material. Also, it is classified into one dimension and two
dimensions (19). Nanomedicine is a novel field have utilize the
path for novel targeted cancer therapies by allowing
therapeutic compounds to be encapsulated in nanoparticulate
materials and delivered selectively to tumors via passive
permeation and active internalization mechanisms.
Employing nanoparticles for therapeutic purposes has also
been found to minimize resistance, addressing one of the
most significant obstacles to conventional therapy (20). Metal
oxide nanoparticle such as ZnO NPs and Fe;O, NPs have
shown a promising anticancer behaviour besides its
therapeutic activity against other diseases such as diabetes
(20), microbial infections (21), inflammations (22), and
wound healing (17) and environmental (23). ZnO-NPs have
received considerable attention in various fields due to their
excellent physicochemical properties, safety, biodegradability
(24), and their fast delivery to different tissues and organs in
addition to various biological purposes including drug delivery
and immune-modulatory agent (Kalpana et al., 2018 (25, 26);).
Zinc oxide nanoparticles have been applied in biomedical and
preclinical research especially in cellular imaging and drug
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delivery. Fujihara and colleagues reported that intravenous
administration of ZnO nanoparticles can be accumulate in
several tissues, particularly lung tissues, and elicit ROS-related
phenomena using healthy mice (27, 28). In addition, ZnO-NPs
can also be approved to have a potential molecular effect
including a reduction in cellular viability, loss of membrane
integrity, and activation of the programmed cell death
(apoptosis) (29). Also, zinc oxide is approved by the US Food
and Drug Administration (FDA) for its properties like stability,
safety, and the intrinsic potential to neutralize UV radiation.
Based upon the unique properties of zinc oxide nanoparticles,
here, zinc oxide nanospheres were synthesized by a green
chemistry technology using yeast as a bio-template. Then, the
cytotoxicity, apoptotic mechanisms, and antioxidant biomarkers
of zinc oxide nanospheres were determined against Hepatoma
HuH7 and green kidney monkey cell lines (Vero). Furthermore,
the ultrastructure analysis of HuH7 cells was carried out to
observe apoptosis stages in the human hepatotome.

Materials and methods
Preparation of ZnO nanosphere

Zinc oxide nanospheres were synthesized by using a
modified sol-gel method (30). Briefly, three grams of yeast
extract were nurtured in 100 mL of ultrapure water and left
for one hour. Then, 25 mM of zinc acetate solution were added
and mixed it with 50 ml of yeast extract solution under vigorous
stirring at 1400 rpm for one hour, followed by thermal treatment
at 500 °C for two hour. The resulting white precipitate has been
dried and powdered and is ready to be characterized.

Characterization of ZnO nanosphere

ZnO nanospheres spectra were assayed by ultraviolet-visible
(UV-VIS) spectrometry (JASCO V-630 spectrophotometer,
Japan). A Fourier transformed infrared (FT-IR) spectrum of the
ZnO nanospheres was characterized via the Nicolet 6700
apparatus (Thermo Scientific Inc., USA). The crystalline nature
and grain size were analyzed by X-ray powder diffraction (XRD)
at a temperature of 25-28 °C using a D8 Advance X-ray
diffractometer (Bruker, Germany) with a nickel (Ni) filter and
CuKot (A= 1.54184 A°) radiation as an X-ray source. The average
size of ZnO nanospheres in cell culture medium was determined
by dynamic light scattering (DLS) (Nano-ZetaSizer-HT, Malvern
Instruments, Malvern, UK) (30). The morphology of zinc nano-
spheres was examined by Field Emission Transmission Electron
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Microscopy (FETEM) (JSM 2100F, Joel Inc., Tokyo, Japan) at 15
and 200 kV accelerator voltages, respectively.

Measurement of Zn (ll) released from
ZnO nanospheres

Following quantification of the final concentration of released
zinc ions from suspended ZnO-NS, the following products
occurred: Firstly, dilution the stock suspension of a
concentration of 100 pg/ml ZnO nanospheres by Dulbecco’s
Modified Eagle’s Medium (DMEM) to a final volume of 15 ml.
Then, incubate all samples at 37 C in a humidified atmosphere
(with 5% CO,) at different times (0, 3, 6, 18, and 24 h). followed by
centrifugation for 20 min at 10,000 x g, and then transferring the
supernatant (10 ml) into a test tube containing 0.5 ml of Conc
HNO:j. The solution was filled with up to 50 ml of water and the
Zn*? jons were quantified with inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (Perkin-Elmer, USA) (31).

Cell lines

Human hepatocellular carcinoma (HuH7) cells (catalog
number JCRB0403) were obtained from the Japan Health
Science-Research Resources Bank. The Green Kidney Monkey
(Vero cells) was purchased from ATCC (American Type Culture
Collection) (Clone CCL-81). The cells were maintained in a 95%
air and 5% CO, humidified atmosphere at 37°C. DMEM and
MEM-E medium supplemented with 10% FBS and 1% PS were
used for routine sub-culturing and all experiments.

Cell viability assays

The viability of HuH7 and Vero cell lines was assessed by the
MTT assay as described by Mossman (32) with some
modifications. Briefly, 1 x 10* cells/well were seeded in 96-well
plates and exposed to Zinc Oxide Nanosphere and ZnCl, at the
concentrations of 100ug/ml, 50ug/mL, 25ug/mL, 12.5ug/mL
and 6.25 pg/mL for 24 hour. At the end of exposure, culture
medium was removed from each well to avoid interference of
ZnO NPs and ZnCl,, then replaced with new medium
containing MTT solution (0.5 mg/mL) in an amount equal to
10% of the culture volume and incubated for 4 hour at 37°C until
a purple-colored formazan product developed. The resulting
formazan product was dissolved in acidified isopropanol.
Further, the 96-well plate was centrifuged at 2300 x g for 5
minutes to settle the remaining ZnO NPs and ZnCl,. Then, a 100
UL supernatant was transferred to the other fresh wells of a 96-
well plate, and absorbance was measured at 570 nm by a
microplate reader (ELX-800 n, Biotek, USA).
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DNA content analysis

HuH?7 cells (1 x 10°) were seeded in T25 flasks and at 70—
80% con-fluence the cells were treated with suspended ZnO
nanospheres at different concentrations. After 24 h, media was
aspirated and cells were harvested with 0.25% trypsin and fixed
in70% ice cold ethanol at —20°C for 30 min. Cell pellets were
washed with PBS and re-suspended in 500 ul PBS containing 20
ul RNAse (5 mg/ml) and stained with 10 ul PI (1 mg/ml) for
30 min at 37°C. Data acquisition was performed with a
fluorescence-activated cell sorter (FACS Canto, Becton-
Dickinson, Franklin Lakes, NJ). For each sample, 10,000
events were acquired and the analysis was carried out using
BD FACS Diva software (Becton-Dickinson, Franklin Lakes,NJ-
USA) (33).

Apoptosis assay with Annexin V-FITC/PI
staining

Huh7 and Vero cells (1x10*/well) were seeded in T25 flasks
and treated different concentrations of ZnO nanospheres at
different times. Cells were then harvested and washed twice
with PBS, resuspended in 0.5 ml binding buffer containing
FITC-Annexin V and PI and kept at room temperature in the
dark for 30 min. The fluorescence of the cells was then analyzed
by flow cytometer (Becton-Dickinson, Franklin Lakes, NJ
-USA). For each sample, 10,000 events were acquired and the
analysis was carried out using BD FACS Diva software (Becton-
Dickinson, Franklin Lakes, NJ-USA) (33).

Cell apoptotic mechanisms for RNA
extraction and quantitative RT-PCR

The HuH?7 cells were cultured in six-well plates and exposed
to ZnO nanospheres (100 pg/ml) for 24 hour. At the end of the
exposure process, according to the manufacturer’s protocol, total
RNA was extracted by RNeasy mini Kit (Qiagen,Valencia, CA,
USA) according to the manufacturer’s instructions.
Concentration of the extracted RNA was determined using
Nanodrop 8000 spectrophotometer (Thermo-Scientific,
Wilmington, DE), and the integrity of RNA was visualized on
a 1% agarose gel using a gel documentation system (Universal
Hood II, BioRad, Hercules, CA). The first strand of cDNA was
synthesized from 1 pg of total RNA by reverse transcriptase
using M-MLV (Promega, Madison, WI) and oligo (dT) primers
(Promega) according to the manufacturer’s protocol.
Quantitative real-time PCR was performed by QuantiTect
SYBR Green PCR kit (Qiagen) using an ABI PRISM 7900HT
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Sequence Detection System (Applied Biosystems, Foster City,
CA). Two microliters of template cDNA were added to the final
volume of 20 pL of reaction mixture. Real-time PCR cycle
parameters included 10 minutes at 95°C followed by 40 cycles
involving denaturation at 95°C for 15 seconds, annealing at 60°C
for 20 seconds, and elongation at 72°C for 20 seconds. The
sequences of the specific sets of primer for p53, bax, bcl-2,
cytochrome C, and B-actin. Expressions of selected genes were
normalized to the B-actin gene, which was used as an internal
housekeeping control. All the real-time PCR experiments were
performed in triplicate, and data were expressed as the mean of
at least three independent experiments (34-36).

Gene expression by flow cytometry

All flow cytometric analyses were performed on a FACS
Calibur flow cytometer (BD, Biosciences, CA, USA). The
instrument was aligned and calibrated daily with the use of a
4-color mixture of CaliBRITE beads (BD, Biosciences) and
FACS Comp Software (BD, Biosciences), according to the
manufacturer’s instructions (35). The flow cytometry
technique evaluated the Bcl,, Bax, P53, and Cytochrome C
oncoproteins. After HuH7 cells were treated with ZnO
nanospheres (100 ug/ml) for 24 h. Cells were collected by cold
centrifugation at approximately 5000 x g for 10 min, then
washed twice and re-suspended in 500 pl of cold (+4 °C) 1X
PBS buffer containing Triton X-100 (permeabilization step).
After centrifugation as previously described, the supernatant
was removed, and the pellet was re-suspended again in PBS
containing 1% BSA and diluted primary antibody rabbit
monoclonal antibody (1:100) (Oncogene, Cambridge, MA,
USA) for P53, Bax, Bcl,, and cytochrome C, followed by
incubation at room temperature for 1 hr. After centrifugation,
the pellet was washed three times using PBS, and the cells were
incubated with secondary antibodies, anti-rabbit (all from Santa
Cruz Biotechnology, USA) in a dilution of 1:100, followed by
incubation in the dark for 30 min at RT. Finally, the cells were
centrifuged, and the supernatant was removed. The cells had
been washed as previously described. The pellet was finally re-
suspended in 500 ul PBS. The cells were immediately analyzed
by flow cytometry (BD FASC Calibur-USA) (37).

Western analysis

After treatment with various concentrations of ZnO-NPs,
cells were collected by centrifuging at 100 x g and washed twice
with ice-cold PBS (pH 7.4) and lysed in 1 ml lysis buffer (2 mM
Tris-HCI, pH 8.0, 1% Nonident P-40, 13.7 mM NaCl, 10%
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glycerol, 1 mM sodium orthovanadate (NaVO3), 1 mM
phenylmethyl-sulfonyl fluoride and 10 pg/ml Aprotinin) for
20 min on ice. Lysates were centrifuged atl9 000 x g for
15 min at 4°C, and aliquots of the supernatants were used to
determine protein concentration using the BCA assay (Pierce,
Rockford, USA). Aliquots containing equal amounts of proteins
(20 - 30 pg) were boiled in 2 x sodium dodecyl sulfate (SDS)
sample loading buffer (125 mM Tris-HCI, 4% (w/v) SDS, 20% (v/
v) glycerol, 10% (v/v) 2-mercaptoethanol, pH 6.8) before being
resolved on a 12% sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE). Proteins on the gels were then electro-blotted onto
Immobilon-P transfer membrane (Millipore Corporation,
Bedford, USA) using a blotting buffer (10% methanol, 10 mM
CAPS, pH 11.0) at 200 mA for 2 h at 4°C. Following electro-
blotting, the membranes were blocked with 0.05% TBS-Tween
(20 mM Tris-HCI, 200 mM NaCl, pH 7.4) containing 5% non-
fat dry milk for 1 h at room temperature. After blocking, the
membranes were washed three times for 10 min each with wash
buffer (0.05% TBS-Tween without milk), and then incubated
with specific primary goat anti mouse Bcl-2 antibody (1: 1000),
goat anti-mouse Bax antibody (1: 500), goat anti-mouse p53
antibody (1: 1000) and goat anti-mouse anti- cytochrome c
(1:2000) for overnight at 4°C. After washing three times with
washing buffer for 10 min each, membranes were further
incubated for 1 h in the presence of a peroxidase (HRP)-
conjugated secondary antibody (1: 10 000) diluted with
blocking buffer. The membranes were washed again as
described above and immunoreactive proteins were then
detected using the Western blotting luminol reagent (Santa-
Cruz Biotechnology Inc., Santa-Cruz, CA, USA) following the
manufacturer’s protocol (38).

Caspase-3 assay

The Activity of caspase-3 enzyme was determined by the
standard fluorometric microplate assay (33). Briefly, HuH7 cells
(1x10* cells/well) were cultured in a 96-well plate and exposed to
ZnO nanospheres at concentrations of 50, 100, 150, and 200 pg/
mL for 24 hour. After the exposure was completed, the cells were
harvested in ice-cold phosphate buffer saline for preparing the
cell lysate. Further, a reaction mixture containing 30 uL of cell
lysate, 20 UL of (Ac-DEVD-pNA) (caspase-3 substrate), and 150
UL of protease reaction buffer (50 mM Hepes, 1 mM EDTA, and
1 mM DTT) (pH 7.2) was incubated for 15 min. Fluorescence of
the reaction mixture was measured at 5-minute intervals for 15
minutes at excitation and emission wavelengths of 430/535 nm
using an ELISA reader apparatus (ELX-800n, Biotek, USA). A 7-
amido-4-tri-fluoromethyl coumarin (AFC) standard ranging
from 5m to 15 uM was prepared, and its fluorescence was
recorded to calculate caspase-3 activity in terms of pmol AFC
released/minute/mg protein.
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Oxidative stress biomarkers

ROS measurement

ROS was measured using 2, 7-dichlorofluorescein diacetate
(DCFH-DA). The DCFHDA passively enters the cell, where it
reacts with ROS to form the highly fluorescent compound
dichlorofluorescein (DCF). In brief, 10 mM DCFH-DA stock
solution (in methanol) was diluted in culture medium without
serum or another additive to yield a 100 uM working solution.
HuH?7 cells were treated with ZnO NPs at a concentration of 100
pg/mL for 24 hour. At the end of exposure, cells were washed
twice with HBSS and then incubated in 1 mL of working solution
of DCFH-DA at 37°C for 30 minutes. Cells were lysed in an
alkaline solution and centrifuged at 2300 x g for 10 minutes. A
200 UL supernatant was transferred to a 96-well plate, and
fluorescence was measured at 485 nm excitation and 520 nm
emissions using a microplate reader (ELX-800n, Biotek, USA).
The values were expressed as a percent of fluorescence intensity
relative to control wells (33).

Lipid peroxidation measurement

HuH?7 cells were exposed to different ZnO nanospheres and
free Zn'? ions (released from 100 pg/ml ZnO-nanospheres) for
24 h. After the exposure, the cells were washed and harvested in
cold PBS at 4°C. The harvested cell pellets were lysed using a cell
lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
Na,EDTA, 1% Triton X 100, and 2.5-mM sodium
pyrophosphate). After cold centrifugation at 15,000 g for
10 min, the supernatant (cell extract) was maintained on ice
until assayed for oxidative-stress biomarkers. The extent of
membrane lipid peroxidation (LPO) was estimated by
quantifying malondialdehyde (MDA) (39). MDA is one of the
final products of membrane LPO. In brief, 0.1 ml of cell extract
was mixed with 1.9 ml of 0.1 M sodium phosphate bufter (pH
7.4) and incubated at a temperature of 37°C for 1 hour. After
precipitation with trichloroacetic acid (TCA) (5% v/v), the
incubated mixture was centrifuged (2500 g for 15 min at room
temperature). The supernatant was collected and to which 1 ml
of TBA (1% v/v) was added and placed in boiling water for
15 min. After cooling to room temperature, the absorbance of
the mixture was taken at a wavelength of 532 nm and converted
to nmol/mg protein using the molar extinction coefficient of
1.56x10° M Cm* (40).

Antioxidant biomarkers

Assay for reduced glutathione (GSH)

The level of the reduced glutathione (GSH) was estimated
using Ellman’s reagent (41). Based on the development of yellow
color when DTNB (5, 5 dithiobis-(2-nitrobenzoic acid) is added
to compounds containing sulthydryl groups. In brief, mixed with
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100 pg of ZnO nanospheres and Zn"> ions (released from 100 pg
of ZnO nanospheres) after treatment with Huh7 cell line for 24
hr. was added to 0.3 ml of 0.25% sulfosalycylic acid, and then
tubes were centrifuged at 2500 xg for 15 min. Supernatant
(0.5 ml) was mixed with 0.025ml of 0.01 M DTNB and 1 ml
phosphate buffer (0.1 M, pH = 7.4). The absorbance at 412 nm
was recorded. Finally, total GSH content was expressed as nmol
GSH/mg protein.

Assay for nitric oxide (NO)

Nitric oxide (NO) radical scavenging assay was carried out
oxide radical scavenging activity was carried out as per the
method of Green et al. (1982) (42). NO radicals were generated
from sodium nitroprusside solution. 0.6 mL of 10 mM sodium
nitroprusside was mixed with 100 pug of ZnO nanospheres and
7n +2
exposure to Huh7 cell line for 24 hr. The mixture was incubated

ions (released from 100 pg of ZnO nanospheres) after

at 25°C for 150 min, followed by mixing with 1.0 mL of pre-
prepared Griess reagent (1% sulfanilamide, 0.1% naphthyl
ethylenediamine dichloride, and 2% phosphoric acid).
Ascorbic acid and trolox were used as standards. The
absorbance was measured at 546 nm. The inhibition was
calculated by the following equation:

%  Inhibition of NO radical

= [Ag-A]/Ay x 100

Where, A, is the absorbance before the reaction and A, is the
absorbance after the reaction has taken place with Griess
reagent. The decreasing absorbance indicates a high NO
scavenging activity.

Assay for superoxide dismutase (SOD)

Superoxide dismutase (SOD) assay is a mixture containing
sodium pyrophosphate buffer, nitro blue tetrazolium (NBT),
phenazine methosulphate (PMS), reduced nicotinamide adenine
dinucleotide (NADH), and the required volume of cell extract.
Superoxide dismutase enzyme activity is defined as the amount
of enzyme required to inhibit chromogen production (optical
density at 560 nm) by 50% in 1 minute under assay conditions
and is expressed as specific activity in units/mg protein (33).

Ultrastructure of HuH7 using a
transmission electron microscope

HuH7 cells were remedied with ZnO nanospheres at a
concentration of 100 pg/ml at different time intervals. After
the exposure, cells were collected and washed with PBS, then
fixed in ice-cold glutaraldehyde (2.5%) for one hour. The cells
were washed with PBS three times for 15 min and post-fixed in
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0504 (1%) for one hour, then stained with uranyl acetate (2%)
for 30 min at room temperature. The cells were dehydrated by
serial dilutions of ethanol (50, 70, and 90%) for 15 minutes each,
followed by 20 minutes in ethanol (100%) and 20 minutes in
acetone (100%), respectively. Consequently, the cells were
embedded in Epon812. Ultrathin sections (120 nm) were
obtained and stained with uranyl acetate (2%) for 20 min, and
lead citrate for 5 min, then examined using Field Emission
Transmission Electron Microscopy (FETEM) (JSM 2100F, Joel
Inc., Tokyo, Japan) at accelerating voltages of 15 kV and 200 kV,
respectively (43).

Statistical analysis

Statistical analysis was expressed as the mean + standard
deviation of triplicate (independent) experiments. Two sample
comparisons of means were carried out using Student’s t-test
analysis. All analyses were conducted using SPSS 17.0 software
(SPSS Inc., Chicago, IL, USA). P <0.05 was considered a
statistically significant difference.

Result and discussion
Characterization of ZnO nanospheres

As shown in Figure 1A, the FT-IR spectra of the ZnO
nanospheres, there is a band at 3,429 cm™ corresponding to the
hydroxyl group of a water molecule on the surface of ZnO
nanospheres that occurred because of the ZnO-nanosphere’s
thermal treatment at 500°C. The band at 1,628 cm™! is related
to the OH bend in ZnO. Also, a strong band at 418 cm-1 was
attributed to ZnO. As illustrated in Figure 1B, the XRD
patterns of ZnO nanospheres showed that the peaks at 2 8 =
31.746°, 34.395°, 47.526°, 56.549°, 62.832°, 67.893° and 69.028°
were assigned to (100), (002), (101), (110), (103), (200), (112),
and (201) of ZnO nanospheres. All peaks are consistent with a
polycrystalline Wurtzite structure (Zincite, JCPDS no. 89-
1397). There are no characteristic peaks of any impurities,
and this indicates a high ZnO nanospheres quality. Scherer’s
equation estimated the average crystallite size (d) of ZnO
nanospheres to be approximately 20 nm. DLS determined the
average hydrodynamic size of the ZnO nanospheres in cell
culture media, and it was about 20 nm, as revealed in
Figure 1C.

d = kAB Cos 6

As Figure 1D showed, TEM images confirmed that the
morphological shape of the nanosphere with approximately
size of 20 nm. Also, it was like the data obtained by XRD.
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FIGURE 1

Physicochemical characterization of Zinc Oxide nanospheres. (A) FT-IR spectra (B) XRD patterns of ZnO nanospheres (C) DLS of ZnO

nanospheres (D) HR-TEM of ZnO nanospheres.

Measurement of Zn (ll) released from
ZnO nanospheres

ICP-AES measured the quantity of the Zn (II) ions released
in the supernatant of the dispersed ZnO nanospheres (100 ug/
ml). As presented in Figure 2, the total amount of ZnO
nanospheres varied within different intervals of time. Free
Zn*? ions were 20ppm after 24 h, 15 ppm after 18 h, 10 ppm
after 12 hr, 6.5 ppm after 6 h, 3.5 ppm after 3 h, and 1.0 ppm
after 1 hr.

Cell viability by MTT assay

MTT assay is the best technique to measure the cytotoxicity
of ZnO nanospheres and ZnCl, against human hepatocellular
carcinoma (HuH?7) and green kidney monkey cell lines (Vero).
As shown in Figure 3A, the viability of HuH?7 cells was reduced
from 100% at 0.5 pg to less than 10% and 15% (for ZnO-Ns and
ZnCl2, respectively) after being treated with 100 pg (ZnO

Frontiers in Oncology

91

nanospheres and ZnCl,) for 24 hour. Similarly, as shown in
Figure 3B, the viability of HuH7 cells after 48 hour of treatment
was reduced from 100% to 20% and 15% for ZnO-Ns and
ZnCl,, respectively.

The viability of Vero cells was less affected than that of
HuH?7. As Figure 3C displays, after treatment of Vero cells by
ZnO nanospheres and ZnCl,, for 24 hour, the viability of Vero
cells decreased from 100 percent at 0.25 pg to less than 15 and 10
percent at 250 ug of ZnO nanospheres and ZnCl,, respectively.
Similarly, the viability of Vero cells after 48 hour of exposure to
ZnO-Ns and ZnCl, was reduced from 100 percent to 20 and 15
percent. As Figure 3D shows, the results changed gradually after
exposure of Vero cells to ZnO nanospheres and ZnCl, for
48 hour.

DNA content analysis

Due to extensive ROS generation and DNA damage, cells
may arrest at different phases of the cell cycle. After 24 h
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DNA content analysis HuH7 cell line treated with of ZnO nanospheres.

treatment Huh?7 were analyzed for the distribution of cell cycle
phases. Measurement of the cell cycle phase ratio using flow
cytometry with propidium iodide (PI) staining to investigate the
anti-proliferative effect of zinc oxide nanospheres was triggered
by cell cycle arrest. As shown in Figure 4, ZnO nanospheres
treatment enhanced the accumulation of the HuH7 cells at the
G,/M phase significantly (P<0.05) compared with the control.
The percentage of the cells at G,/M increased significantly
(P<0.05) with increasing ZnO nanospheres concentration. The
growth of the HuH7 treated with 200 pg/ml ZnO nanospheres
was about 55.73, 4.13, and 40.14% at Gy/1, G,/M, and S,
respectively, compared to the non-treated cells, in which the

DNA Content ]

growth was about 40.1, 30.4, and 29.6% at Gy/1, G,/M, and S,
respectively, which indicated that the cell cycle arrest at G,/m
phase is activated by Cyclin-A (CDK1).

Huh? cells are induced to apoptosis by
zinc oxide nanospheres

As a result, Figure 5 revealed a flow cytometric analysis of
zinc oxide nanospheres-induced apoptosis in Huh7 cells using
Annexin V-FITC/PI staining. The percentage of the apoptotic
cells (including early and late apoptotic cells) increased with the

A

]

Q

=

b

2 CTL 100pg 150ug 200ug @énrs)

-

g =] 07% 23% TTiaw g 2700 +F aate o L RCs s 1%

= o - > R -

g = P2 - s

- ¥ 153 a12T% [ o ]6L6Y 2550 5720 e 1219

& . TS 1y e i

-9 -3 = e ey T 4 oy T
Annexin -V FTIC green fluorescence

o

% 1 CTL 36hrs 60hrs (100pg)

Q

s T orw wr|  luw 1w B

5 - - g :

= « u 4

g R oy 450 1840 L

2 ' 7 .. " — z

-

A >

FIGURE 5

>

Annexin -V FTIC green fluorescence

Apoptosis Assay with Annexin V-FITC/PI staining of HuH7 cell line. LL, Viable cells (Annexin V —/PI —), LR, early apoptotic cells (Annexin V +/PI —),
UL, late necrotic cells (Annexin V —/PI +) and UR, late apoptotic/necrotic cells (Annexin V +/PI +).
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increasing concentration of ZnO nanospheres from 8.3 to 39.3%,
respectively. Also, as the time of treatment increased, the
apoptotic percentage increased from 6.8 to 38.8%.

Also, zinc oxide nanosphere has less effect on Vero cells than
on HuH7. As Figure 6 displayed, the percentage of apoptotic
cells (including early and late apoptotic cells) increased with the
increasing concentration of ZnO nanospheres from 1.02 to
13.25%, respectively. Also, as the time of exposure increased,
the apoptotic percentage increased with time from 3 to 15%,
respectively. Our data indicated the zinc oxide nanospheres are
safer for normal cells.

Quantitative RT-PCR

The levels of apoptotic genes (p53, Bax, Bcl,, and
cytochrome C) in the HuH7 cell were studied by treating the
cell with ZnO nanospheres at a concentration 100 pg/ml for
24 h. The result revealed that ZnO nanospheres altered the
expression of genes in HuH7 cells. The mRNA expression
levels of tumor suppressor gene p53 (Figure 7A), pro-
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apoptotic gene Bax (Figures 7B, D) were significantly
unregulated, while the expression of antiapoptotic gene
BCL-2 (Figure 7C) was significantly down-regulated in ZnO
NSs-treated cells as compared with the untreated control cells
(P, 0.05 for each). Bax/Bcl, ratio displayed the activity of ZnO-
NSs show a good anticancer activity against HuH7 cell as S1
Figure displayed.

Gene expression by flow cytometry

The relative expression of P53, Bax, and Bcl, has been
detected in all treated cells. Treatment of the HuH7 cells with
ZnO nanospheres enhanced the relative expression of P53
significantly (P<0.05) by 85% (Figure 8B). Similarly, it
increased the relative expression of Bax and Bcl, to 65 and
10%, respectively (Figure 8C). Also, the relative expression of
cytochrome C increased in the HuH7 cells treated with ZnO
nanospheres by 55% (Figure 8D) compared to control cells
treated with DMSO (Figure 8A). These findings indicated that
ZnO nanospheres regulated cell cycles via stimulating the
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FIGURE 6
Apoptosis Assay with Annexin V-FITC/PI staining of Vero cell line.
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expression of P53 and Bax genes. Bcl2 was less detected than P53

and Bax.

Western analysis

As shown in Figure 9, the western blot of the expressed
protein demonstrated that P53, Bax, and cytochrome C were up-
regulated as compared with control. While Bcl, was down-
regulated as compared with control, Zinc oxide nanosphere

induces caspase-dependent apoptosis.

Caspase-3 assay

Caspase-3 is one of the executioner caspase members. As
Figure 10 displayed, as the concentration of zinc oxide increased,
the caspase 3 enzyme activity increased from 0.75 at a
concentration of 50 ug to 2 at a concentration of 200 pg/ml.
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The data confirmed that zinc oxide nanospheres activated

caspase-3 cleavage in a concentration-dependent manner.

Oxidative stress and
antioxidant biomarkers

The primary pathway required to trigger apoptosis
mechanistically in a cancerous cell was to induce oxidant
generation and antioxidant depletion. Therefore, the oxidants
(ROS, LPO, and NO) and antioxidants (GSH and SOD) were
studied in the HuH?7 cells treated with 100 pg of ZnO nanospheres
and Zn *? ions (released from 100 ug of ZnO nanospheres) after
exposure to 24 hr. The results illustrated in Figures 11A, B showed
that markers of oxidative stress (ROS and LPO) levels were
significantly (P<0.05) higher in the HuH7 cells treated with
ZnO nanospheres. As Figures 12A-C revealed, all the
antioxidant indicators were increased due to the exposure to
ZnO nanospheres and released 7Zn*? ions. Nevertheless, the
released Zn ** fons were less than ZnO nanospheres.
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Ultrastructure of HUH7 using a
transmission electron microscope

TEM analysis of Huh7 cells remedied with zinc oxide
nanospheres at different times demonstrated the typical
features of apoptotic cell stages: To begin with, as shown in
Figure 13B, the cells rounded up with the disappearance of
cytoplasmic Secondly, as time increased, there were many
changes in appearance because of chromatin condensation at
the nuclear periphery, as Figures 13C, D revealed. Finally, as
shown in Figures 13E, there is nuclear fragmentation (a vescicle
budded from the nucleus) as compared with the control cell. As
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FIGURE 11
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Oxidative stress and of human Hepatoma (HuH7) cells after treated with 100 ug/mL ZnO NPs and released Zn ion for 24 hour. *Statistically
significant difference as compared with the controls (P > 0.05 for each). (A) ROS (B) MDA.

in Figure 13A. The control cell (untreated cell) displayed the
morphology of regular cells with hyperchromatic nuclei and
nuclear pleomorphism. As Figure 13A displayed, at high
magnification, the cytoplasmic vacuoles were droplets.
Similarly, other vacuoles with a double membrane existed, as
Figure 13E showed. Consequently, chromatin condensation, as
Figure 13E displays, Also, during the apoptosis process,
mitochondria tend to be conserved till secondary necrosis is
carried out during treatment of a Hepatoma cell model treated
with zinc oxide nanosphere. The number of swollen
mitochondria transfers to an apoptotic nuclear morphology

within an intact plasma membrane.
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Discussion effect. Hence, scientists are working to find a novel drug with

high performance and safety (45). Sorafenib is categorized as the

Cancer therapy concerns the challenging aim of creating most successful anticancer drug against hepatocellular

selective, effective, and safe therapy (44). MTX is the best carcinoma. Sorafenib, an oral multiple kinase inhibitor,

antitumor chemotherapeutic drug (antineoplastic or cytotoxic) significantly induces apoptosis in cancer model processes as

when used at high doses. However, those doses cause an adverse well as inhibits tumor angiogenesis and cell proliferation to exert
A B C
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FIGURE 13
Transmission electron microscope of HuH7 exposed to 100 ug/ml of ZnO nanospheres (ZnO-NS) for 24 hour. (A) Control cell (B) Treated cell
with to 100 pg/ml of ZnO nanospheres (ZNnO-NS) for 3 hour. (C) Treated cell with to 100 ug/ml of ZnO nanospheres (ZnO-NS) for 6 hour. (D)
Treated cell with to 100 ug/ml of ZnO nanospheres (ZnO-NS) for 12 hour. (E) Treated cell with to 100 ug/ml of ZnO nanospheres (ZnO-NS) for

24 hour.
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its anticancer activity, but it has severe cytotoxicity and may lead
to adverse events (46). Previous research suggested that zinc
oxide nanoparticles could be used as an anticancer drug agent by
targeting cancerous cells and increasing cytotoxicity and cell
death (47). Due to their less toxic nature toward normal cells,
zinc oxide nanoparticles haven’t had any adverse effects on liver
and renal tissues. Basically, the positive charge of a nanoparticle
has more affinity to be engulfed by cells than neutral or negative
nanoparticles. It is supposedly due to favorable electrostatic
interactions with the negatively charged cell membrane (48).
The surface of zinc oxide nanoparticles has a neutral hydroxyl
group, which plays a central role in nanoparticle charging
behavior (49). In an acidic medium, the proton more likely to
bind to the surface of a nanoparticle may cause a positively
charged surface (ZnOH?*"). However, in an alkaline medium,
protons moved away from the metal surface, inducing a
negatively charged surface partly bonded oxygen atom (ZnO~.
Under physiological conditions (acidic medium of tumor cells),
the isoelectric point value ranges from 9 to 10, indicating that
zinc oxide nanoparticles have a strongly positive-charged surface
(50). Cancer cell outer layer membranes are characterized by the
presence of a large number of anionic phospholipids (48). As a
result, ZnO-NPs may be attracted electrostatically to tumor
tissues, increasing nanoparticle cellular uptake (51). In
contrast, normal healthy cells are either charge-neutral or
slightly positive, which shows insignificant binding to the NPs
(52). Also, the circulation of nanoparticles with a size less than
100 nm takes a longer time with the ability to avoid clearance by
the reticuloendothelial system, also increasing intratumor
concentrations (53, 54).

Mechanism of preparation of zinc oxide
nanosphere

The preparation of zinc oxide nanospheres meets the
concept of green chemistry. Green synthesis of nanomaterials
is an interesting topic of material science research (55). This
study was focused on the construction of zinc oxide nanospheres
based on the accumulation of zinc ions on yeast extract, which
was used as a bio-template (29). The plausible mechanism to
explain the formation of zinc oxide nanospheres is that the
dissolution of zinc acetate in distilled water released zinc ions
that accumulated on the outer surface of yeast extract. Then, zinc
ions formed on a spherical yeast extract. Afterwards, gradual
thermal treatment leads to the formation of zinc oxide
nanospheres and the removal of any yeast extract residuals.
The physicochemical techniques such as FTIR, XR, DLS, and
TEM emphasized the formation of ZnO nanoparticles in a
spherical shape of 20 nm. ICP-AS is the routine method to
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evaluate the amount of zinc ions released from suspended
ZnO nanospheres.

Cytotoxicity and apoptosis of zinc oxide
nanospheres against HuH7 and Vero
cells

The antiproliferative effect of ZnO-NS and Zn** ions was
determined using the MTT assay, which links directly to the
mitochondrial enzymes (25). Our results showed a significant
reduction in HuH?7 viability in the treated groups compared with
the nontreated group. Therefore, the ZnO nanospheres are more
selective for cancerous cells than normal cells. The cell cycle is
controlled by numerous mechanisms that ensure correct cell
division. It is a transition between various phases mediated by
different cellular proteins. It divides the cell into two consecutive
processes, the majority of which are characterized by DNA
replication and the segregation of replication chromosomes
into two separate cells. Our findings show that ZnO
nanospheres induced cell cycle arrest at the G2/M phase and
aided in the inhibition of HuH7 cell proliferation. The cells can
be able to initialize a cell cycle arrest in the presence or absence
of P53. Interestingly, maintenance of CDK1 in its inhibitory
phosphorylation state prevents cell cycle entry into mitosis. Also,
P53 may play a central role in the regulation of the G2/M
checkpoint and DNA damage-dependent increases in p53 (53).
The Annexin V-FITC/PI double-staining assay indicates the
occurrence of apoptosis. Treatment of HuH7 and Vero cells
with different concentrations as well as different times confirmed
that the ZnO nanospheres have a less adverse effect on normal
cells. Importantly, the apoptosis process depends on the
activation of caspase, which is considered a hallmark of
apoptosis (56). Indeed, caspase results emphasized that caspase
induces the apoptotic mechanism.

Molecular mechanism of zinc oxide
nanospheres against HUH7 and Vero
cells

Generally, zinc oxide nanoparticles may promote
micropinocytosis. Hence, ROS toxicity after ZnO NPs uptake
led to ZnO genotoxicity in vitro and in vivo. In particular,
lacking normal TP53, which is the typical feature of small-cell
lung cancer, should be taken into account for the use of ZnO
treatment for small-cell lung cancer (27). Setyawati and
colleagues reported that DLD1 and SW480 cells that have
mutant TP53 produce more ROS by ZnO nanoparticles, and
those cells were more susceptible to the cytotoxicity than
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NCM460 and HCT116 cells that have functional TP53 (57). Lee
and colleagues reported that the ATM protein reacts to ROS and
is necessary to phosphorylate TP53 (Ser 15) under ROS-induced
oxidative stress. The loss of normal ATM protein results in
deficiencies in mitochondrial function, autophagy, and
intracellular protein aggregation (58). In addition, damaged
mitochondria also produce intracellular ROS (27). RT-PCR,
flowcytometry, and immunoblotting are common techniques
to study the molecular mechanisms of apoptosis like P53, Bax,
Bcl,, and cytochrome C. As Figure 14 shows, there are a couple
of mechanisms that meet the concept of apoptosis. The first one
is the extrinsic pathway, which depends on ligation of the death
receptor family, followed by the formation of the death-inducing
signaling complex that leads to the activation of caspase (55).
The second mechanism is the intrinsic pathway that depends on
the pro and anti-apoptotic pathways of Bcl-2 family proteins.
Furthermore, the mitochondrial cytochrome C release facilitates
the formation of the apoptosome complex that cleaves and
activates the effector caspase (56, 59). Also, there is another
approach to inducing apoptosis by activating P53 to engage the
mitochondria and release cytochrome C. Caspase 3 assay
displayed that the mechanism of zinc oxide nanosphere is an
extrinsic pathway that depends on ligation of the death receptor
family, followed by the formation of the death-inducing
signaling complex that leads to the activation of caspase (59).

10.3389/fonc.2022.933750

Oxidative stress of zinc oxide
nanospheres

Oxidative stress, including H,O,, - OH, and. O ~ may react
with nucleophilic centers, leading to DNA fragmentation and
apoptosis upregulation, ultimately leading to carcinoma cell
death (25). Our findings agree with Bai et al. (60) who
reported a significant increase in the DNA damage in the
ZnO-NP-treated group compared with the nontreated SEC
group. Treatment of HuH7 cells with ZnO nanospheres
caused an increase in pro-oxidants (ROS and LPO). According
to Finucane et al. (1999), ZnO nanoparticles generate reactive
oxygen species that activate the peroxidation reactions (55).
Also, as Figure 14 shows, the elevated ROS level can inflict direct
damage to lipids (61, 62). Because of its reaction with
thiobarbituric acid (TBA), MDA is regarded as a useful
biomarker for the peroxidation of omega-3 and omega-6 fatty
acids. Similarly, excessive Zn>" ions trigger harmful oxidative
stress. According to Lee et al. (2018), zinc deficiency or excess
can cause cellular oxidative stress (63, 64). Hence, liberated zinc
ions released from suspended zinc oxide nanospheres medium
indirectly contributed to stimulating the oxidative stress on
HuH7 cells. Moreover, GSH, SOD, and NO attenuated the
deleterious effect of ROS. GSH was an important ROS
scavenger. An enzyme catalyses the transformation of the
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Schematic diagram of the probable mechanism of synergy of ZnO-NS. ZnO-NS are involved in reactive oxygen species (ROS) generation and
increased cell wall lipid peroxidation (LPO) leading to cytotoxic and genotoxic effects.

Frontiers in Oncology

100

frontiersin.org


https://doi.org/10.3389/fonc.2022.933750
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hassan et al.

highly reactive O to H,0,. Also, NO is a special scavenger
against ROS (61). Our findings support the findings of Xia et al.
(65), who found that ZnO-NPs increase cancer cytotoxicity and
cell death. Other studies have shown that increased ROS levels
cause oxidative damage to cellular structures and decrease
antioxidant enzymes SOD and CAT activity in tumor tissue
compared to the SEC group, as SOD catalyzes the dismutation of
superoxide anion (O,) to H,0, and O,, and the CAT enzyme
reduces H,0, to H,O. Interestingly, treatment with ZnO-NPs
revealed a marked increase in MDA levels, which indicates lipid
peroxidation and depletion of GSH in ESC tissues (25). Also,
some studies have reported that both solid ZnO-NPs as well as
dissolved Zn ions are responsible for the toxic responses of
exposed cells (62). Heim et al. (66) found higher values of Zn**
in the nucleus compared to the cytoplasm, indicating the
enrichment of dissolved Zn**. However, contrary to this
observation, Sharma et al. (67) also addressed the Zn**
contribution towards the ZnO-NPs toxicity These authors
observed that toxic responses from exposure to ZnO-NPs are
due to the NPs per se rather than the Zn>" released from them.

Ultrastructural analysis of zinc oxide
nanospheres against hepatoma

The transmission electron microscope (TEM) has become a
standard method for describing and analyzing the ultrastructure
of inner cells and organelles in physiological and pathological
conditions (68). TEM is the most powerful morphological
method to describe apoptosis and necrosis. Its images are
qualitative and static. As a result, the best method for studying
apoptotic and necrotic phenomena should be carried out at
different times, beginning with their early-stage appearance
(69). Apoptosis is a regulated process that controls many
morphological and physiological pathways in an active
manner. It's characterized by various biochemical processes
with cascades that respond to the change in the morphology of
the cell that may lead to the death of the cell. Multi-factors
control the type of cell termination. The main role of apoptosis is
caspase activation, which influences the level of intracellular
ATP. As a result, mitochondria are concerned with this type of
cell death. During the apoptosis process, the cell size shrinks and
loses connectivity with adjacent cells. The cells miss their surface
elements such as microvilli and cell-to-cell linkage. Because of
the liberation of the cell fluid, the cytoplasm will condensate,
leading to a change in the cell volume. Therefore, the convolution
of the nuclear and cellular outlines Initially, condensed
chromatin tends toward the formation of cup-shaped masses
beneath the nuclear envelope to fill thymocyte cells that occupy
most of the nuclear volume (56). Finally, the apoptosis process
will undergo progressive fragmentation, leading to the formation
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of several plasma membrane-bound apoptotic bodies, including
nuclear and/or cytoplasmic elements (70). On the other hand,
necrosis is another form of cell deletion. In the necrosis process,
the plasma membrane will be permeable rapidly. Generally, cell
hydration and swelling, as well as organelle disruption, appear.
Inflammation is caused by the release of cytosolic components
into the extracellular space (71-74). In contrast to the apoptosis
process, the nucleus shape appears well in the early stages.
Transmission electron microscopy analysis of HuH7 cells
exposed to zinc oxide nanospheres demonstrated the stages of
apoptosis. However, vacuolization was also demonstrated. Some
of these vacuoles were double membrane bound vesicles, as
shown in Figure 14. These vacuoles include residual cristae
structure and may be due to mitochondrial swelling. As Harris
and Ralph (1985) (75) reported, the apoptotic condition can
induce a cell to differentiate. That can transfer the cell to a partial
differentiation state (75-80).

Conclusion

We conclude empirical evidence of the genotoxic anticancer
effects of ZnO in hepatic cancer cells, which may be executed
safer and more effective antitumor activity, leading to SEC
growth reduction as shown in Figure 14, with a low cytotoxic
effect on normal cells. Therefore, new therapeutic strategies for
cancer treatment, including ZnO-NS, could be developed.
Moreover, long-term toxicity studies are required to rule out
any long-term side effects. Overall, the data showed that ZnO
nanospheres might have a good choice as a potential candidate

as an anti-tumor agent.
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Plant-derived natural products
and combination therapy in
liver cancer
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Xinjiang Key Laboratory of Biological Resources and Genetic Engineering, College of Life Science and
Technology, Xinjiang University, Urumgi, China

Liver cancer is one of the malignant cancers globally and seriously endangers
human health because of its high morbidity and mortality. Plant-derived natural
products have been evaluated as potential anticancer drugs due to low side effects
and high anti-tumor efficacy. However, plant-derived natural products also have
defects of poor solubility and cumbersome extraction process. In recent years, a
growing numbers of plant derived natural products have been used in combination
therapy of liver cancer with conventional chemotherapeutic agents, which has
improved clinical efficacy through multiple mechanisms, including inhibition of
tumor growth, induction of apoptosis, suppression of angiogenesis, enhancement
of immunity, reversal of multiple drug resistance and reduction of side effects. The
therapeutic effects and mechanisms of plant-derived natural products and
combination therapy on liver cancer are reviewed to provide references for
developing anti-liver-cancer strategies with high efficacy and low side effects.

KEYWORDS

plant-derived natural products, immunotherapy, combination therapy, liver cancer,
molecular mechanisms

Introduction

Liver cancer is one of the most common malignant cancers with more than 906,000 new
cases and 830,000 deaths annually worldwide (1). Liver cancer has brought significant threats
and challenges to human’s physical and mental health as well as social and economic
development (2). Currently, the main treatments for liver cancer include surgical resection
(3), radiotherapy (4), chemotherapy (5), local ablation therapy (6) and liver transplantation
(7). Although traditional therapies are effective for liver cancer at early stage, they have
limited efficacy for advanced liver cancer due to severe side effect, drug resistance, multiple
recurrences and metastases (8, 9). For the past few years, plant-derived natural products have
been evaluated as potential anticancer drugs that preferentially kill tumor cells with low toxic
effect on normal cells. A variety of plant-derived natural products with antitumor activities
have been identified, such as alkaloids, terpenoids, phenols, flavonoids, which can inhibit
tumor-cell invasion and migration (10), induce apoptosis (11), suppress angiogenesis (12)
and proliferation (13). Although these plant-derived natural products have many advantages,
such as abundant resources, low toxic effect and diversity in targets and molecular
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mechanisms, they have limited efficacy for clinical application due to
low solubility and poor bioavailability (14). Therefore, there is an
urgent need to develop new therapy with high efficacy and low side
effects to prevent and treat liver cancer.

Numerous studies have shown that combined therapy has great
potential value in treating of liver cancer. The combination of
chemotherapy with natural compounds is likely to increase the
efficacy of drug treatment as well as reduce the adverse responses
(15). Some natural products may sensitize to conventional cytotoxic
therapy, reinforce the drug effective concentration, reverse drug
resistance, intensify the combined effect of both administered
therapeutics or exert cytotoxic effects specifically on tumor cells
(16). Moreover, natural products combined with immunotherapy,
can reduce the development of cancer and enhance the immune
function by targeting multiple signaling pathways (17). The desired
effect could be to diminish burden on the patient’s organ by replacing
part of the dose of a conventional chemotherapeutic with a natural
substance with a defined effect. Many natural compounds are well
tolerated by the patients and do not cause toxic effects even at high
doses. Interaction of conventional chemotherapeutics with natural
compounds introduces a new aspect in the research and therapy of
cancer. It could be a complementing approach to potentially achieve
improvements, while minimizing side effects associated with
conventional chemotherapy. In this paper, we review the recent
studies on the functions and mechanisms of plant-derived natural
products and combination therapy in the treatment of liver cancer.

Search strategy

This review followed the PRISMA guidelines. The primary search
for article screening used in this review was conducted using PubMed
(387), CNKI (277), Web of science (236), X-MOL (193) and the
Wanfang database (178), and the medical subject headings (natural
product, liver cancer, combination). After completing the initial
search, therefore to avoid duplication, we removed 550 articles
from the literature, and selected 721 articles. After screening for
eligibility of the articles, 128 articles were included in the study.
PRISMA flow chart indicates only the identification and screening
processes of the anti-liver-cancer activity of plant-derived plant
products and combination therapy (Figure 1).

Plant-derived natural products in the
treatment of liver cancer

Alkaloids

Alkaloid is a kind of basic organic compounds containing
nitrogen in plants. The representative anti-tumor compounds
include matrine, berberine, evodiamine, camptothecin, vincristine
and caffeine. Matrine exists in dried roots of Sophora flavescent and
induces HepG2 cell apoptosis through increasing Bax/Bcl-2 ratio and
inhibiting the ERK1/2 signaling pathway (18). Dai et al. reported that
matrine inhibits BEL-7402 cell and SMMC-7721 cell invasion and
metastasis by upregulating the expression of microRNA-199a-5p
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(miR-199a-5p) and reduces the levels of hypoxia-inducible factor-
loo (HIF-10)) (19). Moreover, matrine also inhibits liver cancer
migration and induces apoptosis through increasing the expression
of microRNA-345-5p (miR-345-5p) and reduces the levels of circular
RNA_0027345 (circ_0027345) and homeobox-containingD3
(HOXD3) (20). In addition, Zhang et al. researched that matrine at
non-toxic dose could significantly suppress PLC/PRF/5 and
MHCCY7L cells migration and invasion. And, it also significantly
decreased lung metastasis in orthotopic HCC mouse models (21).
Berberine, an isoquinoline alkaloid, has been extracted from the
rhizome of Coptis and Phellodendri and considered as anticancer
drug in China because of its wide range of pharmacological effects.
Berberine induced autophagy of HepG2 and MHCC97-L cells
through activating Beclin-1 via enhancing p38 mitogen-activated
protein kinase (MAPK) signaling pathway and inhibiting protein
kinase B (Akt) activity (22). Hou et al. researched that berberine
decreased the expression of CD147, thereby induced apoptosis of
HepG2 and SMMC7721 cells in a dose-and time-dependent manner
(23). In addition, berberine inhibits transforming growth factor-f/
Smad (TGF-B/Smad) signaling pathway and interferes epithelial-
mesenchymal transition (EMT), thereby inhibiting migration and
invasion of HepG2 cells (24). A study showed that evodiamine
induced apoptosis of HepG2 and PLHC-1 cells in a dose-dependent
manner by inactivating phosphatidylinositol 3-kinase (PI3K)
signaling pathway, downregulating B-cell lymphoma 2 (Bcl-2)
expression and upregulating Bcl-2-associated X protein (Bax) (25).
Evodiamine can also inhibit the proliferation of hepatocellular
carcinoma cells by activating Hippo-Yes-associated protein
signaling pathway in vitro and in vivo (26). Camptothecin has been
used clinically to treat liver cancer, stomach and colorectal cancer for
a long time, which can inhibit Huh7 and H22 cell proliferation,
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The flowchart provides an overview of the study search and selection
process. A search of the databases PubMed, CNKI, Web of Science, X-
MOL, and the Wanfang database was undertaken, and then duplicate
articles and any which did not meet the criteria of our study were
removed before the relevant articles were selected for further study
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metastasis and angiogenesis by upregulating of reactive oxygen
species (ROS) and nuclear factor E2-related factor 2 (Nrf2)
expression, reducing the expression of N-cadherin, matrix
metalloproteinase 9 (MMP9), Snail and Twist, and increasing E-
cadherin (27). Notably, 10-hydroxycamptothecin (0.5 mg/L)
inhibited the proliferation of BEL-7402 cells through induction of
apoptosis, and showed synergistic effect with human cytokine-
induced killer cells (optimal target ratio of 20:1) (28). According to
reports, vincristine could decrease the expression of Ki-67, MMP2
and MMP9, and increase the expression of cleaved caspase 3, thereby
inhibiting proliferation and reducing metastasis by PI3K/Akt
signaling pathway in Hep3B cells (29). Caffeine is an alkaloids
compound extracted from tea, cocoa bean and coffee fruit. Caffeine
and X-ray irradiation have synergistic effect on the inhibition of cell
proliferation and induction of apoptosis, and cell cycle arrest at G2/M
phase (30). Cinchonine is a natural compound present in Cinchona
bark. It exerts multidrug resistance reversal activity and synergistic
apoptotic effect with paclitaxel in uterine sarcoma cells. Jin et al.
demonstrated that cinchonine inhibited liver cancer cell proliferation
and promoted apoptosis in a dose-dependent manner. It can activate
caspase-3 and PARPI1 cleavage, increased the expression of GRP78
and PERK, and suppressed HepG2 xenograft tumor growth in mice
(31). As a transcription factor, the tumor suppressor p53 can
participate in many important biological processes, such as cell
cycle arrest and apoptosis. It can activate the expression of
antioxidant proteins such as catalase, glutathione peroxidase 1
(GPX 1), manganese superoxide dismutase (MnSOD), which leads
to the imbalance of ROS, and finally leads to apoptotic (32).
Moreover, Sanguinarine significantly inhibited liver cancer cell
proliferation in a p53-dependent manner by inducing cell cycle
arrest and ROS-associated apoptosis. Importantly, it dramatically
suppressed tumor growth in an HCC xenograft model, with little
cytotoxicity (33).

Terpenoids

Terpenoids are hydrocarbons and oxygenic derivatives in natural
plants, which contain isoprene structure. It has been found that
terpenoids have antitumor activities, such as saikosaponin D,
triptolide, ginsenoside, artemisinin, celastrol and norcantharidin.
Saikosaponin D is the most important active component of the
Chinese medicinal herb Bupleurum, which can selectively up-
regulate the protein expression of light chain 3II (LC3II) and Beclin
1, down-regulate the protein expression of P-S6KI, and induce
autophagy by negatively regulating the mammalian target of
rapamycin complex (mTORC) signaling pathway to reduce liver
cancer cell growth (34). Moreover, it can increase radiation-induced
apoptosis of liver cells via inhibiting mTOR phosphorylation to
provide a possible potential therapeutic method for radio
sensitization of liver cancer (35). In addition, Wu et al. discovered
that saikosaponin D inhibited HepG2 cell proliferation by induction
of apoptosis, improved the survival rate and suppressed the growth of
liver tumors (36). Triptolide, a natural diterpenoid compound, is the
main active ingredient of Tripterygium wilfordii, which inhibits the
proliferation of HepG2 cells through induction of autophagy and

Frontiers in Oncology

10.3389/fonc.2023.1116532

apoptosis via up-regulating the expression of microRNA-194 (miR-
194), LC3 and Beclin-1, and Bax/Bcl-2 ratio (37). Another study
showed that it induced HepG2 cell apoptosis by inhibiting the
expression of Ras (38). Gan et al. demonstrated that triptolide
significantly suppressed the proliferation of H22 cells with ICs,
value of 266.8 ng/mL at 24 h and induced apoptosis in H22 cells
through decreasing the expression of cycloxygenase-2 (COX-2) (39).
Ginsenoside-Rg3 inhibited cell proliferation and invasion of SMMC-
7721 cells through PI3K/AKT pathway, which effectively decreased
the levels of phosphorylated (p)-AKT, p-PI3K, MMP2, MMP9 and
long non-coding RNA HOX antisense intergenic (IncRNA HOTAIR)
(40). Recently, Zhang et al. showed that artemisinin enhanced the
effect of anti-programmed cell death-ligand 1 (anti-PD-L1)
immunotherapy by blocking the accumulation and function of
myeloid-derived suppressor cells (MDSCs) via regulating PI3K/
AKT/mTOR and MAPK signaling pathways and polarizing M2-like
pro-tumor phenotype to Ml-like anti-tumor phenotype (41).
Dihydroartemisinine inhibits proliferation and induces apoptosis of
HepG2 cells through regulating Bcl-2/Bax/caspase-3 apoptosis signal
pathway (42). It can also induce liver cancer ferroptosis by promoting
the formation of phosphatidylethanolamine-binding protein 1/15-
Lipoxygenases (PEBP1/15-LO) and lipid peroxidation in cell
membrane (43). Celastrol is a quinone methyl triterpene monomer
compound of T. wilfordii Hook. f. and inhibits HepG2 cell
proliferation by activating AMPK signaling pathway to suppress
lipid metabolism and proliferation signal (44). Moreover, it can
reduce the expression of nuclear factor kappa-B (NF-xB) and
tumor necrosis factor alpha (TNF-a)) in HepG2 and SMMC-7721
cells in a dose- and time-dependent manner (45). Recent studies have
found that p53 can downregulate the expression of asparagine
synthetase (ASNS) at the transcriptional level, thereby inhibiting
asparagine synthesis and disrupting aspartate homeostasis, which
can suppress the growth of lymphoma and colon tumors in vivo
and in vitro. And depleting the levels of asparagine in cancer cells
could release liver kinase B1 (LKB 1), and activated monophosphate-
activated protein kinase (AMPK) -p53 signaling, triggered p21-
dependent cell cycle arrest and promoted survival of cancer cells in
asparagine-deficient conditions (46). Norcantharidin inhibits Huh7
cell proliferation and induces apoptosis in a time-and dose-dependent
manner by activating p53 and p21 proteins and arresting cell cycle at
G2/M phase (47). Tan et al. reported that genipin suppressed
orthotopic HCC tumour growth through inhibiting IREla-mediated
infiltration and priming of tumour associated macrophages (TAMs).
It could reduce infiltration of inflammatory monocytes into liver and
tumour, and inhibited the TAMs migration (48). Natural compound
andrographolide (Andro), isolated from medicinal herb Andrographis
paniculata, was reported to inhibit hepatoma tumor growth. It can
inhibit the hepatoma tumor growth and alters the expression of
miRNAs profile and downstream signals (49).

Ployphenols
Polyphenol is a compound with multiple phenolic groups and

includes curcumin, resveratrol, 6-gingerol, epigallocatechin gallate,
and tannic acid. Curcumin is a spice and food coloring extracted from
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the rhizome of the perennial herb turmeric in Zingiberaceae. In vitro
and in vivo results showed that curcumin downregulated the
expression of Bcl2-associated transcription factor (BCLAFI1),
inhibited the activation of PI3K/AKT/glycogen synthase kinase-3[3
(GSK-3B) pathway, and triggered mitochondria-mediated apoptosis
in liver cancer (50). Sun et al. reported that curcumin inhibited
SMMC-7721 cell proliferation by induction of apoptosis via
activating C/EBP homologous protein (CHOP) signaling pathway,
reducing the expression of Bcl-2 and increasing cleaved caspase-3 and
suppressed SMMC-7721 cell growth in xenograft tumor nude mice by
activating endoplasmic reticulum (ER) stress pathway (51). Curcumin
can induce liver cancer cell death by induction of apoptosis and
pyroptosis. In addition, curcumin activates the gasdermin E
(GSDME)-related scorch death and mitochondria-dependent
apoptosis signaling pathways (52). Resveratrol is a phytoestrogen
derived from grapes and berries and has several potential biological
effects, including antioxidant, anti-inflammatory, cardioprotective
and anticancer properties (53). Resveratrol inhibited the wound
healing and invasion of HepG2 and Huh7 cells, increased the
expression of E-cadherin, and decreased the expression of vimentin
and Twistl. It inhibited metastasis and EMT through up-regulating
the expression of microRNA-186-5p (miR-186-5p) (54).
Furthermore, resveratrol can decrease the expression of membrane-
associated RING-CH protein 1 (MARCHI1) and p-Akt, increase the
expression of phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) dose-dependently, hence inducing
apoptosis and inhibiting the proliferation and invasion of HepG2
and Hep3B cells (55). 6-gingerol is an active polyphenolic compound
extracted from ginger and can regulate the AKT/extracellular signal-
regulated kinases 1/2 (ERK1/2) signaling pathway, increase P27/Kip1
and p21/Cipl expression and inhibit cyclins D1, c-myc and cyclin-
dependent kinase 4 (CDK4) protein expression, thereby arresting cell
cycle at G2/M phase in Huh7 cells (56). Notably, a study showed that
epigallocatechin gallate (EGCG) and EGCG derivative Y6 could
significantly inhibit tumor growth and angiogenesis through
MAPK/ERK1/2 and PI3K/AKT/HIF-1a/vascular endothelial factor
(VEGF) pathways (57). Guo et al. demonstrated that EGCG
combined with paclitaxel effectively inhibited the proliferation of
HepG2 cells and the tumor growth in bearing cancer nude mice (58).
In addition, it combined with adriamycin to exert synergistic anti-
liver cancer effect, which induced apoptosis of BEL-7404/ADR cells
and arrested cells in S/G2 phase of the cell cycle in a dose-dependent
manner (59). Tannic acid is a natural polyphenol compound
primarily found in fruits and nuts. Tannic acid can induce
apoptosis by DNA disruption via caspase-dependent and caspase-
independent mechanisms. It can also induce oxidative stress to
promote liver cancer cell death (60). The combination of tannic
acid with cisplatin induced HepG2 cell apoptosis through enhancing
the activation of ER stress ATF6-CHOP pathway (61). Magnolol, a
natural compound extracted from herbal plant Magnolia officinalis,
has been recognized as a liver protection and antitumor drugs. It can
significantly suppress tumor size and tumor growth rate, decreased
the expression of p-ERK, NF-kB p65 (Ser536), MMP-9, VEGF, X-
linked inhibitor of apoptosis protein (XIAP), and cyclinDI, and
increased the expression of caspase-8 and caspase-9, which in turn
induced apoptosis in vivo (62). Rosmarinic acid is a natural
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polyphenolic compound that exists in many medicinal species of
Boraginaceae and Lamiaceae. Rosmarinic acid can regulated immune
response and induced apoptosis of H22 cells. It could effectively
inhibit the tumor growth through decreasing the expressions of IL-6,
IL-10 and signal transducer and activator of transcription 3, up-
regulating Bax, caspase-3 and down-regulating Bcl-2 (63).

Flavonoids

Flavonoids are phenolic phytochemicals and are commonly
found in fruits, vegetables and plant-based beverages (e.g., green tea
and wine), which have a polyphenolic structure and are usually
composed of a 15-carbon skeleton (including two benzene rings)
and a heterocyclic nucleus containing an oxygen atom. Many studies
have reported that flavonoids have a significant role in tumor
treatment, such as kaempferol, silymarin, quercetin, chrysin and
diosmetin. Kaempferol is a natural flavonol and widely distributes
in many vegetables and fruits. Kaempferol remarkably decreased the
expression of miR-21 and increased the expression of PTEN, thereby
inhibiting HepG2 cell proliferation and metastasis through
inactivating PI3K/AKT/mTOR signaling pathway (64). Moreover, it
can promote apoptosis of HepG2 cells in a dose-dependent manner
through decreasing the expression of CDK1 and increasing the
expression of Bax and JUN (65). Another study showed that
kaempferol was able to increase the protein expression of Bax,
glucose-regulated protein of 78 kDa (GRP78), GRP94, PERK,
cleaved ATF6, IREla, CHOP, caspase-3 and caspase-4, thereby
inducing HepG2 cell apoptosis by mitochondrial pathway and ER
stress pathway (66). Silymarin is a lipid compound extracted from the
fruit of Silybum marianum and inhibits MHCC97 cell invasion and
metastasis through reducing Akt phosphorylation and integrin B1,
VEGF and MMP-9 expression. Moreover, it can restore the cell
adhesion ability by upregulating E-cadherin, thereby inhibiting
invasion and metastasis of liver cancer cells (67). Silibinin is
another bioactive polyphenolic flavonoid isolated from the fruits
and seeds of S. marianum (68), which can achieve anti-liver-cancer
effects through multiple mechanisms, including induction of
apoptosis, suppression of angiogenesis and block of cell cycle (69,
70). Quercetin is a dietary polyphenolic compound with wide
distribution in onions, grapes, berries, apples, broccoli and cereals
(71), and has the capability to reduce the expression of markers in
cancer stem cells and myofibroblasts, as well as the expression of
ABCCS3 to reduce the acquisition of drug resistance in the early liver
cancer stages (72). Quercetin inhibited the growth of HepG2 cells in a
dose- and time-dependent manner, with ICs, values of 110.50, 63.73
and 46.38 umol/L at 24 h, 48 h and 72 h, respectively, and suppressed
the growth of subcutaneous xenografts in BALB/c mice (73). Another
study showed that quercetin inhibited HepG2 cell proliferation by
NE-xB pathway and activator protein-1 (AP-1)/c-Jun N-terminal
kinase (JNK) pathway, which increased the expression of p-JNK, p-
AKT, p-p38, caspase-3 and decreased the expression of Bcl-xL, p-ERK
and NF-kB (74). Chrysin, also known as aspicin, is a natural flavonoid
compound extracted from Pterophylla globulina, with extensive
pharmacological activities (75). Chrysin significantly inhibited
SMMC-7721 cell proliferation and induced apoptosis by activating
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MAPK signaling pathway (76). Moreover, chrysin could effectively
inhibit the progression of tumor and promote the antitumor
immunity of mice concomitant with increased CD4" and CD8" T
cell proportions in tumor tissues of H22 xenograft mice model.
Additionally, chrysin reduced the expression of PD-L1 through
blocking of STAT3 and NF-xB pathways in vitro and in vivo (77).
Diosmetin is an effective component of medicinal plants in southern
China. Liu et al. found that diosmetin inhibited liver cancer cell
metastasis, invasion and adhesion by regulating the PKCS/MAPK/
MMP pathway (78). It also can significantly downregulate the levels
of Bcl-2, CDC2 and cyclinB1, and upregulate the levels of Bax,
cleaved-caspase-3, cleaved-caspase-8, cleaved-PARP, Bak, p53 and
p21, thereby inhibiting HepG2 cell proliferation and inducing cell
apoptosis and arresting cell cycle at G2/M phase (79). Similarly,
another study showed that diosmetin reduced the expression of Bcl-2,
CDK1 and CCNDI1 in a dose-dependent manner in vitro and the
expression of Ki67 in vivo, thereby inhibiting the proliferation and
migration and arresting cell cycle at G1 phase of liver cells (80). Tan
et al. observed that oral administration of baicalin completely blocked
orthotopic growth of implanted HCC. And it induced repolarisation
of TAM and M2-like macrophages, which is associated with elevated
autophagy, and transcriptional activation of RelB/p52 pathway (81).

Others

Emodin is an anthraquinone compound extracted from Palmar
rhubarb and Amomum amomatum and inhibits liver cancer cell
proliferation and metastasis by regulating VEGFR2-AKT-ERK1/2
signaling pathway and miR-34a signaling pathway (82). Aloin is a
natural anthracycline compound, which can inhibit MHCC97H cell
proliferation, migration and invasion and induce apoptosis through
regulating Bcl-2/Bax ratio (83). Tanshinone is a phenoquinone
derivative extracted from Salvia miltiorrhiza and inhibits HepG2
and Huh?7 cell proliferation by blocking G0/G1 phase cell cycle via
decreasing the expression of cyclin D1 and increasing p21, as well as
inhibiting p53/damage-regulated autophagy and inducing apoptosis
(84). As the most frequently mutated gene in human tumors, p53 can
induce apoptosis, cell cycle arrest and cell senescence. And it plays an
important role in suppressing proliferation of tumor, and is a major
target for developing new drugs to reactivate its tumor suppressing
activity for anticancer therapies. Taking p53 mutant Y220C as the
core, Joseph et al. studied the structure-guided development of high-
affinity small molecules stabilizing p53-Y220C in vitro and the
synthetic route developed in the process. They found two new
chemical probes with submicromolar binding affinity in vitro,
which represents an important step toward the novel and effective
Y220C ligand in the clinical evaluation of tumors (85).
Cryptotanshinone significantly inhibited the cell viability of HepG2
cells with an ICs, of 93.73 umol/L and induced ferroptosis by ROS
accumulation via reducing glutathione (GSH) level and the
expression of cystine/glutamate antiporter system light chain (xCT)
and glutathione peroxidase 4 (GPX4) (86).

Natural polysaccharides are rich dietary components with
significant roles in tumor prevention and treatment. Astragalus
polysaccharides are the active component of the dried root of Radix
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astragali and can inhibit HepG2 cell proliferation (87), reverse the
drug resistance of 5-fluorouracil (88), suppress EMT (89) and induce
apoptosis (90). Astragalus polysaccharides can inhibit the growth of
HepG2.215 cells by blocking HepG2.215 cells from entering the G2/
M phase and inducing apoptosis (91). Poria cocos polysaccharides
induced HepG2 cell apoptosis by inhibiting the expression of NOD-
like receptor thermal protein domain associated protein 3 (NLRP3)/
caspase-1/gasdermin D (GSDMD) in the classical pyroptosis pathway
(92). Another study showed that Lycium barbarum polysaccharides
inhibited SMMC-7721 cell proliferation and metastasis and induced
apoptosis by reducing the expression of MMP-2, MMP-9 and VEGF
(93). Saponins can significantly inhibit tumor cell proliferation.
Astragaloside IV, also known as astragalus saponins, was able to
upregulate the expression of caspase-3 and downregulate the
expression of interleukin (IL)-6 by inhibiting the STAT3 signaling
pathway, thereby inducing the apoptosis of liver cancer cells (94).
Astragaloside IV also inhibits HepG2 cell proliferation and induces
apoptosis by regulating oxidative stress and NF-kB signaling pathway
(95). In addition, astragalus saponins promoted the secretion of IL-2
to enhance the proliferation and transformation of lymphocytes,
thereby improving the immune function of rats and inhibiting liver
cancer cells growth (96).

Compounds

Zhu et al. investigated the influence of Huanggi Sijunzi decoction
on 80 patients undergoing primary liver cancer operation. They found
that Huangqi Sijunzi decoction can promote postoperative recovery
of the liver function and immunologic function of the patients
undergoing primary liver cancer operation, alleviate clinical
symptoms and facilitate postoperative recovery of the patients (97).
Yiqi Huoxue Fuzheng Jiedu detoxification is a compound with many
kinds of traditional Chinese medicine, Jiang et al. explored the clinical
effect of supplementing qi and activating blood circulation to assist
the treatment of patients with advanced liver cancer. It is an effective
method in adjuvant treatment of patients with advanced liver cancer,
and it may be helpful to improve its clinical symptoms and liver
function (98). Moreover, Zheng et al. researched that in the treatment
of severe cancer pain due to primary liver cancer, external application
of compound Gleditsiae Spina ointment has a marked analgesic effect,
and can reduce the dose of opioid painkillers and the number of times
of breakthrough pain and improve patients’ quality of life (99). Jing
et al. observed the clinical effect of the therapy of Xingqi Sanjie Huayu
prescription combined with reduced glutathione on 80 patients who
had undergone surgery for primary liver cancer. It can effectively
improve the clinical symptoms, reduce the levels of serum tumor
markers, enhance the immune function and liver function, and
reduce the incidence of adverse reactions (100). To investigate the
clinical effect of Thymalfasin injection combined with Kanglaite
injection and Chinese medicine Zhenggan prescription in the
prevention of postoperative recurrence of primary liver cancer,
chen et al. selected sixty patients with primary liver cancer. The
triple therapy of Thymalfasin injection combined with Kanglaite
injection and Chinese medicine Zhenggan prescription can
significantly improve patients’ clinical syndrome and quality of life,
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promote the improvement of liver function, regulate immune
function, reduce AFP level, has the advantages of low recurrence
rate, has significant curative effect, and is worthy of further promotion
and application (101). Furthermore, Zhao et al. founded that the
therapy of Fuzheng Huayu Jiedu prescription can effectively improve
the clinical effect on advanced liver cancer with less adverse reactions
and high safety, and its mechanism may be related to its remarkable
reduction of levels of inflammatory factors, inhibition of
inflammatory responses, improvement of immune function and
enhancement of resistance (102). Hedyotis diffusa injection is a
Chinese patent medicine, which has the effect of clearing heat and
detoxifying, benefiting dampness and swelling. Hedyotis diffusa
injection combined with transarterial chemoembolization in the
treatment of the patients with primary liver cancer can improve the
disease control rate and improve the levels of T cell subsets. Moreover,
it is superior to single transarterial chemoembolization (103).
Supplementary Table 1 summarized the effects and mechanisms
of plant-derived natural products on liver cancer. Although many
plant-derived natural products are effective, they have limited efficacy
for clinical application. Conventional mono-therapeutic methods
target rapidly proliferating cells and destroy their growth, which it
does not differentiate between healthy and cancerous cells.
Chemotherapy can be toxic to the patient with multiple side effects
and risks, such as nausea and vomiting and tumor metastasis (104).
And it can also strongly reduce their immune system by affecting
peripheral blood lymphocyte subsets and increasing susceptibility to
host diseases (105). Although combination therapy can be toxic if one
of the technologies is chemotherapeutic, the toxicity is remarkably
less because a lower therapeutic dosage of each individual drug is
demanded (106). It may be able to prevent the toxic effects on normal
cells while concurrently producing cytotoxic effects on cancer cells.
Further, monotherapy treatment is more develop drug resistance
because continuous treatment with a single compound induces cancer
cells to create alternative salvage approach (107). The most common
mechanism of multidrug resistance is the elimination of drugs from
the cell by ATP-dependent efflux pumps, thereby reducing
intracellular drug concentrations and giving rise to resistance. As
an example, cells in adenocarcinoma, when treated with adriamycin,
upregulate the expression of ATP-binding cassette (ABC) transporter
family, P-glycoprotein, to eliminate the drug, leading to a state of drug
resistance (108). However, combination therapy also produced a
more effective treatment response which target different pathways,
and therefore this treatment modality reverses the drug resistance
(109). Generally, conventional chemotherapy only targets non-stem
cell tumor cells, resulting in an increasing proportion of stem cells in
tumors after chemotherapy. And it is also a key mechanism for
induction of drug resistance, regulation of metastasis and recurrence
of malignant (110). However, combination therapy (for example
quercetin in combination with chemotherapy drug doxorubicin)
could reduce drug resistance and attenuated the likelihood of
relapse (111). Therefore, combination therapy of plant-derived
natural products with chemotherapeutics or immunotherapy is
drawing researcher’s attention on liver cancer to induce apoptosis
and inhibit cell proliferation and angiogenesis. It has the potential to
develop therapeutic or adjuvant agents for human liver cancers.
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Anti-liver cancer mechanism by
combination of plant-derived natural
product ingredients

Mutations and epigenetic changes allow cancer cells to grow and
replicate uncontrollably and invade normal tissues. This uncontrolled
growth and proliferation arise due to loss of function mutations in
tumour organelles such as lysosome (112), mitochondria (113), as
well as endoplasmic reticulum (114). The limited efficiency and
serious side effects associated with the use of conventional
anticancer therapies encouraged scientists to focus on the discovery
and development of new anticancer agents derived from natural
products. For much of history, people have used plants and plant
extracts to treat their ailments. Although the established natural
plants as monotherapy of cancer had many advantages, they had
limited efficacy for clinical application. If they are used in
combination with other natural products, their anti-cancer effect is
more effective. Secondary metabolites from plant sources like
flavonoids, alkaloids, terpenoids, saponins, and others had been
reported as important sources for potent anticancer agents. It was
demonstrated that combination treatment acts by reducing the
concentration of the compound required for drug efficacy through
enhancing the effect on the same target or mechanism of action. The
anticancer effect of these natural products in combination with others
is mediated by different mechanisms, including inhibiting
proliferation, blocking cell cycle and reversing multidrug resistance.

Inhibit liver cancer cells proliferation

Proliferation and invasion of liver cancer cells were inhibited
through decreasing the expression of the tumor suppressor gene
deleted in liver cancer 1 (DLCI), translationally controlled tumor
protein (TCTP) and Cdc42 (115). Resveratrol in combination with
dihydroartemisinine acts by regulating DLC1/TCTP protein
expression and inhibiting migration-related signaling pathways in
HepG2 and MDA-AB231 cells through inducing Cdc42 regulation of
JNK/NF-xB and N-WASP signaling pathways (116). PI3K-AKT
signaling pathway is closely related to the proliferation of liver
cancer cells (117). The combination of natural products acts by
inducing anti-tumor effect through inhibiting the invasion and
proliferation of tumor cells. Sodium arsenite and astrageoside IV
inhibit HepG2 cell proliferation, block cell cycle, promote apoptosis,
and suppress tumor growth. It can reduce the expression of PI3K,
AKT, mTOR through PI3K/AKT/mTOR signaling effect, and the
synergistic effect is more significant (118). Apoptosis an active and
ordered multistep cell death process that controlled by genes, and
involves two major pathways, including intrinsic and extrinsic
apoptosis pathways in human cancer cells. The intrinsic pathway of
apoptosis is mediated mainly by mitochondria within the cell, and
this pathway is regulated by pro-apoptosis Bcl-2 family proteins
(119). Natural products principally induced liver cancer cells
apoptosis and inhibited proliferation through caspase cascade
reaction and NF-«B signaling pathway.
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Wen et al. developed citrus net skin black tea (CRPBT) by
combining citrus reticulate peel and black tea. CRPBT can
significantly down-regulate the phosphorylation of PI3K and AKT
in liver cancer cells, up-regulate the Bax/Bcl-2 ratio, and inhibit the
expression of MMP2/3, N-cadherin and Vimetin proteins. It can
inhibit invasion, proliferation and induce apoptosis of liver cancer
cells (120). A combination of curcuma zedoary and kelp could inhibit
liver cancer cell proliferation and metastasis by inhibiting endogenous
H2S production and down-regulating the transcription activator 3
(STAT3)/BCL-2 and VEGF pathway in vitro and in vivo (121).
Bufalin (BFL) and cinobufagin (CBF) have a synergistic effect.
Metabolic pathways, including methionine metabolism, energy
metabolism, lipid metabolism, and amino acid metabolism, were
modulated and subsequently led to apoptosis and cell cycle arrest of
HepG2 cells. Zhang et al. researched that the cotreatment group can
significantly decrease mitochondrial membrane potential (MMP) and
oxygen consumption rate (OCR), which associated with maximal
respiration (122). Triptolide and sodium cantharidinate exert a
synergistic toxic effect on hepatoma cell line 7721, which is related
to increasing capase-3 activity and suppression of NF-xB (123).
Quercetin and rosmarinic acid had a more significant synergistic
effect on inhibiting HepG2 cells proliferation and migration in a dose-
dependent manner by up-regulating the expression of E-cadherin and
down-regulating N-cadherin gene expression (124). Manikandan
et al. showed that curcumin in combination with catechin which is
polyphenolic compound have a synergistic effect on inhibiting the
proliferation and inducing cell apoptosis. It treated HepG2 cells
showed small morphological changes which significantly
destruction of monolayer, and change the DNA fragmentation
(125). Wang et al. evaluated the effects of co-treatment of
vincristine and berberine on hepatic carcinoma cell lines. They find
that combinational usage of these two drugs can significantly induce
cell growth inhibition and apoptosis even under a concentration of
vincristine barely showing cytotoxicity in the same cells when used
alone (126). The combination of arsenic trioxide and tanshinone have
synergistic effect, attenuation and antihepatocarcinoma effect.
Tanshinone can reduce the blood routine changes and liver and
kidney function damage caused by arsenic trioxide (127).
Cryptotanshinone induced liver cancer cells apoptosis and
enhanced the effect of Arsenic trioxide by downregulating
phosphorylated STAT3, Bcl-2 in vitro and in vivo (128).

Block liver cancer cells cycle

The cell cycle system plays a critical role in regulating activities
such as cancer cell proliferation and apoptosis. The pathogenesis of
neoplasms because of lost control in cycle progression is common.
Uncontrol cell division is an essential factor in the development of
cancer. The cell cycle consists of G1, the S-phase, G2, and the M
(mitotic) phase (129). Cells are preparing for DNA synthesis during
GI and they perform surveillance to establish the integrity of newly
synthesized DNA during G2 before initiating mitosis. Chromosomal
DNA is replicated during the S-phase. If this phase arrest, the cells will
undergo variation or abnormal division, which will then terminate the
proliferative (130). In the G2 phase, after the nucleic acid is amplified,
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the other cellular components are partitioned between two daughter
cells during the M-phase. If the stagnation occurs, the normal growth
and gathering of the cells is hindered, which inhibit proliferation
(131). Cyclins and their cognate cyclin-dependent protein kinases
(CDKs) are necessary components required for traversing the cell
division cycle, with controlling balance of all stages in cell cycle (132).
CDK2/4/6, Cyclin D1, and Cyclin E are the major regulatory proteins
in the G1 phase; and the reduction of Cyclin B1 and CDK1/2 activity
is a key marker of cycle arrest in the G2/M phase (133, 134).

Zhang Di demonstrated that chrysin in combination with
diosmetin or triptolide acted by the induction of apoptosis through
inhibiting HepG2 cells migration as well as arresting the cell cycle in
G1 and G2 phases in vitro. Moreover, it had a stronger inhibitory
effect on H22 solid tumors than single drug application (135). Xiao
et al. revealed that a combination of biochanin A with BRAF inhibitor
SB590885 synergistically inhibiting proliferation by disrupting of the
ERK MAPK and the PI3K/AKT pathways in vitro, and promoting cell
cycle arrest and apoptosis (136). Quercetin in combination with
maleic anhydride derivatives acts by inducing apoptosis of liver
cancer cells through arresting cells in S-phase by oxidative stress
response, causing DNA damageactivating the intrinsic apoptosis
pathway (137). Curcumin (20 pmol/L) combined with vincristine (1
pg/L) inhibits proliferation and clone formation of HepG2 cells,
reduces mitochondrial membrane potential and MDR1 and LRP
protein expression, increases P21 expression, thereby blocking G2/
M phase cell cycle and inducing apoptosis (138). Curcumin (5 pg/L)
and glycyrrhetinic acid (10 pg/L) obviously inhibited HepG2 cells
proliferation in a concentration- and time-dependent manner,
arrested the G2 phase, and the synergistic effect is more remarkably
(139). The combination of Curcumin (40 pmol/L) and artemisinin
(80 pumol/L) could effectively inhibit HepG2 cells proliferation and
arrest cell cycle and promote apoptosis. In addition, it can inhibit
telomerase activity in liver cancer cells (140). Tanshinone IIA block
subG1 phase cell cycle, while resveratrol arrest S phase and G2/M
phase of HepG2 cells. The combination of them induce cell apoptosis
and arrest subGl cell cycle. Moreover, it exerted synergistic
cytotoxicity and robustly induces apoptosis, and DNA
fragmentation (141). Berberine (15 pumol/L) combined with
tarpinine derivative HMQ1611 (15 pmol/L) inhibits cyclin D1,
cyclin E, CDK1 expression and arrests the cell cycle at G1 phase
through PI3K/AKT/mTOR signaling pathways to induce apoptosis of
HepG2 cells. Furthermore, the combination therapy had strong
suppressive effect on proliferation by inhibiting the phosphorylation
of LDL receptor-associated protein, which was related to Wnt/B-
catenin signaling pathway (142). Liu et al. showed that different
concentrations of norcantraridin (12.5-200 pmol/L) and evodiamine
(2.5-40 umol/L) inhibited HepG2 cells growth and arrested G2/M
phase cell cycle and induced apoptosis. Moreover, it has obvious
synergistic inhibitory effect on anti-proliferation and pro-apoptosis
through increasing the expression of Bax and decreasing the
expression of Bcl-2 (143). Triptolide (0.01-5 pg/L), glycyrrhetinic
acid (1-10 pg/L), rhein (1-10 pg/L) and paclitaxel (1-20 pg/L) inhibit
HepG2 cell proliferation in a dose-dependent manner through
blocking G2/M phase cell cycle. In addition, glycyrrhetinic acid,
paclitaxel and rhein can enhance the inhibitory effect of low
concentration of tripterine on HepG2 cell proliferation (144).
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Reverse liver cancer cells
multidrug resistance

Liver cancer cells will be exposed to a certain chemotherapy drug
for a long time under chemotherapy. And it can develop multidrug
resistance (MDR) to this drug and cross-resistance to other
chemotherapy drugs with different functional structures, leading to
chemotherapy failure (145). This mechanism of multidrug resistance
arises due to activity of the superfamily members of adenosine
triphosphate binding cassette (ABC) such as P-glycoprotein (P-gP),
multidrug resistance associated protein (MRP) and breast tumor
resistance protein (BCRP) (146). Plant-derived natural products act
by enhancing the tumor killing effect of chemotherapeutic drugs and
inducing their anti-tumor activity through reversing the multidrug
resistance of liver cancer cells.

Sun et al. demonstrated that curcumin reversed the multi-drug
resistance caused by cucurbitacin B through inhibiting the expression
of P-gP, thereby inducing liver cancer cell apoptosis (147). Shen et al.
researched that coumarin derivatives, as an inhibitor of microtubule
affinity-regulating kinase 4 (MARK4), induce apoptosis of liver cancer
cell by increasing microtubule dynamics and the sensitivity of
paclitaxel (148). The curcumin antiproliferative effect was
confirmed by Nan et al., who reported marked induction apoptosis
of liver cancer cells, reversed the drug resistance of paclitaxel through
inhibiting NF-kB pathway stimulated Lin28B expression (149). Xu
et al. prepared folate-PEG-mesoporous silica nanoparticles loaded
with paclitaxel, which had a good targeting effect on liver cancer cells
and enhanced the anti-tumor effect of paclitaxel (150). A combination
of esculetin with paclitaxel acted by induce apoptosis of liver cancer
cells through up-regulating Bax/Bcl, inducing the activation of
caspase-8 and caspase-3, as well as ERK signal pathway (151). Jiang
et al. identified the antitumor effects of resveratrol on HepG2 cell, in
addition to up-regulate p53, Bax and other proteins, and reverse drug
resistance of paclitaxel (152). The combination of emodin (10 mg/L)
and curcumin (10 mg/L) enhances sensitivity of BEL-7402 hepatoma
cells and reduces the dosage of emodin and induces apoptosis (153).
Curcumin (5-20 pmol/L) and paclitaxel (0.05-0.2 umol/L) have
synergistic anti-proliferation and pro-apoptosis effects on Hep3B
cells. It can decrease paclitaxel-induced NF-xB activation, mediate
Lin28 level, thereby enhancing sensitivity of liver cancer cells to
paclitaxel (154). Matrine also reverses resistance of K562/ADM cells
to doxorubicin and vincristine by arresting cell cycle and inducing
autophagy (155). Table 1 summarizes their effects and mechanisms
on liver cancer.

The synergistic effect of plant-derived
natural products in combination
with chemotherapy

Clinical chemotherapy drugs mainly include cisplatin which is
platinum compounds, and doxorubicin which is antibiotics, and
hormones. Cisplatin and adriamycin mainly affect cell division and
induce apoptosis by interfering with DNA replication (156).
However, chemotherapeutic drugs significantly reduce the immune
function of the body, and induce multiple organ damage (157, 158).
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Radiation and chemotherapeutic agents as the backbone for cancer
are not very effective and toxic not only to tumor cells but also to
normal cells, and are not affordable for most. Therefore, plant-derived
natural products in combination with chemotherapeutic drugs are
generally free of deleterious side effects and usually inexpensive,
which have played a significant role in the development of
anticancer drugs over the years. It remains to mention that
extraction from natural plants is also contributed to the synergistic
effects with other anticancer drugs such as cisplatin, doxorubicin, and
hormones. Plant-derived natural products in combination with
chemotherapeutic agents act as an anticancer agent by inhibition of
tumor cell angiogenesis, invasion and migration, induction
of autophagy.

Suppress liver cancer cells angiogenesis

Liver cancer is a kind of tumor rich in blood vessels. And blood
vessels providing essential nutrients and oxygen for the occurrence
and development of liver cancer cells, and are closely related to the
growth and metastasis of liver cancer cells (159). Vascular endothelial
growth factor (VEGF) is the most important type of angiogenesis
regulatory factor, which promotes the division and proliferation of
vascular endothelial cells through paracrine and promoting formation
of blood vessels (160). Angiopoietin (Ang)/Tie2 pathway regulates
vascular and lymphatic development, vascular permeability,
angiogenesis remodeling, and tumor vascularization (161, 162).
Tumor cells act by up-regulating VEGF through inducing miR-21
targeting AKT and ERK signaling pathways, thereby promoting
tumor angiogenesis (163). The mTOR pathway can also promote
tumor angiogenesis through inducing the transformation of tumor-
associated macrophages (TAM) into M2-type. Therefore, it can
reduce proliferation and metastasis of liver cancer cells through
preventing the formation of new blood vessels (164, 165).

Ao et al. found that the main component of kanglite injections is
the extract from coix seed in traditional Chinese medicine, this active
compound in combination with thalidomide can significantly inhibit
human liver cancer blood vessels through inhibiting VEGF and B-
FGF, thereby inducing angiogenesis. At the same time, it can regulate
cellular immunity of the body, which has synergistic effect with
chemotherapy (166). Compared with cisplatin group, the alcohol
extracts of Liuwei rehmannium (mainly composed of polysaccharide,
paeonol, flavonoids, trace elements, etc.) in combination with
cisplatin, can significantly induce apoptosis of BEL-7402 cells, and
inhibit angiogenesis by down-regulating the expression of VEGF and
ANG-2 proteins, up regulating the expression of TSP and TIMP-2
(167). Lin et al. reported that compared to model group, a
combination of astragalus polysaccharide with cisplatin and
adriamycin could significantly reduce the expressions of Ki-67,
HIF-1o and VEGF, and had a significant synergistic and toxic effect
on inhibition of tumor growth (168). Zang et al. confirmed that radix
astragali or curcuma in combination with cisplatin acted by inhibiting
angiogenesis and metastasis of liver cancer through down-regulating
the expression of CD147 and iNOS (169). Luo et al. showed that a
combination of cisplatin with astragaloside IV or curcumin which is
flavonoid compound have a significant inhibition the formation of
new blood vessels in liver cancer by down-regulating the expression of
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TABLE 1 Effect and mechanism by combination of plant-derived natural product ingredients on liver cancer.

Combination

Concentration

Mechanism

Reference

Therapy
dihydroartemisinine: 25 HepG2
Dihydroartemisinine/ ulm)(,)l /rfa cmisinine MDif AB Regulated DLC1/TCTP protein expression and induced Cdc42 regulation of JNK/NEF- (116)
R 1 7 kB and N-WASP signali h
esveratro! resveratrol: 50 mol/L 231 and SP signaling pathways
i i sodium arsenite: 0.5 g/ . . .
Sodium arsenite/ Reduced the expression of PI3K, AKT, mTOR through PI3K/AKT/mTOR signaling
Astrageoside IV ml HepG2 effect (118)
8 astrageoside IV: 0.8 {1g/mL
Citrus reticulate .
HepG2 Down-regulated the phosphorylation of PI3K and AKT, up-regulated the Bax/Bcl-2
peel/ CRPBT: 0-1 mg/mL . . . . L . (120)
Black tea Bel 7402 ratio, and inhibited the expression of MMP2/3, N-cadherin and Vimetin proteins
curcuma zedoary: 4000 . X
Curcuma zedoary/ ma/k H22 Inhibited endogenous H2S production and down-regulated the pSTAT3/BCL-2 and a21)
Kelp kei): iOOO me/kg VEGF pathway in vitro and in vivo
Bufalin/ bufalin: 8 nmol/L HepG2 Decreased mitochondrial membrane potential (MMP) and oxygen consumption rate (122)
Cinobufagin cinobufagin: 50 nmol/L P (OCR), which associated with maximal respiration
Triptolide/ triptolide: 9-36 pug/mL
Sodium sodium cantharidinate: SMMC7721 | Increased capase-3 activity and suppression of NF- kB (123)
cantharidinate 12-50 pg/mL
. quercetin: 12.5-100 wmol/L . . .
-regulated th f E-cadh -regulated N-
Querce.tlr'll ‘ rosmarinic acid-12.5. HepG2 Up regL'l ated the expression of E-cadherin and down-regulated N-cadherin gene (124)
rosmarinic acid expression
100pmol/L
Ci in/ in: 50 /L
C::::}:E n Z::::}::: :nzs ulrj;:)ll(; L HepG2 Inhibited the proliferation and induce cell apoptosis (125)
Vincristine/ vincristine: 0-4 nmol/L HepG2 Regulated the signals related to mitochondrial function, apoptotic pathway and (126)
Berberine berberine: 0-40 nmol/L SMMC7721  endoplasmic reticulum stress
Arsenic trioxide/ arsenic trioxide: 2.5 mg/kg Bel-7404 Reduced the blood routine changes and liver and kidney function damage caused by (127)
Tanshinone tanshinone: 500 mg/kg nude mice = As203
cryptotanshinone: 10,20
Cryptotanshinone/ pwmol/L Bel-7404 Induced liver cancer cells apoptosis and enhanced the effect of Arsenic trioxide by (128)
Arsenic trioxide arsenic trioxide: 1, 2 pimol/ downregulating phosphorylated STAT3, Bcl-2 in vitro and in vivo
L
chrysin: 1.25-20 umol/L
Chrysi di tin: 3.125-50 1
: rysm/. iosmetin mol/ HepG2 Induced apoptosis and inhibited cell migration as well as arrested the cell cycle in G1
Diosmetin/ L (135)
X i X . H22 and G2 phases
Triptolide triptolide: 0.78-12.5 nmol/
L
Biochanin A/ biochanin A: 75 pmol/L Bel-7402 Inhibited proliferation by disrupting of the ERK MAPK and the PI3K/AKT pathways (136)
SB590885 SB590885: 12 umol/L SK-Hep-1 in vitro, and promoted cell cycle arrest and apoptosis
. quercetin: 50 mmol/L
Quercetin/ . . . . 1 .
Maleic anhvdride maleic anhydride HuH7 Induced apoptosisand arresting S-phase cell cycle by oxidative stress response, causing (137)
. 4 derivatives: HepG2 DNA damageactivating the intrinsic apoptosis pathway
derivatives
0.01 mmol/L
Curcumin/ curcumin: 20 pmol/L HepG2 Reduced mitochondrial membrane potential and MDR1 and LRP protein expression, (138)
€]
Vincristine vincristine: 1 pg/L P increased P21 expression
Curcumin/ curcumin: 5 pg/L HepG2 Inhibited the proliferation, promoted apoptosis and arrested the G2 phase in a (139)
Glycyrrhetinic acid glycyrrhetinic acid: 10 pg/L P concentration- and time-dependent manner
Curcumin/ curcumin: 40 umol/L HepG2 Inhibited proliferation and telomerase activity and arrested cell cycle and promoted (140)
Artemisinin artemisinin: 80 pmol/L P apoptosis
Tanshi IIA/ tanshi IIA: 5 ug/mL
anshinone anshinone kgim HepG2 Induced cell apoptosis and arrested subG1 cell cycle and DNA fragmentation (141)
Resveratrol resveratrol: 5 pg/mL
HepG2
Berberine/ berberine: 15 umol/L Bel-7402 Inhibited the phosphorylation of LDL receptor-associated protein, which is related to (142)
HMQI611 HMQ1611: 15 pmol/L SMMC- Wnt/B-catenin signaling pathway
7721
(Continued)
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TABLE 1 Continued

Combination
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Concentration Mechanism Reference
Therapy
N traridin/ norcantraridin: 12.5-200
rcantraridin
© c'a 'a pmol/L HepG2 Increased the expression of Bax and decreased the expression of Bcl-2 (143)
Evodiamine L
evodiamine: 2.5-40 pmol/L
triptolide: 0.01-5 pg/L
Triptolide/ Hiptode . .Pg/
Glvevrrhetinic acid/ glycyrrhetinic acid: 1-10
Rh};yr/ pg/L HepG2 Inhibited proliferation through block G2/M phase cell cycle (144)
in,
. rhein: 1-10 pg/L
Paclitaxel .
Paclitaxel: 1-20 pg/L
itacin B: 143.2
cucurbitacin B/ cucui'/bﬁtacm ? BEL7402/5- = Reversed the multi-drug resistance caused by terpenoid cysurin B through inhibiting (147)
mol
Curcumin " . Fu the expression of P-gP, thereby inducing liver cancer cell apoptosis
curcumin: 108.6 pmol/L
Coumarinderivatives/ coumarinderivatives: HepG2
Paclitaxel VA 2.5 umol/L SMMC- Induced apoptosis by increasing microtubule dynamics and the sensitivity of paclitaxel (148)
aclitaxel
paclitaxel: 2.5 umol/L 7721
Curcumin/ curcumin: 5-20 pmol/L Hep3B Induced apoptosis, and reversed the drug resistance of paclitaxel through inhibiting (149)
Paclitaxel paclitaxel: 1 umol/L HepG2 NF-xB pathway stimulated Lin28B expression
Folate/ FA-PEG-MSNs-PTX: SMMC- Had a good targeting effect on SMMC-7721 cells and enhanced the anti-tumor effect (150)
Paclitaxel 100 pg/mL 7721 of paclitaxel
Esculetin/ esculetin: 50-100 umol/L HepG2 Induced apoptosis through up-regulating Bax/Bcl, inducing the activation of caspase-8 (151)
Paclitaxe paclitaxe: 0.5 pmol/L P and caspase-3, as well as ERK signal pathway )
1 I: 1 L
Resv.eratro / resvt'eratro 0 ug/m HepG2 Up-regulated P53, Bax and other proteins, and reversed drug resistance of paclitaxel (152)
Paclitaxel paclitaxel: 5, 10 ug/mL
Emodi din: 10 L
mo m{ emo m- me/ BEL-7402 Enhanced sensitivity and reduce the dosage of emodin and induce apoptosis (153)
Curcumin curcumin: 10 mg/L
Curcumin/ curcumin: 5-20 pmol/L Hep3B Decreased paclitaxel-induced NF-kB activation, mediated Lin28 level, thereby (154)
Paclitaxel paclitaxel: 0.05-0.2 pmol/L P enhancing sensitivity of liver cancer cells to paclitaxel

HIF-1o. and VEGF (170). Chen et al. researched that combining
epigallocatechin gallate (EGCG) derivative Y6 with dunorubicin
which is anthracycline antitumor drug, acts by inhibiting of
angiogenesis and toxic effects in vivo through inhibiting of MAPK/
ERK and PI3K/AKT signaling pathways to down-regulate the
expression of HIF-lo, Carbonyl Reductasel (CBR1) and VEGF
(171). Zhao et al. developed doxorubicin (DOX) and curcumin
(Cur) co-delivery lipid nanoparticles (DOX/Cur-NPs) and
examined its inhibitory effect on diethylnitrosamine (DEN)-induced
liver cancer in mice. The mRNA levels of MDR1, Bcl-2 and HIF-10,
and protein levels of P-gP, Bcl-2 and HIF-10. were decreased in DOX/
Cur-NPs than those in DOX-NPs, indicating that Cur might reverse
multidrug resistance (MDR) through these pathways (172).

Inhibit invasion and migration of
liver cancer cells

A critical event during tumorigenesis is the transformation from a
static primary tumor to an aggressive and invasive oner. During the
processes, tumor cells show an increased capacity to migrate, and
multitudinous intracellular molecules participate in migration.
Metastasis is significantly pathological characterized by malignant
tumors, while the invasion and migration of liver cancer cells lead to
poor prognosis of liver cancer patients, prone to recurrence and short
median survival (173). The invasion and migration of tumor cells is a
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complex process controlled by multiple factors (174). It mainly
included EMT, inhibition of matrix metalloproteinases (MMPs)
hydrolysis and cell adhesion to basement membrane and
extracellular matrix (175). And it is affected by the regulation of
tumor metastasis genes and tumor metastasis suppressor genes (176).
Combining natural products with chemotherapy drugs can prevent
and cure cancer metastasis safely and effectively.

Shan et al. confirmed that mannose and cisplatin had a synergistic
effect, which inhibited proliferation and migration of HepG2 cells,
furthermore, it can change morphology with separation, shedding
and aggregation (177). A combination of emodin with cisplatin can
up-regulate the expression of E-cadherin, acts by inhibiting
proliferation, invasion and migration of HepG2 cells through
inhibiting EMT (178). Yang et al. showed that kaempferol and
doxorubicin synergistically inhibited the proliferation, migration
and invasion of liver cancer cells by inhibiting PI3K/mTOR/MMP
protein pathway in a dose-and time-dependent manner (179). The
sinosinine thiocyanate extracted from the herbaceous plants of The
Cross family, could target the multidrug-resistant related proteins
ABCBI and ABCG2, enhance the sensitivity of HepG2 cells to
gemcitabine, and inhibit the invasion and migration (180). Wang
et al. conducted an investigation about the potential anti-tumor
mechanism of alkaloid caffeine in combination with 5-fluorouracil.
It can exhibit a synergistic anti-liver cancer effect by increasing the
expression of cleaved PARP, p-JNK, p-p38, and decreasing the
expression of Bcl-2, Bel-xL, CDK2/4/6, p-ERK, p38, via inducing
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generation of ROS and influencing MAPK signaling pathway, thereby
inhibiting the proliferation and metastasis and inducing apoptosis of
SMMC-7721 and Hep3B cells (181). Data from a study in vitro
revealed that combined metformin (10 mmol/L) and curcumin (5 and
10 umol/L) could induce apoptosis and inhibit metastasis in HepG2
and PLC/PRF/5 cells. The anticancer effects could be attributed to
inhibition of VEGF, MMP2/9, and VEGFR-2 protein
expression (182).

Induce liver cancer cells autophagy

Autophagy is a genetically controlled and evolutionarily
conserved form of cell death, which is also related to occurrence
and development of tumor, thereby has becoming a new tumor
therapy method. Several cellular classical signaling pathways of
natural plants target intracellular autophagy including Beclin-1,
phosphoinositide 3-kinase/Akt/mechanistic target of rapamycin
pathway (PI3K/AKT/mTOR) and p53, have been known to control
cell proliferation and apoptosis (183, 184). Beclin-1 and LC3 are two
key markers of autophagy. Beclin-1 can enhance autophagy and
induce apoptosis of tumor cells (185). p53 can induce autophagy by
activating cathepsin D (CTSD), and further enhance the p53-
mediated tumor suppression effect (186). In addition, p53 can
activate the expression of transglutaminase 2 (TGM 2) to promote
autophagy and tumor suppression functions, and TGM 2 contributes
to the development of p53-induced autophagy program and the
function of tumor suppressor (187). Moreover, autophagy is also
regulated by p53 in the elimination of aberrant mitochondria. In
radiation-resistant cancer cells, p53 induces mitophagy by increasing
the levels of BCL 2 interacting protein 3 (BNIP 3) to remove abnormal
mitochondria to maintain mitochondrial oxidative phosphorylation
(OXPHOS) and inhibit the glycolytic pathway (188). Importantly,
PI3K-AKT-mTOR signaling pathway is a well-characterized anti-
apoptotic cascade in human cancers, since its activation leads to
cell proliferation and cell survival. The inducing cell survival of this
pathway was mediated by activating anti-apoptotic factors and
inhibiting pro-apoptotic factors. AKT can induce anti-apoptotic
effect through phosphorylating target proteins by a variety of
pathways, such as prevent the apoptosis cascade through inhibiting
caspase-9 activity (189). Natural products act by inducing autophagy
and apoptosis of cells through down-regulating the expression of
mTOR, AKT, PI3K and other proteins (190).

Hu et al. suggested that a combination of matrine with cisplatin
promoted apoptosis through activating the caspase apoptosis pathway
and inhibiting expression of survivin-related caspase-9 protein (191).
A combination of tannic acid with cisplatin acts by inducing
apoptosis through activating caspase-3 signaling cascade (192). Xu
et al. revealed that saikosaponin D in combination with doxorubibin
significantly induced autophagy and apoptosis of HepG2 cells. It
suppressed cell proliferation and invasion through up-regulating of
ROS, Oatplbl as well as TGF-B1 (193). Wang et al. showed that
ginsenosides in combination with anti-cancer drugs regorafenib acted
by inhibiting growth of HepG2 cells through regulating the
expression of Survivin and Caspase-3 genes (194). Ginkgol C17:1
inhibited cisplatin-induced autophagy via AMP-activated protein
kinase/ULK1signaling and increased cisplatin-induced apoptosis in
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HepG2 cells via the PI3K/AKT/mTOR signaling pathway (195).
Astragaloside TV effectively protected against cisplatin-induced
injury by inducing autophagy and limiting the expression of
NLRP3 (196). Aloin in combination with metformin synergistically
inhibited HepG2 and Bel-7402 cell proliferation and invasion and
induced apoptosis and autophagy through activating PI3K/AKT/
mTOR pathway in vitro. In addition, it has a synergistic effect by
inhibiting growth and promoting apoptosis and autophagy in HepG2
xenograft mice model (197). Sinapic acid combined with cisplatin
inhibits proliferation and migration of HepG2 and SMMC-7221 cells.
At the same time, this combination therapy induces autophagy by
upregulating the protein expressions of LC3II, Beclin-1 and Atg5, and
downregulating the expression of p62 (198). The combination of 6-
shogaol and 5-FU inhibit AKT/mTOR/MRP1 signaling pathway and
induce liver cancer cell apoptosis by decreasing the expression of
AKT, mTOR, MRP1 and cyclin-related proteins (199).

With the development of nanotechnology, nano-drug delivery
system can improve drug solubility improve drug stability, increase
drug targeting, reduce drug toxicity and side effects. Ceria
Nanoparticles can kill cancer cells through induce cancer cells to
produce ROS, reduce the expression level of various antioxidant
enzymes, cause mitochondrial damage and apoptosis (200). Xu
et al. synthesized a composite material DCQ which dextran-coated
cerium oxide nanoparticlesloaded quercetin, and discovered that the
composite material was more toxic to HepG2 cells, and had no
obvious toxic effect on normal cells, human umbilical vein
endothelial cells (HUVEC). The composite material can induce the
production of ROS, inhibit the fusion of autophagosomes and
lysosomes in HepG2 cells and cause the accumulation of
autophagosomes, block autophagy and promote apoptosis of
HepG2 cells (201). Dong et al. synthesized a nano-layered double
hydroxide (NLDH) co-loaded fluorouracil (Fu) and curcumin (Cur)
mixed dosage form (LDH-Fu-Cur, LFC). Compared with pure
fluorouracil, fluorouracil plus curcumin, and LDH-Fu, LDH-Fu-Cur
more efficiently inhibited the growth and promoted the apoptosis of
7721, LM3 and Hep G2 cell lines. It also could significantly down-
regulate the Bcl-2 gene expression of 7721 cells and induce cell
apoptosis by activating caspase 3 and caspase 9 (202). Moreover,
han explored a unique amphiphilic PCL-AuNC/Fe (OH)3-PAA Janus
nanoparticle (JNP) to simultaneously preserve the hydrophilic drug
(doxorubicin) and hydrophobic drug (docetaxel) in their distinct
domains. It realized the optional sequential drug release by a single
inorganic JNP for the first time, and the simultaneous release of the
two drugs can improve efficacy and reduce toxic side effects.
Furthermore, the mice treated with dual drug loaded PCL-AuNC/
Fe (OH)3-PAA JNPs under near infrared (NIR) laser irradiation
showed better tumor inhibition than solo drug, cocktail and dual drug
treated groups, induced aopotosis and blocked the cell cycle of
HepG2, and inhibited the growth of tumor in vivo, indicated the
effectivity and significance of combined cancer therapy (203). To
improve the utilization of curcumin (CUR) and 5-fluorouracil (5-FU)
chemotherapeutic drugs in the treatment of liver tumors, increase the
accumulation of drugs in tumor sites and reduce the side effects of
drugs on the systemic system, Ni Wenfeng constructed a novel
targeting nanocarrier to transport the drug to the liver tumor site.
In their study, an amphiphilic triblock PEG-PLGA-PEG copolymer
was coupled with two targeting ligands (BIO and LAC) to prepare
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dual-targeted nanoparticles (BLPPNPs), which encapsulated
curcumin (CUR) and 5-FU. And the mechanism of synergistic anti-
hepatocarcinogenesis of the two drugs may be that CUR down-
regulates the expression of DPYP protein by up-regulating the
expression of p53 protein, increasing the cytotoxicity of 5-FU and
enhancing the anti-tumor effect. At the same time, CUR may decrease
the expression of Bcl-2 protein, increase the release of cyt ¢, and
promote the apoptosis of hepatoma cells (204). Zhang successfully
prepared a kind of multifunctional nanoparticles: Janus-magnetic
mesoporous silica nanoparticles (Fe;O,-MSNs), with the surface
modified by hyaluronic acid (HA) and nano fluorescent probe
quantum dots (QD), and chemotherapy drug doxorubicin and
berberine (ber), Fe;04,-MSN/Dox+Ber@HA-QD. The in vitro
experiments showed that the nanoparticles could selectively enter
HepG2 cells through the CD44 receptor mediated endocytosis
pathway and release dox and rer rapidly, which had better cytotoxic
effects at low concentrations. The in vivo results also suggested that
the nanoparticles have a significantly lower recurrence of the
hepatocellular carcinoma induced by dox and significantly reduced
the toxic and side effect of doxorubicin while having a better
antitumor effect than other groups. In addition, the nanoparticles
can also achieve MRI and fluorescence imaging of the tumor site,
providing the possibility of drug delivery and therapeutic effects (205).
Table 2 summarizes their effects and mechanisms on liver cancer.

Anti-liver cancer mechanism of plant-
derived natural products in
combination with immunotherapy

The immune system of the body can recognize and eliminate
foreign invading antigens, mutated cells and senescent cells of the
body, and maintain the stability of the internal environment.
However, tumor cells have the ability to escape immune
surveillance, immune identification, and eradication, and immune
system dysfunction lead to the development of malignant cells with
clinical manifestationsb (206). According to the immune escape
mechanism of tumor cells, who established a variety of
immunotherapies of cancer (207). This kind of breakthrough
therapy is defined that regulates immunological response through
activating the organism’s immune defense system or action of
biological compounds to suppress and prevent tumor growth. At
present, the commonly immunotherapy methods include immune
checkpoint blockade therapy (208), antibody therapy (209), tumor
vaccine therapy (210). Cancer immunotherapy has become an
irreversible trend herald in the field of cancer therapy and is
regarded as the fourth type of anti-tumor treatment after surgery,
radiotherapy, and chemotherapy due to the obvious efficacy and low
side effects. Although immunotherapy has made significant progress
in the treatment of liver cancer, it needed to be further improved the
clinical efficacy, find more specific immune targets, while avoid
unnecessary targeting and off-target toxicity (211). Therefore, a
combination of natural products and tumor immunotherapy can
learn from each other and coordinate with each other to improve the
effective rate of treatment.
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Regulate immune function

It has been known that immune function of body is closely related
to the occurrence and development of tumors. As host immune
function is low or suppressed, the incidence of tumor will be
increased. And in the progressive growth of tumor, the immune
function will also be inhibited by the tumor. These two factors are
mutual causation and the fluctuation directly affects the occurrence
and development of tumor. Tumor microenvironment is an
extremely complex system that involves several kinds of
multifunctional immunizing cells and molecules, as well as tumor
cells. Tt is a dynamic system composed of cancer cells, cytokines,
extracellular matrix and immune cell subsets (212). Formation of
Individual tumor is likely to develop because the tumor-associated
microenvironment promotes tumor cell growth and protects tumor
cells from elimination of systemic effector cells (213). Natural
products in combination with immunotherapy act by inducing
antitumor effects through restoring immune recognition and
immune elimination by regulating the immune function.

Hu et al. revealed that Lycium barbarum polysaccharide in
combination with cytokine CXCL10 acts by improving immune
function against liver cancer. It also promotes secretion of Thl
cytokines and restores balance of Thl/Th2, improving number and
function of dendritic cells (DC) and intervening immune suppression
state of tumor-bearing bodies (214). Chen et al. demonstrated that a
combination of anti-PD-L1 antibody and high concentration of
vitamin C acts by promoting the expression of PD-LI in vivo and
in vitro and enhance the efficacy of anti- PD-L1 antibody. It can
promote liver tumor blood vessels normalization and eventually
increase T cell infiltration through activating cyclic GMP-AMP
synthase (cGAS) and promoting the secretion of its product
cGAMP, and then activating the STING pathway of vascular
endothelial cells (215). Song et al. proved that a combination of 10-
hydroxycamptotenin and DC hepa-6 fusion vaccine acts by inducing
improving immune function and significantly inducing CTL
cytotoxicity, and resisted against the rechallenge of Hepal-6 cells
(216). Yang et al. reported that Chinese herb medicine combine with
targeted therapy of TCM immune for patients with end-stage liver
cancer, after treatment, improved symptoms of abdominal distension
and jaundice, nutritional status and quality, alleviated the pain, and
prolonged overall survival time (217). Yu et al. suggested that
sorafenib combined with Poria Lingsini decoction can significantly
improve immune function and the survival outcome of patients with
advanced primary liver cancer (218).

Induce liver cancer cell apoptosis

Endoplasmic reticulum (ER) stress results from the accumulation
of unfolded or misfolded proteins in the ER, is involved in regulating
apoptotic process in tumor cells (219). It will trigger endogenous and
exogenous apoptotic signals as ER dysfunction persists in eukaryotic
cells, in addition, the heavy and continuing endoplasmic reticulum
stress can lead to cell dysfunction and even cell death. When
endoplasmic reticulum stress (ERS) occurs in cells, the expression
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TABLE 2 Effect and mechanism of plant-derived natural products combination Chemotherapy drugs.

Combination . Cell Line/ .
Concentration Mechanism Reference
Therapy Model
Kanglit kanglite injections: 76 patients of
anglite atients o
. g‘ 200 mL/d .p . Inhibited blood vessels through inhibiting VEGF and B-FGF induced angiogenesis, and regulate
injection/ ) | primary liver i K (166)
. thalidomide: 100 cellular immunity of the body
Thalidomide cancer
mg/d
i L liuwei dihuang: . X
Liuwei Dihuang/ Downregulated the expressions of VEGF and Ang-2, upregulated the expression of TSP and
R . 100 mg/mL BEL-7402 (167)
Cisplatin . , TIMP-2
cisplatin: 1 mg/mL
astragalus
Astragal )\ haride:
dyccharidel | s00mghg PP
i -
p' Y R X 3 kg tumor- Reduced the expressions of Ki-67, HIF-1o. and VEGF (168)
Cisplatin/ cisplatin: 2 mg/kg . .
. .. bearing mice
Doxorubicin doxorubicin: 6
mg/kg
radix astragali: 3-
Radix astragali/ 12 g/kg/d HepG2
Curcuma/ curcuma: 3-12 g/ tumor- Down-regulated the expression of CD147 and In-OS (169)
Cisplatin kg/d bearing mice
cisplatin: 2 mg/kg
. astragaloside IV:
Astragaloside IV HepG2
Streg ,OSI e v/ 12 g/kg/d P Inhibited the formation of new blood vessels in liver cancer by down-regulating the expression
Curcumin/ R tumor- (170)
X . curcumin: 10 g/kg . . of HIF-1o: and VEGF
Cisplatin X i bearing mice
cisplatin: 2 mg/kg
E : 4 k;
Epigallocatechin GCG: 40 mg/kg
L. Y6: 27.5-110 mg/ HepG2 " . . .
gallate/Derivative K tumor Inhibited MAPK/ERK and PI3K/AKT signaling pathways and down-regulated the expression of a7
Yo/ & MO HIF-1 , CBRI and VEGE
. daunrrubicin:2 bearing mice
Daunrrubicin
mg/kg
Curcumin/ DOX/Cur-NPs: 2 Liver cancer Decreased the mRNA levels of MDR1, Bcl-2 and HIF-10, and protein levels of P-gP, Bcl-2 and (172
Doxorubicin mg/kg mice HIF-1ou
mannose: 25
Mannose/ mmol/L HepG2 Inhibited proliferation and migration and changed morphology with separation, shedding and a77)
Cisplatin cisplatin: 10 pmol/ P aggregation
L
emodin: 6.25-50
Emodin/ pg/mL . . s
. . A . HepG2 Up-regulated the expression of e-cadherin, and inhibited EMT (178)
Cisplatin cisplatin: 2.5 pg/
mL
Huh-7, Huh-
1, HepG2
kaempferol: 0-40 X
Kaempferol/ mmol/L HepG2.2.15
. - SK-Hep-1 Inhibited PI3K/mTOR/MMP protein pathway in a dose-and time-dependent manner153 (179)
Doxorubicin doxorubicin: 300- PLC/PRE/S
1200 nmol/L
HLE, HLF,
Hep3B
sinosinine
S hi .
Slr'losmme thiocyanate Inhibited the expression of multidrug-resistant related proteins ABCB1 and ABCG2,155 enhance
thiocyanate/ 50 pmol/L HepG2 . L (180)
. . the sensitivity to gemcitabine
Gemcitabine gemcitabine: 0-20
umol/L
caffeine: 0.5-1 . .
. Increased the el56xpression of cleaved PARP, p-JNK, p-p38, and decreased the expression of
Caffeine/ mmol/L SMMC-7221 . i . . K
X i Bcl-2, Bcl-xL, CDK2/4/6, p-ERK, p38, via inducing generation of ROS and influencing MAPK (181)
5-fluorouracil 5-fluorouracil: 0- HepG3B signaling pathwa
50 umol/L 8 8P ¥
curcumin: 5-10
Curcumin/ umol/L HepG2 . .
Inhibted th f VEGF, MMP2/9, and VEGFR-2 182
Metformin metformin: 10 PLC/PRF/5 fiibled the expression o /9, an (182)
mmol/L
(Continued)
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Combination . Cell Line .
Concentration 4 Mechanism Reference
Therapy Model
. matrine: 100 mg/ . . o . .
Matrine/ K HepG2 nude | Activated the caspase apoptosis pathway and inhibiting expression of Survivin-related caspase-9 (188)
Cisplatin g . mice protein
cisplatin: 2 mg/kg
tannic acid: 90-
Tannic acid 540 I/L
z-mch add/ . pITIO/ HepG2 Induced apoptosis through activating caspase-3 signaling cascade (192)
Cisplatin cisplatin: 0.6-3.6
ug/L
saikosaponin D: 2-
Saikosaponin D/ 16 pg/mL H22 mice Suppressed cell proliferation and invasion through up-regulating of ROS, Oatplb1 as well as (193)
Doxorubibin doxorubibin: 0.5- model TGF-B1
16 pg/mL
ginsenoside: 10
Gi id L
msen051‘ el mg/ . HepG2 Regulated the expression of Survivin and Caspase-3 genes (194)
Regorafenib regorafenib: 1 mg/
L
inkgol C17:1: 0-
Ginkgol C17:1/ ggl g;’mi HepG2 Induced AMP-activated protein kinase/ULKIsignaling and the phosphoinositide 3-kinase/Akt/ (195)
Cisplatin . ke . P mechanistic target of rapamycin pathway
cisplatin: 2 pg/mL
. astragaloside .
A I L
.straga'.IOSIde v 1V:40-80 mg/kg fver cancer Induced autophagy and limiting the expression of NLRP3 (196)
Cisplatin X X SD rats
cisplatin:15 mg/kg
aloin: 50 umol/L
Aloin/ HepG2
in: i 1
Metformin metformin: 400 Bel-7402 Activated PI3K/AKT/mTOR pathway (197)
pumol/L
Sinapic acid/ sinapic acid: 0- HepG2 Upregulated the protein expressions of LC3II, Beclin-1 and Atg5, and downregulated the
. . 2,000 umol/L . (198)
Cisplatin . . SMMC-7721 expression of P62
cisplatin: 5 umol/L
6-Shogaol: 10
6-shogaol/ pumol/L HepG2 Inhibited AKT/mTOR/MRPI signaling pathway and decreased the expression of AKT, mTOR, (199)
5-fluorouracil 5-fluorouracil: 10 Li-7 MRP1 and cyclin-related proteins
umol/L
Quercetin/ DCQ: 33-165 Induced the production of ROS, inhibited the fusion of autophagosomes and lysosomes in
Ceria mol./L HepG2 HepG2 cells and caused the accumulation of autophagosomes, blocked autophagy and promoted (201)
nanoparticles " apoptosis of HepG2 cells
Curcumin/ LM Down-regulated the Bel-2 jon of 7721 cells and induced cell apoptosis by activati
reumin, WN-T -2 gene expression nd in i ivatin
urcu ' LEC: 15-35 pg/mL Hep G2 own-regulated the Bcl-2 gene expression of cells a uced cell apoptosis by activating 202)
Fluorouracil caspase 3 and caspase 9
7721
HepG2/H22
PCL-AuNC/Fe
BALB I i locked the cell cycle of HepG2, inhibi h h of i
Docetaxe'll ' (OH);-PAA JNPs: /c r'lduced apoptosis and blocked the cell cycle of HepG2, and inhibited the growth of tumor in 03)
Doxorubicin tumor- vivo
1.56-100 ug/mL . .
bearing mice
HepG2
. . HL7702 Down-regulated the expression of DPYP protein by up-regulating the expression of p53 protein,
) combined feeding . . . . X
Curcumin/ ratio: 125 (5-FU HepG2 increasing the cytotoxicity of 5-FU and enhancing the anti-tumor effect, decreased the 04)
atio: 1:2.5 (5-FU:
5-fluorouracil CUR) tumor- expression of Bcl-2 protein, increased the release of cyt ¢, and promoted the apoptosis of
bearing nude | hepatoma cells
mice
HepG2
Fe;0,-MSN/D
Berberine/ 304 [Dox H22 ICR Reduced the toxic and side effect of doxorubicin while having a better antitumor effect than
- +Ber@HA-QD: 4 (205)
Doxorubicin tumor- other groups
mg/kg . .
bearing mice

of anti-apoptotic molecule BiP (immunoglobulin binding protein)  products in combination with immunotherapy can induce apoptosis

and pro-apoptotic molecules, such as CHOP and caspase-12, is  of tumor cells.
regulated to determine whether the cells will undergo apoptosis or Jin et al. prepared paclitaxel-loaded nanoparticles decorated with

survive to adapt to the environment (220). Plant-derived natural  anti-CD133 antibody, which could effectively target liver cancer stem
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cells and induce apoptosis of liver cancer cells (221). Wang et al.
demonstrated that paclitaxel in combination with anti-human
stathminl antibody inhibits proliferation and induces apoptosis of
liver cancer cells (222). Lin et al. found that the combination of taxol
and immunosuppressant cyclosporin A increases the expression of
caspase-9 and caspase-3, induces apoptosis of liver cancer cells
through PI3K-mTOR pathway, and effectively reverses drug
resistance of paclitaxel (223). Huang et al. confirmed that a
combination of gambogic acid and proteasome inhibitors induces
liver cancer cell apoptosis and inhibits growth through inducing
cytotoxicity and enhancing proteasome inhibition and ER stress
(224). A combination of n-glycosylation inhibitor tunicamycin and
camptothecin acts by inducing resistance through up-regulating
GRP78 and blocking G1 phase cell cycle (225). Nicotinamide and
STAT3 inhibitor significantly induced apoptosis and inhibited
proliferation by reducing phosphorylation of STAT3 Y705 in
HepG2 cells, down-regulating the expression of SNAILI, VEGFA
and ZEB1, EMT-related gene and glucose metabolism. Moreover, the
synergistic effect is more significant (226).

Photodynamic therapy (PDT), with its unique advantages of
minimally invasive, good selectivity, high safety and unique efficacy,
has been used as a new therapeutic method for liver tumor treatment.
As a natural product, hypocrellin B (HB) can be used as a
photosensitive agent for PDT treatment of many diseases, especially
for tumor treatment. In order to improve poor water solubility, fast
metabolism in vivo and no specific tissue distribution of HB, zhang
collected liver cell membrane (CCCM) and modified tumor-targeting
ligand (transferrin, TF) into homologous liver cancer cell membrane
(TF-CCCM), and prepared ethylene nanoparticles (HB NPs) by
double emulsion method. Then TF-CCCM-HB NPs was prepared
by extrusion method by mixing the two in a certain proportion. TF-
CCCM-HB NPs has strong targeting ability and phagocytosis in
homologous liver cells, and suppress the proliferation of tumor cells
in a dose-dependent manner. Moreover, it has a synergistic effect with
PDT, which can promote the production of ROS and reduce
mitochondrial membrane potential. At the same time, TF-CCCM-
HB NPs combined with PDT can inhibit the growth of tumor in mice
model with liver cancer, prolong the survival time of tumor-bearing
mice, and inhibit tumor metastasis and recurrence, which has good
biosafety (227). Bai prepared a form drug/gene co-loaded
nanoparticles (sCDP/DOX/miR-122), which a nanosystem based on
B-cyclodextrin-cored star polymer (sCDP) and co-deliver antitumor
drug doxorubicin (DOX) and miRNA-122. s CDP/DOX/miR-122
nanoparticles can remarkably inhibit HepG2 cell proliferation,
promote cell apoptosis and increase the expression of p53 and
cleaved caspase 3; it also can downregulate the expression of Bcl-w
and CCNGI leading to irreversible cell apoptosis, decrease the
expression of MDR1, MRP and P-gp, and improve the sensitivity to
DOX of HepG2 cells, thus realizing the synergistic antitumor effect in
vitro. sSCDP/DOX/miR-122 nanoparticles can slow down the weight
loss of nude mice bearing tumor and significantly inhibit tumor
growing, thus realizing a synergistic anti-tumor effect in vivo (228).
Yuan synthesis iron oxide nanoparticles loaded polydopamine (PDA)
and doxorubicin (Dox). Rats were treated with hepatic artery via
interventional methods, and it was verified that Fe,O3-PDA-Dox
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nanoparticles can simultaneously have the ecceft of Transcatheter
arterial chemoembolization (TACE) and photothermal ablation
(PTA). It also confirmed that combretastatin A-4 phosphate
disodium (CA4P) can increase the uptake of Fe,O;-PDA-Dox
nanoparticles by rat hepatocellular carcinoma, which can enhance
the combined treatment of transcatheter arterial chemoembolization
and photothermal ablation without additional increase in liver and
kidney toxicity (229).

Reduce liver cancer cells metastasis

Plant-derived natural products in combination with
immunotherapy act by inhibiting tumor cell proliferation and
metastasis through inhibiting angiogenesis and arresting cell cycle.
Lai Chunhui prepared nanoparticles which mannose (M)/CpG
oligodeoxynucleotide (CpG-ODN)-conjugated liposomes lipo loaded
with tumor-associated antigens. It specifically induced the activation
and maturation of DCs in vivo and the activated DCs stimulated
effector cells to kill tumor cells in mice, thereby achieving the effect of
anti-tumor immunotherapy (230). Zhong et al. revealed that tubacin,
an inhibitor of histone deacetylase 6 (HDACES), in combination with
docetaxel, could arrest the cell cycle, inhibit metastasis and
proliferation, as well as induce apoptosis of liver cancer cells (231).
Shen et al. found that evocorine in combination with autophagy
inhibitor chloroquine (CQ) acts by inhibiting angiogenesis of HepG2
cells through inducing autophagy. It can decrease the expression of
VEGFA and inhibit invasion (232). Lai et al. demonstrated that
evodiamine or paclitaxel in combination with CDK1 inhibitors acts
by inducing the apoptosis of hepatocarcinoma cells through arresting
G2/M phase cell cycle. Evodiamine in combination with R03306 have a
synergistic effect on upregulating the expression of cyclin E and
decreasing the expression of cyclin Bl. Moreover, paclitaxel
combined with R03306 can decrease the expression of Bcl-2 and
cyclin Bl, increase the expression of Bax, thereby inducing apoptosis
in HepG2 cells (233). Compound kushen injection significantly
enhanced the anticancer activity of sorafenib at a subclinical dose
without obvious side effects, and prevented the postsurgical recurrence
and rechallenged tumor growth. It activated proinflammatory
responses and relieved immunosuppression of tumor-associated
macrophages in the liver cancer cell microenvironment by triggering
tumor necrosis factor receptor superfamily member 1 (TNFRI)-
mediated NF-kB and p38 MAPK signaling cascades, which
subsequently resulted in apoptosis of liver cancer cells (234). Table 3
summarizes their effects and mechanisms on liver cancer.

Conclusion

The high mortality and morbidity of liver cancer remain a
primary challenge for scientific research. Although traditional
therapies, such as surgical resection, radiotherapy and
chemotherapy, are effective for liver cancer at early stage, the five-
year survival rate of liver cancer patients is meager and often ends in
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TABLE 3 Effect and mechanism of plant-derived natural products in combination with immunotherapy.

Combination

Therapy

Lycium barbarum

Concentration

lycium barbarum

Mechanism

Improved immune function and promoted secretion of Thl cytokines and restore

Reference
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)\ haride: 1 H22 mi
polysaccharide/ Ef ﬁacc aride: 100 moglellce balance of Thl/Th2, improved number and function of DC cells and intervened immune (214)
CXCL10 C)g( wa: 15 ng/kg suppression state of tumor-bearing bodies
itamin C: 4 g/k Hepal-6
Vitamin C/ ‘:nixlng;) L1 agr:tigbo dv: ceaI; acer Activated cyclic GMP-AMP synthase (cGAS) and promoted the secretion of its product @15)
Anti-PD-LI antibody ¥ . c¢GAMP, and then activated the STING pathway of vascular endothelial cells
75 ug/3day mice
10-
hydroxycamptothecinc/ 107 Hepal-6
D)LZ he yal GEusion hydroxycamptothecinc: cancer Induced improving immune function and inducing significantly CTL cytotoxicity (216)
nep 50-100 pg/mL mice
vaccine
Chinese herb camrelizamab: 200 me/ Advanced
umab:
medicine/ 3weeks 8 liver Improved symptoms of abdominal distension and jaundice, nutritional status and @17)
Camrelizumab/ L cancer quality, alleviated the pain, and prolonged overall survival time
. lenvatinib: 8 mg/day R
Lenvatinib patient
Fuling sini decoction/ Liver Improved the survival outcome of patients with advanced primary liver cancer, impro
uling sini i mprove urvival outcome of patients with advan rimary liver cancer, improve
s R sorafenib: 800 mg/day cancer . P . P primary P (218)
Sorafenib R immune function
patient
Paclitaxel/ nanoparticles: Huh-7
T li 11 i i 221
Anti-CD133 antibody 7.51-56.92 ng/mL HepG2 argeted liver cancer stem cells and induced apoptosis (221)
paclitaxel: 0.1-1.6 pg/
Paclitaxel/ mL
Anti-human anti-human stathmin 1 HepG2 Inhibited proliferation and induced apoptosis (222)
stathminlantibody antibody:
10-160 pg/mL
Hep3B
taxol: 0.1 /L HepG2
Taxol/ o 'pmo ! P Increased the expression of caspase-9 and caspase-3, induced apoptosis of liver cancer
X cyclosporin A: 0-10 HA22T X X i (223)
Cyclosporin A cells through PI3K-mTOR pathway, and effectively reversed drug resistance of paclitaxel
umol/L VGH
Hepa 1-6
gambogic acid: 0.4-0.6
Gambogic acid/ umol/L HepG2 - o
I h h E 224
Bortezomib bortezomib: 40-60 H22 nduced cytotoxicity and enhanced proteasome inhibition and ER stress (224)
nmol/L
Camptothecin/ camptothecin:3 pmol/L
Etoposide/ etoposide: 5 pmol/L Hep3B Induced resistance through up-regulating GRP78 and block G1 phase cell cycle (225)
Tunicamycin tunicamycin: 1 pg/mL
nicotinamide: 5 mmol/ . .
Nicotinamide/ L Reduced phosphorylation of STAT3 Y705, down-regulated the expression of SNAILI,
STAT3 inhibitor $31-201:100 pmol/L HepG2 VEGFA‘and ZEB1, and decreased epithelial-mesenchymal transition and glucose (226)
. metabolism
stattic: 1.5 pmol/L
HepG2
LO2
H llin B HepG2
ypocre _m / TF-CCCM-HB-NPs: 0- P Promoted the production of ROS and reduced MMP, inhibited the growth of tumor in
Transferrin/ tumor- R o . i ) R (227)
100 pg/mL . mice model with liver cancer, prolonged the survival time of tumor-bearing mice
Membrane bearing
mice
model
Hep G2
Doxorubicin/ sCDP/DOX/miR-122: leer‘ nude | Increased the expressmr.l of p5‘3 and cileaved caspase—3., downregulated the exp-resswn of
. mice Bcl-w and CCNG1 leading to irreversible cell apoptosis, decreased the expression of (228)
miRNA-122 2.1 pg/mL . . s
bearing MDRI, MRP and P-gp, and improved the sensitivity to DOX of HepG2 cells
tumor
ici -PDA-Dox: 0.4 Li
Doxorublcm/' Fe;0 ox: 0 ver Enhanced the combined treatment of transcatheter arterial chemoembolization and
Combretastatin A-4 mg/mL tumor rats . . . . o . . (229)
L photothermal ablation without additional increase in liver and kidney toxicity
phosphate disodium CA4P: 0.1 mg/mL model
(Continued)
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TABLE 3 Continued

Combination

10.3389/fonc.2023.1116532

Concentration Mechanism Reference
Therapy
Mannose/ M/CpG-ODN-H22 H22
. P bearing Induced the activation and maturation of DCs in vivo and the activated DCs stimulated
Tumor-assoclated Lipo: i i X X (230)
. . mice effector cells to kill tumor cells in mice
antigens 100 pL/mice
model
Docetaxel/ docetaxel: 0-32 pmol/L SNU449 Arrested the cell cycle, inhibit metastasis and proliferation, as well as induce apoptosis of 231)
Tubacin tubacin: 10 pmol/L SNU387 liver cancer cells
Evodiamine/ evodiamine: 10 pmol/L HepG2 Inhibited angiogenesis through inducing autophagy, and decreased the expression of 232)
Chloroquine chloroquine: 25 pumol/L P VEGFA and inhibited invasion
Evodiamine/ diamine:1-4 /L
Vo . famine eve '1amme Hmo Decreased the expression of Bcl-2 and cyclin Bl, increased the expression of Bax and
Paclitaxel/ paclitaxel: 0.2 pmol/L HepG2 cvelin E (233)
CDK1 inhibitors R0306: 2 pmol/L ¥
Compound kushen 'co.mp.ound kushen Hepal-6 Activ.ated proinﬂammatcrry resp.onses and relievefl imml{nosuppression.of tu.mor-
L injection: 0.43-1.32 mg/ associated macrophages in the liver cancer cell microenvironment by triggering tumor
injection/ tumor R X K (234)
. mL . necrosis factor receptor superfamily member 1 (TNFR1)-mediated NF-kB and p38
Sorafenib . nude mice L
sorafenib: 10, 30 mg/kg MAPK signaling cascades

failure. In recent years, plant derived natural products and their
secondary metabolites possess characteristics of abundant products,
low toxicity and side effects, diverse biologic activities, and high
content of active ingredients. It has been considered as the most
promising candidates for oncology therapies. However, due to poor
water solubility, difficult extraction, and easy to develop drug
resistance, a single treatment may not be able to achieve satisfactory
efficacy. Therapies that combine natural products with chemotherapy
drugs or immunotherapy have been developed to target a variety of
cancer pathways. The dose requirement of each agent in combination
therapy can be reduced, which reduces the side-effects compared to

monotherapy. Targeting various pathways via multiple drug
combinations can control disease preferably and decrease the
chance of cancer cells becoming increasingly malignant and
incurable. It can also target the heterogeneity of the tumor by two
or more pathways to toxicity of cancer cells and disruption of their
homeostasis (235). This review mainly focused on the mechanisms of
plant-derived natural products and combination therapy against liver
cancer. We have listed the mainly compounds and combination
therapy and individually summarized their antitumour effects and
mechanisms (Figure 2). Like many other cancers, liver cancer arises as
a result of accumulation of multiple genetic mutations that cause
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FIGURE 2

Mechanisms of natural products and combination therapy against liver cancer. Alkaloids could inhibits migration through up-regulating TGF-B/Smad and
miR-199a-5p, and down-regulating HIF-a expression. Terpeniods promotes apoptosis by inhibiting the PI3K/AKT pathway and the expression of
caspase3. It also induces autophagy through up-regulating the expression of LC3Il and Beclin-1. Ployphenols inhibits Cyclin D1 and CDK1/4 expression,
which in turn block the cell cycle. It also induces apoptosis by activating ATF6/CHOP signaling pathway. Flavonoids induces apoptosis through activation
of the ATF6/CHOP pathway and upregulation the ratio of Bax/Bcl-2. Moreover, other natural products inhibit migration through down-regulating
VEGFR2-AKT-ERK1/2 signaling pathway and suppressing EMT. Combination of Natural product ingredients inhibits Cyclin D1 and CDK1/4 expression
through downregulation of the Wnt/B-catenin pathway, which in turn inhibits cell proliferation. It also reverses multidrug resistant by decreasing the
expression of P-gP, MRP and BCRP. Natural product in combination with chemotherapy suppress angiogensis through down-regulating VEGF and Ang
expression. It also induces autophagy by upregulating expression of LC3ii and Beclin-1. Natural product in combination with immunotherapy act by
inducing antitumor effects through restoring immune recognition and immune elimination by regulating the immune function. It also induces apoptosis
by inhibiting the PI3K/AKT and p38MAPK pathway, which in turn induces apoptosis.
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Overview of signaling pathways against liver cancer. Plant-derived natural products and different combination therapy can achieve practical anti-liver-
cancer effects through multiple mechanisms, including activation of continuing endoplasmic reticulum stress, suppression of migration, inhibition of cell
proliferation, induction of apoptosis and autophagy. For example, it could promote apoptosis through the heavy and continuing endoplasmic reticulum
stress; and it coula promote the expression of ATF6, PERK, elF2a, p-elF2a, ATF4, CHOP. It also could suppress migration through increasing the
concentration of intracellular calciumions, reduce transcriptional activities of MMP-2 and MMP9 and VEGF to inhibit metastasis. Besides, it could increase
the expression of Bcl-x; downregulating the expression of Bcl-xL and Bcl-2; suppressing the PI3K/AKT/mTOR signaling pathway and caspase cascade
reaction. In the next place, combination therapy could reduce cancer cell proliferation by binding PI3K and subsequently suppressing PKB function and
regulating MAPK signaling pathway. It also coula induce apoptosis through activation of STAT3 via inhibiting the phosphorylation of mTOR. Moreover, it
could promote aopotosis through caspase cascade reactor and. In addition, autophagy is also related to occurrence and development of tumor, natural

plants target intracellular autophagy including Beclin-1, PI3K/AKT/mTOR, have been known to control cell proliferation and apoptosis.

abnormal cellular proliferation. Our study reviewed natural products
and different combination therapy that have antitumor effects on liver
cancer, which showed possible benefits in treating patients with liver
cancer through mechanisms, such as activation of continuing
endoplasmic reticulum stress, suppression of migration, inhibition
of cell proliferation, induction of apoptosis and autophagy (Figure 3).
Therefore, it could provide effectively alternative or adjuvant
treatment strategies for cancer patients.

However, it is important to note that the study also revealed some
disadvantages of combination therapy for cancer. Multiple drug
combinations can synergistically increase efficacy, but may also
produce unnecessary side effects (236). The target molecular
mechanisms of most natural products have not been fully
elucidated, especially those related to combinations. Researchers
need to further systematically and comprehensively study the
immunity or molecular pathology of liver cancer to clarify the
relevant mechanisms. Meanwhile, there is still a considerable long
way in developing the antitumor strategy of combining natural
products with other methods.
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Autophagy modulation in breast
cancer utilizing nanomaterials
and nanoparticles

Azar Gharoonpour, Dorsa Simiyari, Ali Yousefzadeh,
Fatemeh Badragheh and Marveh Rahmati*

Cancer Biology Research Center, Cancer Institute, Tehran University of Medical Sciences,
Tehran, Iran

Autophagy regenerates cellular nutrients, recycles metabolites, and maintains
hemostasis through multistep signaling pathways, in conjunction with lysosomal
degradation mechanisms. In tumor cells, autophagy has been shown to play a
dual role as both tumor suppressor and tumor promoter, leading to the discovery
of new therapeutic strategies for cancer. Therefore, regulation of autophagy is
essential during cancer progression. In this regard, the use of nanoparticles (NPs)
is a promising technique in the clinic to modulate autophagy pathways. Here, we
summarized the importance of breast cancer worldwide, and we discussed its
classification, current treatment strategies, and the strengths and weaknesses of
available treatments. We have also described the application of NPs and
nanocarriers (NCs) in breast cancer treatment and their capability to modulate
autophagy. Then the advantages and disadvantaged of NPs in cancer therapy
along with future applications will be disscussed. The purpose of this review is to
provide up-to-date information on NPs used in breast cancer treatment and
their impacts on autophagy pathways for researchers.

KEYWORDS

autophagy, breast cancer, drug resistance, nanomaterial, nanoparticles

1 Introduction

Despite the advances in breast cancer diagnosis and treatment, the incidence and
mortality rates of breast cancer are still increasing especially in poorly developed regions of
the world (1). The results of many studies represent the fact that a decline in infection-
associated cancers is offset by the rising number of cancer cases being highly related to
dietary, hormonal, and reproductive factors in countries with fast transitions in economic
and communal issues. Hence, fundamental strategies for prevention, diagnosis in early
stages, and novel targeted therapies can result in a decrease in expected cancer incidence
(2). Most breast cancer survivors have encountered aggressive relapse. It is mainly
explained by the fact that breast cancer tumors are highly heterogeneous and difficult to
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target (3). In anticancer therapies, the primary objective is the
specific inhibition of the malignant function of cancerous cells while
unaffected cells remain healthy. Ordinary treatments for cancers are
encountered with inevitable side effects and drug resistance, which
are discussed in the body of this article (4). In this regard, an
intracellular mechanism such as autophagy targeting may be a good
approach for breast cancer-targeted therapy. Autophagy as a
conserved intracellular mechanism prepares the primary materials
for the synthesis of vital macromolecules such as proteins by
removing the unwanted molecules or organelles. Furthermore,
autophagy preserves normal cells from intrinsic and extrinsic
stressors promoting DNA mutations and instability that mainly
lead to pre-neoplastic changes and propagation (3). Deficiency in
autophagy function has led to diseases such as different
malignancies. In cancer cells, autophagy has a dual role in
homeostasis maintenance as a tumor suppressor in early stages
and a tumor promoter at advanced stages. This important function
of autophagy in cancer has led to more investigations in the field of
targeting autophagy, which both inhibits and induces it in different
cancers with different characteristics being critical. Many
investigations in mammary cancer models revealed that the
inhibition of autophagy genes can weaken the initial growth in
tumors while paradoxically can result in overt metastasis and
outgrowth in cancerous cells. In breast cancer, the genetic
inhibition of autophagy in both early and late stages leads to the
spread of tumor cells, which offers differentiation in pro-metastatic
basal epithelial cells (5). In cancer initiation of mammary glands,
the autophagy-related genes confer a suppressive role; however, this
function is lost throughout breast cancer development, and
impaired autophagy results in cancer progression (3). Of note,
autophagy is detected as one of the main causes of chemotherapy
resistance in breast cancer patients in a way that the inhibition of
autophagy dramatically enhances the sensitivity of cancer cells to
anticancer medicines (6). However, autophagy inducers could be
effective in such situations and push the cells to apoptosis.
Generally, efficient and genuine progress in this treatable disorder
is not achieved unless a persistent and interconnected effort toward
innovative procedures in cancer treatment (1). Most of the
autophagy modulators that are currently available have low
specificity, as they do not preferentially target a single cell type.
Nanoparticles (NPs) can improve the efficacy of drugs through their
high power of permeability and reduce their toxicity due to
nanosized properties. They lead to more effective targeting of
tissue, cells, or organelles and enhance the pharmaceutical
properties of drugs such as stability, solubility, plasma half-life,
and tumor accumulation. The connection between NPs and their
impact on autophagy has shown that they can impact autophagy
through both its induction and inhibition (7). In this review article,
we aim to describe the application of different NPs and nanocarriers
(NCs) in breast cancer treatment and their capability to modulate
autophagy. We then discuss the advantages and disadvantages of
NPs in cancer therapy, along with their future applications. The
purpose of this review is to provide researchers with up-to-date
information on NPs used in breast cancer treatment and their
impacts on autophagy pathways.
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2 Breast cancer

Breast cancer is one of the main causes of death in most parts of
the world, especially in low-income areas (1). The incidence of
breast cancer has increased in Western countries from the 1980s to
1990s and then has been stable due to better detection and the use of
modern treatment. In 2020, almost 2.3 million women were
diagnosed with breast cancer worldwide, and approximately
700,000 individuals died (8). According to the World Health
Organization (WHO) prediction, by 2040, newly diagnosed breast
cancer cases are expected to rise by almost 40% every year. A
dramatic increase in the trend of breast cancer will be observed
especially in countries with a low human development index (HDI),
where the number of new cases and the mortality rate is projected to
be doubled by 2040 (9). In Iran, breast cancer was determined to
have the highest incidence rate per 100,000 women and the second-
highest mortality rate after colorectal cancer in 2020 (10).

The risk factors for breast cancer are categorized as
reproductive and non-reproductive factors, based on economic
issues. Major reproductive factors include age, age of menarche,
age at first pregnancy, some indicators of ovarian activity, age at
natural menopause, duration of breastfeeding, history of breast
disease, genetic status, nulliparity, and familial history of breast
cancer (11). However, non-reproductive risk factors comprise
obesity, lifestyle, being overweight during a post-menopausal
state, and drinking level (2, 12). In Iran, other factors such as
hormone replacement therapy, passive smoking, advanced
maternal age at pregnancy, abortion, high levels of sugar
consumption, and the genotype of Arg/Arg could also increase
the risk of breast cancer development, whereas late menarche,
breastfeeding for at least 13-24 months, routine exercise, and
having vegetables in diet reduce the risk of breast cancer. The
relationship between the polymorphism in codon 72 of the p53 gene
and the risk of breast cancer shows that although the genotype of
Arg/Pro was not related to the development of breast cancer, the
genotype of Arg/Arg raised the risk of breast cancer
significantly (13).

2.1 Breast cancer staging

In the 1940s and 1950s, the first staging of breast cancer was
reported by Pierre De-noix, which was mainly based on the
anatomic shape of the breast (14, 15). Lately, an extensively
detailed system of staging cancers has been developed by the
American Joint Committee on Cancer (AJCC) and has been
updated eight times. In the breast cancer chapter, levels of
estrogen receptor (ER) and progesterone receptor (PR)
expression, human epidermal growth factor receptor 2 (HER2) or
erythroblastic oncogene B (ERBB2) expression, histologic grade,
regional lymph node involvement, distant metastases, and
prognostic biomarkers are included in order to confer precise
prognosis and guide treatment decisions (14, 16). This system is
named TNM staging, which shows the status of tumors (T), lymph
node involvement (N), and the level of tumor metastasis (M).
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The combination of immune histological data such as the tumor
grade, the determination of hormone receptor status, and a multi-
gene panel with anatomic information results in a more explicit
prognosis. However, tumors with lower-graded ER—- and PR- tend
to be more common among populations; therefore, multi-gene
panels should be performed for further information (17).

2.2 Biomarkers in breast cancer

The biomarkers can be extremely helpful in the determination
of breast cancer, especially in the early stage, to achieve a better
prescription. In general, they are classified into tissue, genetic, and
serum markers. The tissue markers or hormone receptors, namely,
ER and PR, are critical for identifying patients that should be treated
with hormone therapy. ER and PR should be tested for all patients
with a breast cancer diagnosis. Nevertheless, ER alone is a weak
prognostic factor (18). HER2 measurement is essential for all
patients with invasive breast cancer and is the indicator for the
patients who may be treated with trastuzumab and who may benefit
from anthracycline-based adjuvant chemotherapy (19).

The most important genetic markers of breast cancer are
defined as breast cancer gene 1 (BRCA1) and breast cancer gene
2 (BRCA2) mutation genes, which are the most powerful predictive
tools to identify patients suffering from breast and ovarian cancer
with a 40%-80% risk of developing cancer (20). In primary tumors,
DNA ploidy is found to be an independent prognostic tool for
surgical cases. Aneuploidy implies genetic abnormalities like single-
nucleotide point mutations and changes in chromosome structure.
Diploid tumors have a slightly longer survival time than those
diagnosed with aneuploid tumors (21). The use of circulating tumor
DNA (ctDNA), as a representative of tumorous DNA in the plasma
or other body fluids of patients with cancer, is also important in
detecting tumor cells. Detecting ctDNA reduces the need for tumor
biopsy and helps a physician to determine the effective treatment,
and a decrease in the levels of ctDNA in the process of treatment
indicates a successful therapy (22).

The serum biomarkers are of great significance in breast
cancer management therapy protocol, as they may help
determine early diagnosis, prognosis, and response to therapies.
They consist of carcinoembryonic antigen (CEA), the MUC-1
family agents (CA15-3, BR 27.29, MCA, and CA549), the serum
cytokeratins [e.g., tissue polypeptide antigen (TPA) and tissue
polypeptide-specific antigen (TPS)], and the serum oncoproteins
(e.g., HER2/c-erbB-2). The approved serum markers designed for
breast cancer are CA15-3 and CEA. Increased levels of CA15-3
(e.g., to 150 U/ml) and/or CEA (e.g., to 120 ng/ml) in a patient
indicate a non-metastatic tumor (23). The measurement of two
parameters such as urokinase-type plasminogen activator (UPA)
and plasminogen activator inhibitor (PAI-1) is mostly performed
in lymph node-negative patients, for whom adjuvant
chemotherapy would not be helpful. Low levels of both the UPA
and PAI-1 factors in such patients show a low risk of disease
relapse (24).
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2.3 Breast cancer treatment

According to the classification of breast cancer into ER and PR
expression and HER2/ERBB2 gene amplification, different treatment
strategies are applied (25). For ER- or PR-positive breast cancers, the
first choice is the use of endocrine agents to downregulate ER
signaling. For those with HER2 or HER2/neu positive, ERBB2-
targeted therapy is suggested, including anti-ERBB2 antibodies
(e.g., trastuzumab and pertuzumab) and small-molecule tyrosine
kinase inhibitors (such as lapatinib and neratinib) (26). The main
purpose of therapy for non-metastatic breast cancers is the removal of
all the tumors or axillary lymph nodes by surgery, followed by
postoperative radiation. Systemic therapy can also be performed
preoperatively (neoadjuvant), postoperatively (adjuvant), or both.
For metastatic breast cancers, the same basic categories of systemic
therapy are used as neoadjuvant/adjuvant approaches (27).

For patients undergoing refractory metastatic breast cancer
with a diagnosed deletion in BRCA1/2 genes, treatment with poly
adenosine diphosphate-ribose polymerase (PARP) inhibitors like
olaparib and talazoparib is approved by the US Food and Drug
Administration (FDA) (28). Conventional chemotherapy for breast
cancer targets the cells non-selectively and inhibits the proliferation
of both normal and cancerous cells. Therefore, gastrointestinal
problems and hair loss are some of their important side effects.
The other major problem is drug resistance (4), which is discussed
in the following paragraph. Figure 1 illustrates the treatment
protocol for different breast cancers.

Before surgery:
systemic therapy with
neoadjuvant therapy

\’ After surgery:
radiotherapy+

adjuvant therapy

//_’

N Surgery
tumor
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7 tumor
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FIGURE 1

Different strategies to treat different types of breast cancer. ER/PR-
positive breast cancers are much more likely to respond to
hormone therapy. For HER2 or HER2/neu-positive patients, targeted
therapy including anti-ERBB2 antibodies (trastuzumab and
pertuzumab) and small-molecule tyrosine kinase inhibitors (such as
lapatinib and neratinib) are used. For non-metastatic breast cancer,
complete removal of the tumor or axillary lymph nodes by surgery
and postoperative radiation is recommended. For metastatic breast
cancer, systemic therapy is prescribed, such as neoadjuvant/
adjuvant therapies. ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor 2; ERBB2,
erythroblastic oncogene B.
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2.4 Breast cancer and drug resistance

Multidrug resistance (MDR) is the main reason for the relapse of
breast cancer. The development of MDR is due to various molecular
mechanisms, including increased expression of efflux transporters,
epithelial-to-mesenchymal transition (EMT), and stem cell drug
resistance (29). Cancer cells prevent the accumulation of chemical
drugs inside the tumor and hinder their effectiveness via different
mechanisms. Drug efflux transporters or efflux pumps are defensive
mechanisms of cancer cells that direct anticancer drugs out of
tumors. They are members of the ATP-binding cassette (ABC)
superfamily involved in transporting substances into and out of
cells with ATP hydrolysis (29).

Another mechanism is defined as EMT, a process by which
epithelial cells lose their intercellular adhesion and apical-basal
polarity properties and migrate into the mesenchyme. These cells
gain new features that lead to increased drug efflux and resistance to
apoptosis (30).

Breast cancer stem cells (BCSCs) are one of the major problems
in drug resistance, metastasis, and cancer recurrence. Due to
properties such as self-renewal, long lifespan, slow proliferation,
high drug transport capacity, DNA repair mechanisms, and anti-
apoptotic properties, BCSCs show intrinsic resistance to conventional
therapies, and their removal is considered to increase drug
susceptibility. One reasonable approach is targeting self-renewal
pathways, and the other plan attacks the BCSC microenvironment.
At present, some novel techniques are being discovered, including the
use of cyclin-dependent kinase (CDK) inhibitors, factors that induce
stem cell differentiation, and targeted immunotherapies (31).

Cancer stem cells (CSCs) also play a role in the induction of the
mitochondrial-expressed genes involved in oxidative stress
response, tumor survival, and drug resistance (32).

Under stressful conditions, such as reactive oxygen species
(ROS) production or nutrient starvation, mitochondria undergo
membrane potential depolarization and sequester into
autophagosomes, under the process named mitophagy. During
severe and prolonged stress, mitophagy is suppressed, and cell
death pathways are activated (33). Indeed, mitophagy is a
cytoprotective process during tumor progression and has a critical
role in drug resistance and maintenance of stemness and self-
renewal of CSCs. However, reports point to the role of mitophagy
as a cellular tumor suppressor. Thus, both induction and inhibition
of mitophagy contribute to the drug sensitivity of tumor cells (34).
Another cause of MDR is intracellular mechanisms such as
autophagy activation, discussed later in detail, which can
potentially be modulated in cancer therapy.

3 Autophagy

Autophagy is defined as a “self-degradative” pathway that
manages cellular homeostasis to provide precursors such as
amino acids for the assembly of vital cellular components via
catabolic pathways (35). In other words, autophagy helps the cells
eliminate the malfunctioned organelles or macromolecules and
then return the primary building materials to the manufacturing
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cycles of the cell, to reestablish cellular homeostasis. Autophagy is
induced by various cellular stresses such as hypoxia, starvation, and
infection (36). This phenomenon was indicated with studies in yeast
in the 1990s by detecting autophagy-related genes (ATGs).
Autophagy is classified into three types: microautophagy,
macroautophagy, and chaperone-mediated autophagy (CMA)
(37). Although all three types take the misfolded proteins to the
lysosome, their mechanisms and morphologies are different. In
microautophagy, cytoplasmic materials are directly absorbed into
the lysosomal lumen through the invagination of the lysosomal
membrane (38). In CMA, soluble proteins in the cytosol are
selectively recognized by a 70-kDa heat shock protein (hsp70),
unfolded, and translocated to lysosomes. These cytoplasmic
proteins have special recognition motifs called pentapeptides. The
CMA targeting motif is recognized as KFERQ and varies at different
residues. For example, at “K” and “R” positions, up to two positively
charged amino acids [e.g., arginine (R) or lysine (K)]; at position
“F”, two hydrophobic residues [e.g., isoleucine (I), leucine (L),
phenylalanine (F), or valine (V)]; and at “E” position, single
negatively charged [e.g., glutamate (E) or aspartate (D)] can be
placed. The “Q” can be at the N- or C-terminus of the pentapeptide
and is flexible for negatively or positively charged or hydrophobic
amino acids. This variation of proteins exists in approximately one-
third of all the soluble cytosolic proteins. This protein-chaperone
complex binds to a receptor of the lysosome and lysosome-
associated membrane protein type 2A (LAMP-2A), and the
substrate is released. Then, the unwanted proteins are degraded
by lysosomal enzymes and reused in the next protein synthesis
process (39).

Macroautophagy initiates with special double-membrane
vesicles, known as autophagosomes, that progressively isolate
autophagic cargo and deliver them to lysosomes by membrane
fusion. An organelle that results from the fusion of an
autophagosome and a lysosome is often referred to as the
autophagolysosome. The digestion of cargo prepares nutrients for
cell survival. Macroautophagy is directly related to autophagy (40)
and is mainly considered a non-selective or general process.
Nevertheless, it is noteworthy that in many cases the selective
autophagy pathway has been also observed, which turns out to be
essential only for cellular health. Deficiency in autophagy function
can lead to diseases such as susceptibility to infections and
inflammation, metabolic disorders, cardiovascular and liver
problems, cancer, neurodegeneration, and acute brain damage. In
tumorigenicity, autophagy performs a two-faced role of tumor
suppressor and pre-oncogene (5). Because of these dual roles,
finding a new targeted therapy for both activating and inhibiting
autophagy pathways is under investigation (38) and will be
discussed in the following sections.

3.1 Autophagy machinery

Autophagy contains complex steps that lead to the generation of
autophagosomes and their fusion into lysosomes. The process
includes several phases, namely, initiation, elongation, lysosomal
fusion, and degradation, which are mediated by ATGs (3).
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3.1.1 Induction and initiation

In mammalian cells, the autophagy is induced by unc-51-like
kinase family (ULK1/ULK2) complex (homolog of the Atgl
complex in yeast), ATG13, and RB1-inducible coiled-coil 1
(RB1CC1/FIP200). Then, Cl20rf44/ATG101 protein binds
directly to ATG13, which occurs in mammals and not in yeast.
ULKI1 complex induces membrane formation in the phagophore
assembly site (PAS). Accordingly, ATG2 transfers phospholipids
from the endoplasmic reticulum, Golgi, and mitochondria
membrane to PAS, and ATG9 transfers them to the luminal layer
of the autophagosome membrane (41). As the phagophore expands,
the membrane wraps around the substrate and forms a
spherical autophagosome.

Autophagy is immensely regulated by two main kinases,
including the mammalian target of rapamycin complex 1
(mTORC1) and AMP-activated protein kinase (AMPK), which
affect ULKI complex formation (42). mTORCI associates with
the ULK1/ULK2 complex in autophagosome under rich nutrients
and inactivates the complex by its phosphorylation. However,
under rapamycin treatment or starvation, mTORCI dissociates
from the complex and induces autophagy. In other words, in the
abundance of amino acids and nutrients, mTORCI1 inhibits
autophagy through the phosphorylation of ULK1 and ATGI3
(43). However, the AMPK (the autophagy inducer) can sense the
AMP : ATP ratio caused by energy deprivation and be activated to
start autophagy by phosphorylating several sites in the central
intrinsically disordered region (IDR) in ULKI. Furthermore, the
AMPK is an indirect inducer of autophagy by phosphorylation of
the regulatory-associated protein of mTOR (RAP-TOR), which
leads to mTOR inhibition (44).

3.1.2 Nucleation

In this step, ATG14-containing class III phosphatidylinositol 3-
kinase (PtdIns3K) complex binds to the autophagosome. The
PtdIns3K generates the PtdIns3P complex, which is involved in
the nucleation of the phagophore and consists of PIK3C3/VPS34,
PIK3R4/p150, and BECN1. Some reports suggest the association of
this complex with ATG14 and UVRAG is necessary for
autophagosome formation. Regulation of the PtdIns3K complex is
mediated through the proteins that interact with BECN1 such as
BCL2. As the BCL2 binds to BECN1, it inhibits the interaction of
BECN1 with PIK3C3 and inactivates autophagy (45).

3.1.3 Elongation

Phagophore expands with the formation of the ATG5, ATG12,
and ATGI16L1 complex. As the phagophore is completed, it
dissociates from the complex. The ATG8/LC3 system is also
involved in the phagophore expansion. In mammals, there are
several Atg8-like proteins that are the LC3 and GABARAP
subfamilies. The LC3 forms LC3-1 by ATG4 and its
phosphatidylethanolamine (PE)-conjugated or lipidation form,
called LC3-II. The form of LC3-II is activated under starvation or
other autophagy stressors. ATGY is a transmembrane protein
involved in phagophore expansion and membrane
recruitment (46).
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3.1.4 Autophagosome fusion with lysosome

The structure of autolysosome is formed by the fusion of the
outer membrane of the mature autophagosome with the lysosome
(47). There are three main machinery protein families playing a
crucial role in the regulation of the fusion process, including
membrane-tethering factors (such as HOPS and EPGS5), soluble
N-ethylmaleimide-sensitive factor attachment proteins (SNAREs),
and Rab GTPases, which are situated on the membrane. They hire
the tethering complex to bridge to the facing lipid bilayer; therefore,
the tethering complex employs SNARE proteins and promotes
them to move autophagosomes toward the lysosome and facilitate
the fusion process (48). Recently, a growing number of studies have
conferred the great role of ATG8 family members in driving
autophagosomes near the lysosome. In addition, the role of these
members has been suggested as probable hubs in the final fusion
stages. In mammals, amphisomes emerge if the autophagosome
fuses with the endosome before reaching the lysosome.
Microtubules are also involved in driving the autophagosomes to
the lysosomes (49). Being able to assist with the UVRAG PtdIns3K
complex, the UVRAG activates GTPase RAB7, which promotes
autophagosome-lysosome fusion (50). Recent studies have
suggested other components of the SNARE machinery system
that play role in the fusion process like VAM9 and VAM7 (51).

One of the mechanisms that macroautophagy uses to selectively
identify cargo is ubiquitination. The ubiquitin-binding protein
SQSTM1/p62 targets the ubiquitinated proteins and then interacts
with LC3-1I to clear these aggregate proteins from the cytosol and
move them to the lysosome (52).

3.1.5 Degradation

Once the autophagosome formation is completed, its outer
membrane merges with the lysosomal membrane; then, the inner
layer and cargo will be degraded by hydrolases and subsequently
with permeases to be competent for cell biosynthetic processes and
the generation of energy (53). The product of autophagosome and
the lysosome fusion is called “autophagolysosome” or
“outolysosome”. The heterophagic (no-self) materials are needed
in autolysosomes since approximately all lysosomes take constant
flow made by endocytic pathway (54). All the autophagy steps are
shown in Figure 2.

3.2 Autophagy and cancer

Autophagy has two completely different behaviors in cancer,
depending on the severity of cellular stress and the state of the
immune system. During tumor initiation, autophagy prevents
carcinogenesis, and in the advanced stages of tumors, it aids
cancer progression. In fact, autophagy acts as a tumor suppressor
in the early stages of carcinogenesis by maintaining genomic
stability and paradoxically promotes tumor progression in
established cells by providing nutrients (36, 55). It is noteworthy
that in cancer cells, autophagy suppresses the immune system by
affecting T cells, cytokines, and other immune system cells. In fact,
autophagy helps the immune system by removing damage-
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Autophagy pathway is performed in five steps from initiation to fusion with lysosome. In mammalian cells, the initiation phase of autophagy consists
of autophagosome formation, which is significantly dependent on the stable complex known as ULK1-Atg13-FIP200-Atg101. The activation of the
ULK1 kinase launches the activity of Beclinl (BECN1)-VPS34 complex including BECN1, VPS34, and Beclinl regulator 1 (AMBRA-1). In the elongation
phase, the WIPI2B scaffold binds to PI3P. The mentioned complex is highly essential for employing two main proteins, ATG7 and ATG10, that can
couple ATG5 to ATG12, which makes a complex with ATG16L. The Atgl2-Atg5-Atgl6 complex positions on the outer membrane due to ATG 5
available binding sites. The next step is the fusion of autophagosome-lysosome and includes two main phases. First, the autophagosome migration
to lysosomes, which is implemented by the cytoskeleton in eukaryotic cells by Rab7 and guanosine triphosphate (GTP)-binding protein to
microtubules, and second, the fusion of lysosomes, with a single bilayer membrane, and mature autophagosomes, with two lipid bilayer membranes.
The last step is degradation of all components in the lysosome. The lysosomal enzymes degrade autophagic cargo.

associated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs). Thus, the immune system is
prevented from functioning properly in cancerous health
conditions due to the increase in autophagy and removal of
excessive DAMPs and PAMPs. In other words, the function of T
cells, NK cells, cytokines, and other vital parts of the immune
system is overshadowed by complicated processes of autophagy
(56, 57).

In preclinical breast cancer models, autophagy has performed a
strong role in the survival of quiescent disseminated cells (58).
Compared to normal tissues, breast cancer cells hold a low level of
Beclinl proteins (59). Human BECNI monoallelic deletions are
reported in up to 50% of breast cancers and 75% of ovarian cancers
(60, 61). Numerous studies in the area of breast cancer survivors on
the METABRIC (Molecular Taxonomy of Breast Cancer
International Consortium) dataset demonstrated that a lower
expression of BECNI is associated with a worse probability of
survival (61).

The defective activity of any autophagic genes may affect
carcinogenesis. It is detected that the mono-allelically deleted
Beclin-1, as a haploid tumor suppressor, has an insufficient
function in different cancers such as human hepatocellular
carcinoma and breast, ovarian, and prostate cancers (62).
Notably, many studies on ATG genes have demonstrated that
ATG2B, ATG5, ATGY9B, ATG12, and ATG16L1 are also
oncologically linked to tumorigenesis. Furthermore, the somatic
mutations in the ATG5 gene ruin the binding sites of ATG5 and
Atgl6L1, resulting in an impaired conjugation site for ATG12, and
autophagy failure (63).
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Evidence shows that in some situations, inhibition of autophagy
and, in some cases, induction of autophagy has been beneficial for
the treatment of cancers, depending on the tumor type or the stage
of disease (64). Autophagy-dependent genes and proteins are
valuable markers in tissue samples of patients for better
diagnostics (65).

3.3 Autophagy and drug resistance

Several studies indicate that autophagy has a critical role in the
survival of tumors and drug resistance. Obviously, autophagy is
induced by chemotherapeutic drugs and then prepares the tumor
cells for the nutrients by degradation of unwanted proteins or
organelles. Accordingly, autophagy prevents DNA damage and
enhances drug resistance in tumors (66). Although the exact
mechanism of drug resistance with autophagy induction is not
fully understood, some reports have suggested the role of autophagy
in the induction of DNA damage response and the increase of drug
efflux pumps in tumor cells (67). In this regard, autophagy may be
involved in apoptosis inhibition by the inactivation of pro-apoptotic
factors or the activation of anti-apoptotic agents. In this case,
autophagy induction is used to overcome drug resistance.
Prolonged autophagy promotes autophagic cell death (type II cell
death), which is independent of apoptosis (type I cell death) or
necrosis (type III cell death). In tumors, when the cells resist
apoptosis, induction of autophagic cell death is an approach to
trigger drug resistance. There are some drugs (like bortezomib,
rapamycin, and butyrate) that induce autophagosome formation
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(68). However, considering the dual role of autophagy in cancer,
another approach to target tumor drug resistance is autophagy
inhibition. The use of gene silencing of autophagy-related genes or
chemical inhibitors such as bafilomycin Al, 3-methyladenine (3-
MA), and chloroquine (CQ) is commonly used to inhibit
autophagosome formation (69).

3.4 Autophagy modulation

Enhanced autophagy in tumors, as a survival mechanism and a
cause of MDR, leads to the use of autophagy inhibitors to suppress
tumor cell proliferation and induce cell death. The application of
autophagy inhibitors in combination with antitumor drugs
sensitizes the cancerous cells to chemotherapy (70). For example,
treatment of HER-positive breast cancer cells with depletion of
Atg5, Atg7, or beclinl resulted in enhanced effectiveness of
tamoxifen or the combination therapy of 3-MA, as an autophagy
inhibitor, and trastuzumab, as a chemotherapeutic drug, increasing
the effectiveness of chemotherapy in HER2-positive breast cancer
cells as compared to monotherapy (71).

However, the use of anticancer drugs induces autophagy as a
survival mechanism. However, therapies involving both excessive
autophagy induction upon cytotoxic drug treatment or using
autophagy inducers may also lead to autophagic cell death (72,
73). Accordingly, there are some autophagy inducers that have been
used as anticancer treatments. For example, proteasome inhibitors
(PIs) have also been shown to stimulate autophagy. Bortezomib, a
PI used in the treatment of multiple myeloma and mantle cell
lymphoma, has been shown to increase the early formation of
autophagosomes and LC3-II, demonstrating its inducing effects on
autophagy (74). A well-known class of autophagy inductors
includes analogs of the mTOR inhibitor rapamycin, such as
temsirolimus and everolimus. These compounds, which can be
used alone or in combination with chemotherapy drugs, show an
anti-proliferative effect in mantle cell lymphoma and acute
lymphoblastic leukemia by overstimulating autophagy, which
might cause tumor cell death. A large number of ongoing trials
demonstrate that autophagy modulation in combinatory treatments
could successfully overcome the resistance to existing anticancer
drugs. For instance, RUBCN (Rubicon autophagy regulator), as a
negative regulator of autophagosome biogenesis, leads to the
inhibition of basal differentiation and attenuates metastatic
growth in vivo (5, 73). There are many FDA-approved and
unapproved autophagy modulatory drugs that are introduced for
cancer treatment. For example, CQ and hydroxychloroquine
(HCQ) are determined as autophagy inhibitors, rapamycin and
metformin are used as autophagy inducers in various cancers, and
CQ and metformin are mainly used in breast cancer. The
mechanism of CQ is suppressing the fusion of autophagosome
and lysosome, while metformin activates AMPK (74) through ROS
production in the mitochondria and inhibition of the mitochondrial
respiratory chain complex 1 (75).
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3.5 Breast cancer treatment by
autophagy modulation

Since autophagy has a significant role in the survival of cancer
cells, its modulation is considered a hopeful strategy for cancer
treatment. Previous studies have shown that autophagy is the main
reason for resistance to chemotherapy in breast cancer and has
resulted in decreased sensitivity to chemotherapy with doxorubicin
(DOX). Experiments indicated that the use of autophagy inhibitors
can reverse doxorubicin resistance and enhance its efficacy in triple-
negative breast cancer MDA-MB-231 cells (76). In addition, the
cotreatment of DOX and 3-MA resulted in a necroptotic form of
cell death in breast cancer (76). Using CQ is another approach to
return DOX sensitivity in breast cancer MCEF-7 cells (77).

Overexpression and accumulation of LAMP2A were observed
in breast cancer tissue samples, and its inhibition conferred
sensitivity to DOX in MCF-7 and T47D breast cancer cells (78).
A novel adipokine, resistin, is highly stimulated in patients with
breast cancer and facilitates cell proliferation, metastasis, and breast
cancer cell migration. Resistin can activate AMPK/mTOR/ULK1
and JNK signaling pathways. Interestingly, the blockage of the two
mentioned pathways reduces the ratio of LC3-II/LC3-I, which
grants increasing apoptosis in breast cancer cells induced by DOX
(79). In addition, in DOX-resistant breast cancer cells, psammaplin
A (a natural product isolated from marine sponges with anticancer
effects) can stimulate overexpression of damage-regulated
autophagy modulator (DRAM) that is induced by p53 protein
(80). In estrogen receptor-positive breast cancer, attenuated
autophagy sensitized resistant tumors to tamoxifen-induced cell
death (81). The summary of some autophagy inhibitors and
inducers that are used in breast cancer is listed in Tables 1,
2 respectively.

4 Autophagy modulations by
nanoparticles and nanocarriers

Most of the autophagy modulators that are currently available
have low specificity, as they do not preferentially target a single cell
type. In addition, multiple autophagy mediators contribute to
several cellular processes and are involved in autophagy-
independent functions. For instance, rapamycin, as a well-known
autophagy inducer, has an impact on the inhibition of T-cell
proliferation, which results in strong immunosuppression (99).
These challenges lead to limitations in the use of autophagy
regulators in cancer treatment. In this regard, NPs have multiple
advantages to overcome these issues. They can improve the efficacy
of drugs by their high power of permeability and reduce their
toxicity due to nanosized properties. They lead to more effective
targeting of tissue, cells, or organelles and enhance the
pharmaceutical properties of drugs such as stability, solubility,
plasma half-life, and tumor accumulation (7). NPs can be used
alone or in combination with drugs. However, NC is a nanomaterial
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TABLE 1 The compounds with autophagy inhibition characteristics.

Compound Mechanism of action References

$B02024 The compound is a VPS34 inhibitor; it blocks autophagy and increases the sensitivity of (6)
breast cancer to sunitinib and erlotinib drugs

3-Methyladenine (3-MA) or bafilomycin Al The combination of 3-MA and gefitinib (Ge) enhance the effect of treatment in triple- (82)
negative breast cancer in vitro and in vivo. An increased level of BAX/Bcl-2, cytochrome C
and CASP3 has been observed

Tioconazole An antifungal drug that inhibits ATG4B and autophagy; it induces sensitivity to (83)
chemotherapy

3-MA 3-MA is an autophagy inhibitor. However, its combination with anticancer drugs is (84)
autophagy-independent

(25)-8-[(3R)-3-Methylmorpholin-4-yl]-1-(3-methyl-2- The compound is a VPS34 inhibitor and suppresses autophagy pathway (85)

oxobutyl)-2-(trifluoromethyl)-3,4-dihydro-2 H-pyrimido

[1,2-a]pyrimidin-6-one

Mefloquine (MQ) The drug inhibits autophagy through lysosomal function disruption; induces endoplasmic (86)
reticulum stress and apoptosis in both hormone receptor-positive or receptor-negative
breast cancer cell lines

IITZ-01 and IITZ-02 They inhibit maturation of lysosomal enzymes and increase accumulation of (87)
autophagosomes, which leads to autophagy inhibition

GDC-0941 The compound is a PI3K inhibitor. The combination of GDC-0941 and an autophagy (88)

inhibitor enhances the sensitivity of estrogen receptor (ER)-positive breast cancer to

treatment

that is used as a transport mediator for other substances, such as a
drug. Generally, NCs are categorized as micelles, polymers, carbon-
based materials, liposomes, and other materials and are used in drug
delivery, especially in chemotherapy (100).

The connection between NPs and their impact on autophagy has
shown that they can impact autophagy through both its induction and
inhibition. The induction of autophagy is mainly mediated through
oxidative stress activation. Under external stress, the phagocytosis of
NPs or NCs is enhanced, and mitochondrial respiration is also
increased. Hence, the accumulation of a large number of
incompletely reduced oxygen atoms results in the generation of a

TABLE 2 The compounds with autophagy induction characteristics.

large number of ROS, which leads to programmed cell death (101).
Autophagy induction by NPs may be a defensive mechanism against
external signals. The use of CQ and NPs enhances the effectiveness of
chemotherapy by the accumulation of NPs in the tumor and decreases
the immunological clearance of NPs. The NPs can directly reach the
tumor cells; therefore, they can reduce the non-specific functions of
autophagy regulators, enhance the accumulation of drugs at tumor
sites, and consequently enhance the antitumor efficacy (89).
Although NPs have several advantages in biomedical
applications, they have shown some cytotoxic effects on cancerous
cells. For example, inflammation, ROS production, apoptosis, or

Compound Mechanism of action References

LYN-1604 The compound activates ULK1 and autophagy through apoptosis induction in triple-negative breast cancer. (89)

Metformin Metformin inhibits the mTOR effector, p70S6K1, and induces AMPK activity. (90)

Tat-BECLIN1 The compound blocks the HER2/Beclinl binding and enhances autophagy in HER2-positive breast cancer. (91)

Paratocarpin E The compound induces autophagy by increasing the ratio of LC3-II/LC3-I and Beclin-1 levels; it induces apoptosis via (92)
alteration of Bax and Bcl-2 expression; it activates caspase-8, caspase-9, and PARP cleavage.

Sarsaparilla (Smilax The compound induces autophagy via ERK1/2 pathway and also inhibits cancer growth through apoptosis induction in (93)

Glabra Rhizome) extract breast cancer cell line.

Isoliquiritigenin (ISL) The compound induces autophagy through miR-25 overexpression and ULK1 activation. (94)

Gelomulide K The compound increases the paclitaxel effects through reactive oxygen species (ROS) production, autophagy induction, (95)
and caspase-independent cell death.

Juglanin The compound induces autophagy through the ROS/JNK signaling pathway and subsequent apoptosis activation. (96)

CYT-Rx20 The compound induces autophagy through activation of Beclin-1, ATGS5, and LC-3 proteins and also induces apoptosis. (97)

Resveratrol The compound induces autophagy through inhibition of the breast cancer stem cell and Wnt/B-catenin signaling pathway. (98)
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necrosis occurs following the toxicity of NPs, limiting their
application. To overcome these barriers, some modifications are
necessary in order to increase the efficacy of NPs. For example,
changing the dose of treatment or modifying their shape or
formulation could reduce the toxicity level. The dose of NPs used
in treatment is important in their aggregation and distribution.
Moreover, the direct administration of NPs on the skin is less toxic
than intravenous injection. Consequently, conducting an accurate
protocol for using NPs in biomedicine is critical (90).

The different effects of NPs on autophagy, induction, or
inhibition, in different situations, lead to antitumor activity or an
increase in cell death (89). In practice, the choice between inhibition
and promotion of autophagy is controversial, as it may depend on
the role of autophagy in tumor development. As long as autophagy
exerts a positive effect on the treatment of certain cancers, strategies
that promote autophagy remain desirable. However, when
autophagy adversely affects cancer treatment, inhibition of
autophagy is the appropriate strategy. Depending on the type of
cancer, therapy should involve an appropriate treatment in
combination with autophagy modulation (72). Figure 3 illustrates
the role of autophagy in cancer, drug resistance, and the modulation
of autophagy in breast cancer.

4.1 Nanocarriers

NCs, as a specific type of drug delivery system, can target tumor
cells through passive and active targeting methods and accumulate
more in cancerous tissue, compared to normal tissues. Passive

10.3389/fonc.2023.1150492

targeting means the direct permeation of drugs into tumor tissue,
which depends on the action of the enhanced retention system or
enhanced permeation system (EPS) effect. As a tumor develops in
size and shape, an increased demand for oxygen and nutrients leads
to the requirement for new blood vessels. These vessels are often not
properly developed and are, therefore, permeable to some particles
of certain sizes, usually below 700 nm (90). To function properly,
NCs should be less than 100 nm in diameter and have a naturally
hydrophilic surface, indicatively to avoid macrophage clearance and
adhesion to plasma proteins. Polyethylene glycol, polysaccharides,
poloxamines, poloxamers, and amphiphilic copolymers are some
NCs with passive targeting ability (102). In active targeting, NCs are
coated with specific ligands that can recognize their targets on the
surface of cancer cells (91). NCs can be transferred directly to the
cancer cells mainly through the following mechanisms. First, they
can be delivered directly to the cancer cells through carbohydrate
targeting, as the tumor cells have more carbohydrates in their
membranes than normal cells. The second approach to the
delivery of NCs is through receptor targeting. Some of the NCs
are equipped with ligands of specific tumor cell receptors to
recognize the tumor cells. In this method, after connecting the
NCs to the tumor receptors, the drug is dissociated from the carrier
and transferred to the target sites (92).

There are structurally different types of NCs explored for the
effective treatment of breast cancer, including polymeric micelles,
dendrimers, nanoliposomes, carbon nanotubes, solid lipid NPs
(SLNs), nanostructured lipid carriers (NLCs), nanoemulsions
(NEs), gold-based NPs (AuNPs), protein nano cargoes, and
aptamers (93). In Table 3, we discussed the structure and
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The role of autophagy in breast cancer, its drug resistance and the approaches of autophagy pathway modulation. Autophagy plays a dual role in
cancers, according to the stage of tumors. In general, it acts as a tumor suppressor in early stages, while in established tumors, it promotes tumor
progression. During chemotherapy or radiotherapy, autophagy is activated to provide nutrients for tumors and induce drug resistance. Autophagy
inducers lead to autophagy activation, which finally promotes cell death in an autophagy-dependent manner. In contrast, autophagy inhibitors
suppress the nutrient pathway for tumors, ultimately leading to apoptotic cell death.
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TABLE 3 The application of different types of nanocarriers (NCs) with their structures and characteristics in breast cancer experimental models.

Systems Structure Characteristics References
Polymeric Amphiphilic in nature; hydrophobic core and hydrophilic Biocompatible and biodegradable; self-assembly and functional (93)
micelles shell modification capability; active and passive targeting
Dendrimers Synthetic, uniform structures, composed of core, branches, Equity in size, shape, and the length of branches; enhanced surface (95)
and surface regions area, loading capacity, and targeting ability; improve
pharmacokinetics and biodistribution of drugs
Liposomes Lipid bilayer membrane forming self-assembled closed Biocompatible and biodegradable; providing improved (96)
colloidal structures with an aqueous core pharmacokinetics altered biodistribution of the drug; sustained and
slow release of the drug; can deliver hydrophilic, hydrophobic, and
amphiphilic drugs
Carbon Cylindrical nanoshape structures made of allotropes of Multiple functions; high entrapment efficacy; monodispersity, 97)
nanotubes carbon a) single-walled carbon nanotubes (SWCNTs), with feasibility of synthesis and sterilization; chemical modification;
one layer of graphene sheet and b) multiwalled carbon water-soluble, biocompatible; ability to incorporate any functional
nanotubes (MWCNTs), with multiple layers of SWCNTSs groups; active or passive targeting; showing prolonged distribution
coaxially arranged and localized effects
Solid lipid A surfactant layer on the surface with a lipid matrix Biocompatible and biodegradable; non-toxic; high stability and (98)
nanoparticles consistent with solid lipid (s) feasibility of scale-up; high drug loading; reduced toxicity, enhanced
(NPs) (SLNs) bioavailability of poorly water-soluble and bioactive agents;
targeting; capable of loading hydrophobic and hydrophilic drugs
Nanostructured Second generation of SLNs; composed of a surfactant outer Higher drug encapsulation and loading compared to SLNs (103)
lipid carriers layer and solid lipid matrix along with a liquid lipid
(NLCs)
Nanoemulsions Droplets of water and oil dispersed biphasically and Higher solubility than micellar dispersions; long-term physical (104)
(NEs) stabilized by an amphiphilic surfactant stability; passive targeting with enhanced permeability and retention
(EPR) effect; they can carry very hydrophobic drugs, improving
their bioavailability
Gold-based Different structures, including nanocubes, nanospheres, The most stable NPs; capable of active and passive targeting; can be (105)
NCs (AuNCs) nanorods, nanoshells, nanobranches, nanocages, and PEGylated easily; scattering and light absorption characteristics
nanowires when exposed to near-infrared wavelength (NIR) and heat
production, which can ablate tumor cells
Protein Shell-like containers, with intrinsic homogeneous chambers Smaller particles can deliver targeted therapy; monodisperse, (106)
nanocages circumscribed by protein walls; have three distinct surfaces: biocompatible, water-soluble, biodegradable; selective for cancer
exterior and interior surfaces, the interfaces between cells; extremely homogenous size distribution; can be efficiently
subunits produced by genetic engineering
Aptamers Single-strand oligonucleotides Feasibility of synthesis and modification; showing low (107)

properties of each nano-drug delivery system in the breast cancer
experimental models (94).

4.2 Nanoparticles

NPs are commonly described as particulate subjects at least
smaller than 100 nm in one dimension (108). NPs are structurally
different from each other and include liposomal NPs composed of
phospholipids (109); polymeric NPs synthesized from natural
products like gelatin, albumin, or artificial polymers (e.g.,
polylactides); poly alkyl cyanoacrylates; inorganic NPs involving
silica NPs; quantum dots; and metal NPs. In addition, other
properties such as size, shape, surface charge, and inflexibility are
important when choosing NPs as treatment tools. These properties
impact the NPs’ cellular uptake through reticuloendothelial
systems, targeting the right cells and tissue distribution (110). In
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immunogenicity and efficient delivery to different types of cells;
modification with siRNAs, miRNAs, and anti-miRNAs can serve for
gene delivery

the following, the physiochemical properties of NPs are explained in

detail (109).

4.2.1 Size of NPs

The size of NPs is a significant factor in drug delivery and
activation of the immune system and also modulates the
pharmacokinetic actions of therapeutic agents, such as cell
uptake, biodistribution, and body fluid half-life (111, 112). For
example, gold-based NPs with a size of 10 nm have a longer blood
circulation time and a reduced accumulation in the liver and spleen,
compared to a size of 20 nm. Large NPs with a diameter between
100 and 200 nm are needed to deliver enough medication to disease
sites (111). NPs from 30 to 50 nm exhibit efficient cellular
absorption due to increased specific surface area and membrane
encapsulation process. Phagocytic activity is considered to be the
main pathway by which larger NPs from 250 to 3000 nm in size are
internalized into the cells. Glomerular capillary walls have
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physiological pores between 4.5 and 5 nm; therefore, NPs smaller
than 6 nm are effectively filtered, while those larger than 8 nm
cannot be eliminated by glomerular filtration (113).

The 100-200-nm NPs, including microparticles, are useful for
drug loading, considering their high capacity. However, these large
particles undergo active opsonization, readily trigger immune
responses, and accumulate rapidly in the liver and spleen, thereby
exhibiting poor systemic circulation (114). Small NPs lower than 5
nm should be considered not only because of their low carrying
capacity but also because of their fast rate of renal clearance.
However, many studies have found that small NPs are
advantageous in several respects compared to their larger
counterparts, including minimal immunogenicity, long systemic
circulation, and easy entry and aggregation in the tumor, as well as
independence for caveolin-dependent cell pathways uptake (114).
Because of their excellent absorption efficiency and significant
tumor accumulation, NPs with a size of 30-200 nm have been
widely used in numerous investigations (113).

4.2.2 Shape of NPs

NPs can be used in a variety of nanomaterials, including
liposomes, micelles, dendrimers, and metal NPs. The ability of
NPs to interact with cell membranes depends on their shape. For
instance, non-spherical NPs might yield multivalent interactions
with cell surface receptors, whereas spherical ones only interact with
a small number of binding site receptors (115).

4.2.3 Surface charge

The plasma membranes of the cells show a moderate negative
voltage difference, varying from —90 to —20 mV from cell to cell.
The pharmacokinetics and blood circulation time of NPs are
influenced by the electrostatic interactions between NPs and the
proteins (115). For instance, cationic polymeric NPs encapsulating
tetrandrine had superior anticancer activity in A549 cells and a
higher cellular absorption efficiency than anionic NPs (116).

4.2.4 Elasticity

It has been thoroughly investigated whether the elasticity of NPs
plays a significant physicochemical role in determining their
pharmacokinetics and biodistribution. According to certain
studies, the flexibility of NPs affects how they interact with tissues
and immune cells (117). Additionally, the rigidity or softness of NPs
is an important factor in their distribution. The uptake of the stiffer
NPs is shown to disrupt the architecture of the cell, while soft NPs
can enter the cells through micropinocytosis easily (118). The
absorption process is thought to have changed from fusion, which
has a low energy dependence, to endocytosis, which has a high
energy dependence due to the differential uptake of soft and stift
NPs by cells (117). Soft NPs have a longer half-life in the
bloodstream due to the lower absorption by macrophage cells,
which is also reliant on their elasticity (117). Commonly, a
significant factor that affects the pharmacokinetic behavior of NP
therapies is their elastic modulus. It has been demonstrated that
elastic modulus optimization affects the interactions of NPs with
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different cells and their circulating half-life, tumor targeting, and
aggregation effectiveness (119).

4.3 NPs and autophagy modulation

Considering the aforementioned data, autophagy modulation
may be a promising treatment, alone or in a combination with
other therapeutic methods to combat resistance and ensure a
successful treatment of breast cancer. However, most current
autophagy regulators suffer from low specificity, poor targeting,
and bioavailability, as they are insufficiently solubilized in aqueous
media and cannot specifically target tumor tissues (120).
Leveraging nano-drug delivery systems reduces toxicity and
increases drug efficacy through more appropriate targeting
(121). The NPs being studied for drug delivery can be divided
into different categories considering the type of therapy in which
they are implemented. Three major therapeutic NPs are
chemotherapeutic, phototherapeutic (including photodynamic
therapy, and photothermal therapy), and immuno-therapeutic
NPs, along with other categories such as sonodynamic
therapeutic NPs. Each of the categories induces cytotoxicity via
different intracellular mechanisms such as inhibition or induction
of autophagy (72, 121, 122). NPs are divided into three categories:
metal, organic polymer, and inorganic non-metallic NPs (115).
The NP-based drug delivery into the cell is schematically
illustrated in Figure 4 and is discussed in detail in the
following section.

4.3.1 Silver-based NPs

Silver-based NPs (AgNPs) have been shown to induce
autophagy in breast cancer cells, ultimately leading to apoptosis.
One experiment that used the AgNPs embedded in specific
polysaccharides showed good entrance to the cells, generation of
ROS, and induction of endoplasmic reticulum stress, leading to cell
death through autophagy or apoptosis (123). The effect of AgNPs
on cytotoxicity in breast cancer cells also confirmed that regardless
of the shape and structure of the AgNPs, they are cytotoxic for
triple-negative breast cancer (TNBC) in vitro and xenograft model
but have no effect on non-malignant cells. Hence, the application
and development of AgNPs in breast cancer treatment should be
safe (124).

4.3.2 Gold-based NPs

The effect of gold-based NP (AuNP) cytotoxicity on cells has a
different intracellular mechanism. AuNPs enter the cells by
endocytosis, accumulate in the lysosome, and change the pH
value. Impaired lysosome function has implications for the
autophagy pathway. Indeed, AuNPs induce the accumulation of
autophagy in cells; however, the formation of autophagy flux is
blocked due to an impairment of lysosome degradation (125).
Another research showed that induction of apoptosis in AuNP-
treated breast cancer cells occurred through p53 and bax/bcl-2
activation (126).
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Different nanoparticle-mediated autophagy. (A) AuNP delivery system enters the cells, accumulates in the lysosome, and changes its pH. The

impairment of lysosome function leads to accumulation of autophagoso

mes in cells without fusion with lysosomes. Then, apoptosis is induced.

Another study has shown the effect of NPs on the Bax/Bcl2 activation that leads to apoptosis. (B) Polymeric/micelle-like NPs can encapsulate the
autophagy inducer that disturbs the pH of lysosome leading to cell death. (C) ZnO can conjugate with drugs and impact calcium pathway, which
ultimately leads to autophagy. (D) AgNPs induce autophagy through activation of Atg5 expression, which can result in cell death through autophagy

or apoptosis induction. (E) Silica NPs can encapsulate chemotherapeutic
mitochondria. (F) The effect of photothermal therapy of IONPs in breast

drugs, such as doxorubicin, and induce intrinsic apoptosis through
cancer cells has been observed through autophagy induction,

independently of apoptosis. The use of autophagy inhibitors and IONPs under laser therapy causes cell death. AuNP, gold-based nanoparticles;

AgNPs, silver-based nanoparticles; IONPs, iron oxide nanoparticles.

4.3.3 Zinc oxide NPs

The lethal toxicity of zinc oxide NPs (ZnO NPs) on cells could
be modified by NP stabilization. An experiment with the
conjugation of ZnNPs with porphyrin (MTCP) yielded a
cytotoxic effect of NPs in breast cancer cell lines through the
calcium signaling pathway, which regulates lysosomal-dependent
autophagy and apoptotic cell death (127).

4.3.4 Iron oxide NPs

The effect of photothermal therapy of iron oxide NPs (IONPs)
in breast cancer cells was observed by inducing autophagy but not
leading to apoptosis. The use of autophagy inhibitors and IONPs
under laser therapy causes cell death in both MCF-7 and xenograft
breast cancer models (128).

4.3.5 Copper oxide NPs

The cytotoxicity of using copper oxide NPs (CuONPs) in MCF3
breast cancer cells was observed via oxidative stress and autophagy
induction. In these cells, autophagy is activated in order to survive
the tumor cells. Therefore, the cotreatment of autophagy inhibitors
and CuONPs could be a potent treatment against breast cancer
cells (129).

4.3.6 Silica-based NPs

The use of nano-drug delivery in cancer cells has been
demonstrated to improve biodistribution and increase the
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sensitivity of the drugs. For instance, the use of DOX-loaded
mesoporous silica nanoparticle (MSN) in breast cancer treatment
has shown an increased level of apoptosis, in comparison with DOX
treatment alone in both in vitro and in vivo experiments. The
intracellular mechanisms also confirmed the induction of the pro-
death autophagy signaling pathway through inhibition of the AKT-
mTOR-p70S6K signaling pathway (130). Another study has shown
the cytotoxic effects of silica-based NPs (SiNPs) in breast cancer cell
lines through the mitochondrial apoptotic pathway. The NPs with
5-15 nm could induce caspase-9 and caspase-3 activities (131).

4.3.7 Polymeric NPs

Synthetic pH-sensitive polymeric NPs have been used to
increase chemical stability and specific biodistribution. For
instance, the Bec-1 peptide, as an autophagy inducer, was
engineered into the pH-sensitive polymers and then self-
assembled with polyethylene glycol to form micellar-like NPs.
This structure of NPs alters the acidic status of lysosomes and
prevents autophagosome-lysosome fusion. Accumulation of
autophagosomes leads to cell death, not tumor survival (132). In
Table 4, we have summarized several studies looking at the
implementation of an autophagy modulator with a nano-drug
delivery system, some of which were also combined with
chemotherapeutic agents. In addition, it is shown that NCs are
able to modulate autophagy, simultaneously targeting cancer cells
and delivering therapeutic agents.
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TABLE 4 The compounds with autophagy modulation properties in breast cancer.

Autophagy Combined chemo- Nano-delivery Details References
modulator therapeutic agent drug system
Chloroquine (CQ) Doxorubicin (DOX); Block copolymer 1. DOX or DTXL induce autophagy and lead to resistance in breast (133)
phosphate docetaxel (DTXL) PEG5K-b-PLASK cancer stem cells (CSCs). Inhibition of autophagy promotes efficiency
(inhibition) (PEG-PLA) of chemotherapy
2. Cotreatment of CQ with wortmannin and 3-methyladenine (3-MA)
showed enhanced effect
3. A nanoparticle delivery system increases drug accumulation in
tumors and CSCs in vitro and in vivo
cQ Gold-based NPs Drug release at acidic PH environment; autophagic death of MCF-7 (134)
(AuNPs) cells
Hydroxychloroquine CCM-HMTNPs HMTNPs enable active targeting by being conjugated with cancer cell (135)
(HCQ) membrane (CCM) and are sensitive to ultrasound (sonodynamic
(inhibition) therapy (SDT)); generate ROS when activated; HCQ blocks autophagy
flux and eliminates resistance to SDT
SiRNAs (inhibition) Paclitaxel Polymeric micelles or SiRNAs target autophagic proteins and mRNAs (136)
NPs
Becl (induction) pH-sensitive poly(B- By covalently linking the nanocomposites with Beclinl, higher drug (132)
amino ester)s-PEG uptake efficiency and enhanced autophagy induction are achieved; P-
(micelle) Becl (polymer beclinl) displays enhanced cytotoxicity to breast cancer
cells through induction of autophagy
Primaquine (PQ) Nanocapsule HCG HCP@PQ/ICG is a combination of PQ and ICG (a photothermal (137)
(inhibition) agent), which combats cytoprotective autophagy induced by
phototherapy
Berberine (BB) Au-Col Au-Col consists of gold NPs fabricated with biocompatible collagen; (138)
Au-Col-BB shows enhanced cellular uptake and significant inhibition
of cell migration, expression of apoptotic cascade proteins, and a
remarkable decrease in tumor weight
Salinomycin (SAL) DOX Liposomes SAL is an antibiotic with potency of autophagy and subsequent (139, 140)
(induction) apoptosis induction; this combination is able to eliminate both CSCs
and breast cancer, thus preventing recurrence of tumor and showing
complete response
Dihydroartemisinin Epirubicin PEGylated liposomes Increased anticancer effects in treatment of heterogeneous breast cancer (141)
(DHA) (induction)
cQ DOX Liposomes Higher efficacy with respect to liposomal DOX or free DOX (142)
Thymoquinone (TQ) | DTXL Chitosan-grafted lipid Implication in drug-resistant breast cancers, triple-negative breast (143)
(induction or nanocapsules; cancers (TNBCs), and metastatic breast cancers; increased circulation
inhibition, according PEGylated liposomes time and enhanced cytotoxicity
to cell type)
CcQ PAMAM-DEACM PAMAM is an NC with anticancer capability; it was modified with a (144)
photocleavable curamin (DEACM), loaded with CQ, and used to
combat the cytoprotective autophagy induced by PAMAM
Ginsenosides Polymeric NPs, Low bioavailability can be improved by NPs. It can be conjugated to (145)
(induction) liposomes, protein- liposomes to enhance stability and avoid adverse effects and can be
based nanocarriers, used as a biological drug delivery system. View reference for detailed
etc. information
Rapamycin (Rap) Epothilone B (EpoB) Bioresorbable micelles Combination therapy with Rap with EpoB was very effective in (146)
(induction) functionalized with reducing cell metabolic activity and survival. PLA-PEG-BIO enhanced
biotin (PLA-PEG-BIO) | the cytotoxic effects of these agents
TQ DTXL Borage oil-based Treatment with DTX, along with other therapeutic effects, promotes (147)
nanoemulsion (B-NE) autophagic death in MCF-7. (DTX + TQ) B-NE can increase the
autophagic cell death values significantly
Artemisinin (ART) TF; paclitaxel; epirubicin; | Inorganic NPS; ART induces regulated cell death mechanisms, such as apoptosis, (148)
daunorubicin liposomes; micelles; ferroptosis, autophagy, necroptosis, and pyroptosis. ART-related NC
polymer-based NPs; can resolve low solubility, low bioavailability, short plasma half-life,
carbon-based NPs; and chronic toxicity of ART. View reference for detailed information
niosomes
(Continued)
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TABLE 4 Continued
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Autophagy Combined chemo- Nano-delivery Details References
modulator therapeutic agent drug system
Bcl-2 and PKC-1 Aptamer-coupled QD- Simultaneous reduction of Bcl-2 and PKC-1 expression can (107)
siRNAs lipid nanocarriers synergistically inhibit TNBC cell proliferation and metastasis, and
(inhibition) (aptamo-QLs) promote autophagic cell death
cQ Triphenylphosphonim- | A mitochondrial tropictri phenyl phosphonium-functionalized (149)
functionalized dendrimer manifested substantial cytotoxicity both alone and after
dendrimer encapsulation of chloroquine
CcQ Frizzled7 antibody- Inhibition of Wnt signaling pathway with Frizzled7 antibody in TNBC (150)
coated nanoshells can lead to upregulation of autophagy and cause therapeutic resistance.
(FZD7-NS) A combinational therapy of CQ with FZD7-NS led to inhibition of
TNBC cell migration and self-renewal more eftectively

5 The advantages and disadvantages
of using nanomaterials in breast
cancer treatment

NPs are an ideal drug delivery vehicle due to their nanosized
structure, good biodistribution, and cost-saving properties (151),
Furthermore, it is widely established that NCs aid in boosting the
solubility, bioavailability, and stability of a variety of
pharmacological drugs (152). Additionally, by improving cancer
cell targeting, NPs could reduce the harmful effect of active cancer
drugs. Finally, a safe and efficient agent for combination therapy
involving autophagy regulation is one of the nano-drug delivery
system advantages (153). Despite their small size, NPs can be easily
and specifically delivered to the cells and absorbed by the tissue of
interest. NPs may be used in conjugation with target drugs specific
to cancer cells without disrupting normal cells’ structure or
function. They have specific qualities, including high
encapsulation efficiency, biocompatibility, reduced toxicity, and
ease of manufacture, making them useful for medications (153).
Moreover, NP-based therapy is useful for personalized medicine
and biomarker identification. NPs are easily engineered to be pH or
temperature sensitive in different situations to transport and release
the drug to their specific targets. Despite all these advantages of
NPs, not all of them enter the clinical phase because there are some
problems like biological and technological difficulties in
manufacturing NPs (154). The biological issues, including the
route of administration (e.g., oral, intravenous, or skin injected),
biological barriers, the toxicity of NPs, and their degradation are
essential factors in NP efficacy. To overcome these challenges, some
modifications are necessary to improve the NP application. For
example, the use of low concentrations, which may decrease the
toxicity effects, or the production of NPs with more biocompatible
materials, such as chitosan, are beneficial (155). Technological
challenges including the scale-up synthesis of NPs and in vitro or
in vivo experimental models are not enough to directly use NPs in
the clinical study due to little supporting data. In this way, using
computational models or organs-on-chip can be a good solution
alongside the laboratory results (154).
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6 The future of NPs in breast cancer

NPs have a high potential to be used in the future treatments of
breast cancer. They overcome the challenges of current treatments
and combat drug resistance. They help increase the sensitivity of
drugs (65, 156). In addition to therapy, nanomedicine may assist
patients in some other aspects, such as diagnostics in the early stages
and tumor imaging. Nanotechnology offers potential solutions to
the problems that have made breast cancer so challenging to treat.
These problems include the diversity of cancer and the rapid
evolutionary changes in patients, the multiple pathways driving
disease progression simultaneously, the emergence of tolerance,
creating therapeutic cocktails, distant breast cancer metastasis, and
the severity of side effects of therapies and very poor biodistribution
of the injected medications in the body (72, 157). However,
nanomedicine has some important challenges and controversies
that should be resolved. The major issue is the toxicity of
nanomaterials. For instance, ROS production leads to DNA
damage and protein denaturation. By standard protocols, deep
toxicological studies prior to the application of NPs for human
therapy are suggested.

Among many nanomaterials in biomedicine, only a few of them
have reached clinical trials and obtained FDA approval. The process
by which a new drug passes all the preclinical phases and clinical
trials to obtain the license for use in humans is estimated to be
approximately 10-15 years (158). The preclinical phases are usually
cellular testing, animal studies, toxicology control, safety, efficacy,
and dose ranges of the new drugs (159). The clinical trials involve
three phases, named I (testing dose and toxicity), II (safety and
testing in a larger group), and III (randomized multicenter testing),
that should be passed before introducing the new drugs to the
market (158). Nanomedicine needs phase IV of post-marketing to
consider the limitation or benefits of the application. In this regard,
many studies are under investigation to obtain a license in order to
enter clinical trials (160). According to clinical trials
(www.ClinicalTrials.gov), there are currently 39 studies available
that use different shapes and structures of NPs in breast cancer
treatment, confirming the importance of using NPs in cancer
treatment. Here, we summarize the 10 top studies in Table 5.
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TABLE 5 Clinical trial of nanoparticles (NP)-based treatment strategies in breast cancer (https://clinicaltrials.gov)

Number Nanoparticle Status Conditions
1 Albumin-Bound (Nab) Paclitaxel/Cyclophosphamide Completed, Phase Early stage of breast cancer
1I
2 Nanoparticle-based Paclitaxel vs Solvent-based Paclitaxel as Part of Neoadjuvant Completed, phase >Tubular Breast Cancer Stage 11
Chy th 11
emotherapy >Mucinous Breast Cancer Stage II
>Breast Cancer Female NOS
3 Carbon NPs Recruiting, phase Lymph Nodes positive patients
not applicable
4 Paclitaxel Albumin-Stabilized Nanoparticle Completed, phase Metastatic breast cancer patients
I
5 Carboplatin, Paclitaxel, and Bevacizumab Completed, phase Locally Recurrent or Metastatic
I Breast Cancer
6 Pertuzumab, Trastuzumab, and Paclitaxel Albumin-Stabilized Nanoparticle Active but not Patients With HER2-Positive
recruiting, phase Il Advanced Breast Cancer
7 Carboplatin and Paclitaxel Albumin-Stabilized Nanoparticle Active but not }Inﬂammatory triple negative
recruiting, phase II breast cancer
>Stage IIA Breast Cancer
>Stage IIIA Breast Cancer
8 Doxorubicin Hydrochloride, Cyclophosphamide, and Filgrastim Followed By Paclitaxel Completed, phase > Estrogen Receptor-positive Breast
Albumin-Stabilized Nanoparticle Formulation With or Without Trastuzumab I Cancer
»>HER2-positive Breast Cancer
>Stage TA Breast Cancer
9 Nanoparticle Albumin Bound Paclitaxel, Doxorubicin and Cyclophosphamide (NAC) Terminated, phase Stages II-III Breast Cancer (NAC)
I
10 Paclitaxel Albumin-Stabilized Nanoparticle Formulation Active not Treating Patients of Different Ages
recruiting, phase I = With Metastatic Breast Cancer

7 Conclusion

NPs are an ideal drug delivery vehicle due to their nanosized
structure, good biodistribution, and cost-saving properties.
Additionally, by improving cancer cell targeting, NPs could
reduce the harmful effect of active cancer drugs. It is challenging
to modulate autophagy in breast cancer treatment utilizing NPs due
to the different behaviors of autophagy in tumorigenicity. To deal
with this problem, a large number of studies are recommended. The
different effects of NPs on autophagy, induction, or inhibition, in
different situations, lead to antitumor activity or an increase in cell
death. In practice, the choice between inhibition and promotion of
autophagy is controversial, as it may depend on the role of
autophagy in tumor development. As long as autophagy exerts a
positive effect on the treatment of certain cancers, strategies that
promote autophagy remain desirable. However, when autophagy
adversely affects cancer treatment, inhibition of autophagy is the
appropriate strategy. Depending on the type of cancer, therapy
should involve an appropriate treatment in combination with
autophagy modulation. However, NPs have some disadvantages
and cannot be used directly in clinical trials. To improve their lethal
properties in cancerous cells, more modifications on NPs are
needed, or cotreatment with targeted drugs is proposed. Despite
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some difficulties in the usage of NPs in medicine, their future
application is promising and could be a new path for
cancer treatment.
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Glossary
Continued
3-MA 3-methyladenine
AgNPs silver-based NPs mTORC1 mechanistic target of rapamycin complex 1
AMBRA-1 activating molecule in Beclinl-regulated autophagy NCs nanocarriers
AMPK AMP-activated protein kinase NLCs nanostructured lipid carriers
ATG autophagy-related genes NEs nanoemulsions
AuNPs gold-based NPs NP nanoparticles
BCRP breast cancer resistance protein PAI-1 plasminogen activator inhibitor
BCSCs breast cancer stem cells PAMPs pathogen-associated molecular patterns
BECNI1 Beclinl PARP poly adenosine diphosphate-ribose polymerase
CA15-3 cancer antigen 15-3 PAS phagophore assembly site
CEA carcinoembryonic antigen PD-L1 programmed death-ligand 1
CMA chaperon-mediated autophagy PE phosphatidylethanolamine
cQ chloroquine PEG polyethylene glycol
DAMPs damage-associated molecular patterns Pgp P-glycoprotein
DOX doxorubicin PI3K III mammalian type III phosphatidylinositol-3 kinase
(PI3KC3)
DRAM damage-regulated autophagy modulator
PI3P phosphatidylinositol-3-phosphate
DTXL docetaxel
PKD protein kinase D
ER estrogen receptor
PR progesterone receptor
ER-00 estrogen receptor o,
ROS reactive oxygen species
ERK extracellular signal-regulated kinase
SAL salinomycin
FIP200 focal adhesion kinase interacting protein 200 kDa
SERCA sarco-endoplasmic reticulum Ca®*-ATPase
GABARAPs = gamma aminobutyric acid receptor-associated proteins
shRNA short hairpin RNA
GEMMs genetically engineered mouse models
SiNPs silica nanoparticles
GSK3 glycogen synthase kinase 3
SLNs solid lipid NPs
GTP guanosine triphosphate
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein
HCC human hepatocellular carcinoma receptor
HCQ hydroxychloroquine SQSTM1 sequestosome 1
HER2 human epidermal growth factor receptor 2 SWCNTs single-walled carbon nanotubes
HMGB1 high mobility group protein B1 TNBC triple-negative breast cancer
IP3 inositol-3 triphosphate TQ thymoquinone
JNK c-Jun N-terminal kinase ULK Unc-51 like autophagy activating kinase (ULK1/2)
Lamp2 lysosomal membrane-associated protein 2 VPS vacuolar protein sorting
LC3 microtubule-associated protein 1A/1B-light chain 3
MCF-7 Michigan Cancer Foundation-7 cell line
MDA-MB- highly aggressive, invasive and poorly differentiated triple-
231 negative breast cancer (TNBC) cell line
MDR multidrug resistance
MEK mitogen-activated extracellular signal-regulated kinase
MQ mefloquine
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Breast cancer (BC) is the most common malignancy in women worldwide, and the
standard treatment is chemotherapy or radiotherapy after surgery. In order to
reduce the side effects of chemotherapy, various nanoparticles (NPs) have been
discovered and synthesized, which has become a promising treatment for BC. In
this study, a co-delivery nanodelivery drug system (Co-NDDS) was designed and
synthesized with 2,3-dimercaptosuccinic acid (DMSA) coated FezO,4 NPs as core
encapsulated into chitosan/alginate nanoparticles (CANPs) shell, doxorubicin
(DOX) and hydroxychloroquine (HCQ) as loading drugs. Smaller NPs carrying
DOX (FeAC-DOX NPs) were loaded into larger NPs containing HCQ (FeAC-DOX@
PC-HCQ NPs) by ionic gelation and emulsifying solvent volatilization methods.
The physicochemical properties of this Co-NDDS were characterised, followed by
in vitro studies of the anticancer effects and mechanisms using two different BC
cell lines, MCF-7 cells and MDA-MB-231 cells. The results indicated that the Co-
NDDS showcases exemplary physicochemical qualities and encapsulation
capacity, facilitating accurate intracellular release through pH-sensitive
attributes. Importantly, NPs can significantly increase the in vitro cytotoxicity of
co-administered drugs and effectively inhibit the autophagy level of tumour cells.
The Co-NDDS constructed in this study provides a promising strategy for the
treatment of BC.

KEYWORDS

co-delivery, combination chemotherapy, nanoparticles, breast cancer, autophagy

1 Introduction

Breast cancer (BC) is one of the most common malignancies in the world, and its
increasing morbidity and mortality rates threaten the health and even the lives of millions of
patients every year (Global Burden of Disease Cancer et al., 2018; Sun et al., 2018). At
present, the treatment of BC is a multimodal strategy combining surgery, chemotherapy,
radiotherapy and hormone therapy. The main clinical treatment is post-operative
chemotherapy, where patients are given effective chemical anti-tumour cytotoxic drugs
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to combat the tumour. Chemotherapy prevents the unrestricted
growth of tumour cells and inhibits the metastatic spread of tumours
to a certain extent (Yang et al., 2021; O’Grady and Morgan, 2021).
Despite its efficiency, single chemotherapy is associated with a range
of serious side effects, such as a compromised immune system, liver
and kidney issues, a reduction in white blood cells, and even the
possibility of tumour cells becoming resistant to chemotherapy
drugs, making it a challenging treatment choice. In order to
reduce the toxic side effects of the drugs on the whole body,
enhance the sensitivity of tumour cells to the drugs and thus
effectively avoid drug resistance, some combination
chemotherapy regimens have emerged (Li et al., 2017a; Hu et al,,
2018).

Recent studies (Aiello et al., 2021) have demonstrated a growing
interest in the loading of anti-cancer drugs into nanodelivery drug
systems (NDDSs) as a means of treatment. NDDS have made
notable advances when used in combination with anti-cancer
drugs, resulting in enhanced therapeutic efficacy and fewer toxic
side effects (Farooq et al., 2019; Huang et al., 2019). As early as 1995,
researchers announced the first liposome-based nanomedicine,
Doxil®, for the treatment of tumours (Irvine and Dane, 2020).
Based on the above background, co-delivery NDDS (Co-NDDS)
were gradually developed, where at least two anticancer drugs with
different physicochemical and pharmacological properties are
loaded into a co-delivery system for clinical combination
chemotherapy (Qi et al., 2017). Wang et al. loaded the anticancer
drugs doxorubicin (DOX) and paclitaxel (PTX) onto co-delivered
polyethylene glycol poly (lactic-co-glycolic acid) (PEG-PLGA)
nanoparticles (NPs) which were co-delivered to increase the
effectiveness of free DOX and PTX combination chemotherapy
for non-small cell lung cancer (Wang et al, 2011). A similar
synergistic effect was obtained by Xiao et al. in the evaluation of
biodegradable polymers co-releasing DOX and oxaliplatin to
enhance anticancer therapy (Xiao et al,, 2012).

As a common chemotherapeutic agent for BC, DOX is an
antibiotic with broad-spectrum anti-tumour activity (Molinaro
et al.,, 2020). Its main mechanism of action is to block the
synthesis of nucleic acids embedded in DNA, thereby inducing
DNA damage and apoptosis in cancer cells, and has a strong
cytotoxic effect (Bao et al., 2012; Tun et al., 2019). In recent years,
due to the fact that DOX alone can lead to an increased autophagy
level of tumour cells and their resistance to chemotherapeutic
drugs, there has been a growing number of studies focusing on
the  combination of chemotherapeutic  drugs and
chemosensitizers. Chemosensitizers are compounds that are
not cytotoxic to cancer cells, but when combined with
chemotherapy drugs it can enhance their effects (Karagounis
et al, 2016). Autophagy inhibitors are one of the common
chemosensitizers (Wang et al, 2021; Wong, 2021). When
exposed to chemotherapeutic drugs, tumour cells tend to
increase the level of intracellular autophagy, allowing them to
evade the chemotherapeutic stimulus and develop resistance to
the drugs (Li et al., 2017b; Smith and Macleod, 2019). Thus, co-
delivery of chemotherapeutic agents with autophagy inhibitors
may be a beneficial strategy for treating BC. Recent research has
shown that the antimalarial drug hydroxychloroquine (HCQ) has

an inhibitory effect on cellular autophagy and is a lysosomal
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inhibitor (Vyas et al., 2022). Its mechanism of action is to affect
the degradation of autophagosomes in the later stages of
autophagy by inhibiting the fusion of autophagosomes with
lysosomes, resulting in the accumulation of autophagosomes,
and therefore has potential application in synergy with
chemotherapeutic drugs (Piao et al., 2017; Onorati et al., 2018;
Amaravadi et al., 2019). In summary, if DOX and HCQ are
simultaneously encapsulated in a NDDS, it can not only
successfully reduce the high autophagy level of tumour cells
caused by chemotherapeutic drugs and enhance the sensitivity
of tumour cells to the drugs, but also simultaneously avoid the
adverse effects of both drugs on normal tissues.

For NDDSs, the biocompatibility of the delivery system,
various physicochemical properties and the ability to release
precisely within the cell depend on the choice of biomaterial.
According to the survey, chitosan (CS) is a biocompatible and
biodegradable polymer with mucosal adhesion and high solubility
under acidic conditions (Muxika et al., 2017; Ryu et al., 2020).
Alginate (ALG) is a natural polysaccharide consisting of D -
mannuronic acid and L - guluronic acid with excellent
properties of biodegradability and low toxicity (Natrajan et al,
2015; Rastogi and Kandasubramanian, 2019). The electrostatic
and ALG
environment, thus allowing the nanomaterial composed of both

binding between CS increases in an acidic
to protect the drug from excessive release in an acidic environment
(Zhang et al., 2018). Poly (D, L-lactide-co-glycolide) (PLGA) is a
widely used functional polymeric organic compound, also with
remarkable biocompatibility, which is widely used in the
preparation of nanodelivery vehicles (Dong and Feng, 2005).

In this study, we designed and prepared Co-NDDSs (FeAC-
DOX@PC-HCQ NPs) that encapsulated two drugs simultaneously,
where the chemotherapeutic drug DOX was encapsulated in the
smaller nanoparticle FeAC-DOX NPs, and then the autophagy
inhibitor HCQ was co-encapsulated with FeAC-DOX NPs in the
larger NPs. In addition, we characterised their physical and chemical
properties (e.g., particle size, zeta potential, transmission electron
microscopy, spectroscopy  and
encapsulation efficiency) and further investigated their anti-

Fourier transform infrared

cancer ability in vitro and their effect in inhibiting autophagy.

2 Materials and methods

2.1 Materials

All reagents and solvents were obtained from commercial
suppliers and were used without further purification.
Doxorubicin and 2,3-dimercaptosuccinic acid (DMSA) coated
Fe;O, NPs were acquired from Solarbio (Beijing, China).
Hydroxychloroquine sulfate was obtained from TCI (Tokyo,
Japan). PLGA (lactide: glycolide = 50:50, ester terminated, Mw =
38,000-54,000) (PVA, 86.5%-89%
hydrolyzed, viscosity 4.6-5.4 mPa-s were purchased from Aladdin
(Shanghai, China). Chitosan (molecular weight, 50,000-190,000;
viscosity, 20-30cP; and deacetylation 75%) and sodium alginate
(low viscosity, 80,000-120,000; molecular weight, viscosity 2000cP)
were obtained from Sigma-Aldrich (St. Louis, MO, UnitedStates).

and  Polyvinylal-cohol
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All other materials are analytical grade. Distilled water is used
throughout the process.

2.2 Synthesis of FITC labeled CS

The synthesis of chitosan labelled by FITC is based on the
reaction between the isothiocyanate group of FITC and the primary
amino group of chitosan (Moussa et al., 2013). CS was dissolved in
0.1 M acetic acid solution to give 20 mL of 1% (w/v) chitosan
solution. 20 mL of FITC solution (20 mg dissolved in 20 mL of
dehydrated methanol) was added to the above solution. The reaction
was stirred in the dark for 4 h. The pH was adjusted to 10 with 0.5 M
sodium hydroxide solution to precipitate the labelled product
(FITC-CS). Centrifuge and wash with distilled water until the
supernatant is free of fluorescence. The labelled product was
redissolved in 20 mL of 0.1 M acetic acid solution and dialyzed
in 4L of distilled water in the dark for 3 days, with daily water
changes.

2.3 Preparation of NPs

2.3.1 Preparation of drug-loaded NPs

Based on the existing literature, DOX was wrapped around the
DMSA coated Fe;0,@DMSA NPs (Oh et al., 2017). Briefly, about
0.I1mLFe;0,@DMSA (~4mg/mLFe;0,) were incubated with 0.5mL
of DOX solution (500mg DOX) at 4°C for 12h to obtain DOX
coupled Fe;0,@DMSA-DOX NPs, which were washed several times
with water to remove the unattached free DOX molecules. Then, add
3 mL of ALG solution under gentle stirring, ultrasonic for 10 min,
centrifuge at 11,000 g for 20 min and washed off the residual ALG
with water. Finally, a total of 3 mL of CS solution (1% w/v acetic acid
dissolved in water) was dropped at a rate of 2 drops/s, stirred for 1 h
and washed off the residual CS with water. Specifically, centrifuge
three times and discard the waste liquid and re-add single distilled
water after each centrifugation. The above NPs were collected and
freeze-dried for later use, resulting in the smaller NPs in this study,
which were named FeAC-DOX NPs.

Larger NPs were prepared by the water-in-oil-in-water (W/O/W)
double-emulsion solvent diffusion-volatilization method (Jin et al.,
2021). FeAC-DOX NP and 4 mg of HCQ were mixed and added to
10 mL of 2% (w/v) PVA solution as the water phase, and the water
phase was added dropwise to PLGA solution (80 mg/3 mL acetone) and
sonicated for 1 min to form an O/W emulsion. The emulsion was
poured into 100 mL of distilled water and stirred for 3 h to evaporate the
organic solvent to form PLGA NPs. A total of 20mL of CS solution (1%
w/v acetic acid dissolved in water) was added dropwise at a rate of
2 drops/s, stirred for 1 h and the residual CS was washed away with
water. The above NPs were collected and freeze-dried for further study,
resulting in the larger NPs in this study, which were named FeAC-
DOX@PC-HCQ NPs.

2.3.2 Preparation of tracing NPs

FITC-labelled NPs (FeAC-DOX@PC-FITC-HCQ)
prepared on the basis of the NPs prepared above. The FITC-
loaded CS were used as the outer chitosan layer and were

were

prepared in the same way as described above.
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2.4 Physical and chemical characterization

FeAC-DOX@PC-HCQ was observed using a transmission
electron microscope (TEM, H7650; Hitachi, Tokyo, Japan) at an
accelerating voltage of 100 kV. The deionised water-diluted sample
suspension was placed on a copper grid coated with carbon film.
After drying, the samples were observed by TEM. The size
distribution of NPs and zeta potential were determined by
light scattering (DLS) and light
scattering (ELS) using Zetasizer Nano ZS (Malvern Instruments,

dynamic electrophoretic
UK). All samples were resuspended in deionised water and three
measurements were required, with results expressed as mean *
standard deviation (SD). The raw material, empty NPs and drug-
loaded NPs were measured by Fourier transform infrared
spectroscopy (FT-IR, Alpha type, Bruker, Billerica, MA,
UnitedStates) in the transmittance range of 4,000-400 cm™ and
the chemical structure of each sample was analysed.

2.5 Pharmaceutical characterization

2.5.1 Encapsulation efficiency (EE) and drug
loading capacity (LC)

Standard curves were obtained for the concentrations of DOX
and HCQ in the aqueous UV-Vis
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, UnitedStates) at 480 nm and 343 nm. The amount of
DOX in FeAC-DOX NPs was determined indirectly by
measuring the amount of free drug in the supernatant after
three washes of FeAC-DOX NPs. After the supernatant was
collected, the absorbance of the solution was measured at

phase

using a

343nm by UV spectrophotometry and the amount of free
drug was calculated from the standard curve.

For HCQ, the amount of free drug in the supernatant of FeAC-
DOX@PC-HCQ NPs after 3 washes was determined by the same
method, and the amount of HCQ in FeAC-DOX@PC-HCQ NPs
was determined indirectly. The EE and LC formulas are as follows:
EE%

_ Total DOX or HCQ weight — Free DOX or HCQ weight

100%
Total DOX or HCQ weight X ’
LC%
_ Total DOX or HCQ weight — Free DOX or HCQ weight « 100%
- Total NPs weight ’

2.5.2 In Vitro drug release

The in vitro release characteristics of FeAC-DOX@PC-HCQ
NPs and FeAC-DOX NPs were studied by the classical dialysis bag
method for in vitro release studies. For FeAC-DOX@PC-HCQ NPs,
approximately 5 mg of FeAC-DOX@PC-HCQ NPs were suspended
in 5mL of buffer solution at different pH values (5.8 and 7.4) to
simulate the cytoplasmic (pH 5.8) and physiological (pH 7.4)
The then
transferred to a dialysis bag (molecular weight 7 K, Solarbio,
Beijing, China), placed in 200 mL of the same pH PBS and
incubated at 37°C at 70 rpm. 2 mL of HCQ release solution was
and the HCQ

environments of cancer cells. suspension  was

removed at predetermined time intervals
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343 nm uv
spectrophotometer while an equal amount of fresh buffer was added.

For FeAC-DOX NPs, NPs were suspended in 5 mL of buffer
solution at different pH values (5.0, 5.8 and 7.4) to simulate

concentration was measured at using a

lysosomes (pH 5.0), the cytoplasmic environment of cancer cells
(pH 5.8) and the nucleus (pH 7.4). DOX concentrations were
measured at 480 nm by the above method. The cumulative drug
release formula is as follows:

The cumulative drug release%
HCQ or DOX released amount

- , x 100%
total amount of HCQ or DOX in NPs

2.6 In Vitro biological effect experiment

2.6.1 Cell culture

MCF-7 and MDA-MB-231 human BC cells were cultured at
37°C in a humid atmosphere containing 5% CO, (Thermo Fisher
Scientific), and the cells were cultured in DMEM medium. Penicillin
(100 U/mL), streptomycin (100 U/mL) and heat-inactivated fetal
bovine serum (10%, Atlanta Biologics; Flowery Branch, GA,
UnitedStates) were added to the medium.

2.6.2 In Vitro cytotoxicity of empty NPs and drug-
loaded NPs

In the cytotoxicity assay with material and drug-loaded NPs, cell
concentrations were first determined by hemocytometry, cells were
inoculated in 96-well plates at a density of 5 x 10° cells per well and
incubated at 37°C in a 5% CO, atmosphere for 24 h. The original
medium was removed and MCF-7 and MDA-MB-231cells were
treated with 100 uL of medium containing DOX at concentrations
ranging from 0 to 10.0 pg/L (actual DOX content was calculated
based on the loading of NP) in different concentrations of empty
NP, free DOX, free DOX + HCQ, FeAC-DOX NPs and FeAC-
DOX@PC-HCQ NPs, and set blank and control groups. The
concentration of HCQ in this co-administration system was a
fixed value and 10 ug/mL low cytotoxicity was chosen for the
experiment. At the fixation time (24 h), the medium containing
the material and drug-loaded NPs was removed and the cells were
washed twice with PBS. Then 10 pL of CCK-8 reagent was added
and the plates were placed in an incubator for 1.5h. Finally,
absorbance was measured at 450 nm using a microplate reader. A
treatment concentration of 50% inhibition (IC 50) was used for
further studies. Each set of experiments was repeated three times.
The formula for cell viability was as follows:

OD treat — OD blank

OD control — OD blank x 100

The cell viability =

2.6.3 In Vitro migration assay

The effect of different drugs on the migration of BC cells was also
assessed by a wound healing assay. MCF-7 and MDA-MB-231 cells
were pre-inoculated in 6-well plates and cell monolayers were
carefully scratched with the tip of a 10 uL sterile pipette when
the cells had grown to a 90% concentration. Cell debris was
washed with PBS and photographed under a microscope as a
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control at 0h. After incubation with different drugs for 48h,
photographs were taken for comparison with the 0 h control and
the relative migration area of the cells was calculated using Image].

2.6.4 Cellular uptake

Experiments were performed using FITC-labelled NPs (FeAC-
DOX@PC-FITC-HCQ NPs) and cellular uptake of NPs was
analysed by fluorescence microscopy imaging. Briefly, MCF-7
and MDA-MB-231 cells were inoculated in 24-well plates and
incubated in a 5% CO, incubator at 37°C for wall attachment.
Drug-containing medium was then added and the cells were
incubated together for 0 h, 6 h, 12 h and 24 h. The medium was
aspirated and excess NPs was removed using PBS. The cells were
then fixed with 4% paraformaldehyde for 20 min and DAPI was
added for staining for 5min. The images were viewed with an
Olympus fluorescence microscope, and the images were acquired
using the RBITC channel, DAPI channel and DOX intrinsic red
fluorescence.

2.7 Autophagy analysis

2.7.1 Western blot assay

The expression of autophagy-associated marker protein (LC3)
was detected by immunoblotting. MCF-7 and MDA-MB-231 cells
from different groups were collected after 24 h incubation with
drugs, and approximately 100 mL of lysate was added to each group
separately to ensure that all proteins were solubilized. The proteins
extracted from each group of cells were collected and they were
diluted to the same concentration. Each group of proteins was
electrophoresed with equal micrograms of SDS-PAGE and then
transferred onto polyvinylidene fluoride membranes (PVDEF). After
blocking for 60 min, the monoclonal antibodies LC3 (1:1000,
Affinity) and p-actin (1:100,000, Abclonal) were incubated
4°C
expression is observed after incubation with goat anti-rabbit HRP

overnight at respectively.  After incubation, protein
antibody (1: 8,000, Abclonal) for 60 min at room temperature. The
assay was repeated at least three times. Bands were quantified using

Image].

2.7.2 Monodansylcadaverine (MDC) staining assay

MDC staining was performed to detect autophagic vesicles in
MCEF-7 and MDA-MB-231 cells after different drug treatments to
reflect the level of autophagy. After 24 h of treatment of cells with
different drugs, cells were collected and incubated with MDC
(Solarbio, Beijing, China) for 20 min at 37°C in the dark. Cells
were centrifuged at 800 g for 5 min, washed with 1x WASH buffer
and then resuspended. Cell suspensions were dropped onto slides
and sealed, and staining results were observed using a fluorescent
microscope (Ti2-A, Nikon, Japan).

3 Results
3.1 Preparation of NPs

Firstly, smaller NPs loaded with DOX (FeAC-DOX) were
prepared using the ionic gelation method by exploiting the
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Preparation and characterization of co-delivery NPs. (A) Preparation scheme of co-delivery NPs. (B) TEM images of co-delivery NPs under 200 nm
field of view and 500 nm field of view. (C) The fluorescence images of FeAC-DOX@PC-FITC-HCQ NPs. The average particle size of FeAC-DOX NPs (D)

and FeAC-DOX@PC-HCQ NPs (E) detected by Zetasizer Nano ZS

electrostatic interactions between the self-carboxyl groups of
Fe;0,@DMSO nanomaterials and the amino groups of DOX,
and between the negatively charged carboxyl groups in ALG and
the positively charged amino groups in CS. Next, FeAC-DOX NPs
and HCQ were used as the aqueous phase and PVA was used as the
emulsifier to encapsulate them in PLGA using the O/W emulsion
technology, and CS was added to the outermost layer to make the
NPs more stable as a whole. This procedure resulted in the
preparation of larger NPs loaded with both DOX and HCQ
(FeAC-DOX@PC-HCQ NPs), as shown in Figure 1A.

3.2 Physical and chemical characterization
Observation of FeAC-DOX@PC-HCQ NPs under transmission

electron microscopy shows that FeAC-DOX@PC-HCQ NPs loaded
with both FeAC-DOX NPs and HCQ are approximately spherical
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and have a smooth surface with a diameter of about 200 nm.
Figure 1B shows the field of view of FeAC-DOX@PC-HCQ NPs
at 200 nm and 500 nm.

The fluorescence tracking technique was used to verify that the
smaller NPs FeAC-DOX NPs is co-wrapped with HCQ in the larger
NPs FeAC-DOX@PC-HCQ NPs (Figure 1C). Since HCQ does not
have fluorescent properties while DOX is self-fluorescent in red,
FITC-labelled NPs (FeAC-DOX@PC-FITC-HCQ NPs) were
prepared to trap HCQ by using the FI-TC-loaded CS as the
outermost layer of the NPs. In the fluorescence images, the outer
CS and DOX exhibited green and red fluorescence, respectively. The
results show that the yellow fluorescence appears in the centre of the
NPs, indicating the superposition of red (DOX) and green (HCQ)
fluorescence, which indicates that FeAC-DOX NPs are co-
encapsulated with HCQ in FeAC-DOX@PC-HCQ NPs.

The specific size distribution of the above NPs as well as the
potential were measured by dynamic light scattering. FeAC-DOX
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TABLE 1 Mean diameter and zeta potential of nanoparticles.

Size (nm)

Nanoparticles

10.3389/fphar.2023.1176232

Zate potential (mV)

FeAC-DOX NPs 593 +7.1 0.337 £ 0.101 +13.6 + 2.1
FeAC-DOX@PC-HCQ NPs 255.7 + 18.45 0.224 + 0.083 +22.3 + 0.8
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FIGURE 2

The chemical structure of the raw materials, empty NPs, and drug-loaded NPs are analyzed by FT-IR. (A) ALG, CS, ALG-CS NPs; (B) DOX, ALG-CS
NPs, FeAC-DOX NPs; (C) HCQ, FeAC-DOX NPs, PLGA, FeAC-DOX@PC-HCQ NPs.

NPs is classified as 59.3 + 7.1 nm (Figure 1D) and FeAC-DOX@PC-
HCQ NPs as 255.7 + 18.45nm (Figure 1E) with PDI values of
0.337 £ 0.101 and 0.224 * 0.083 respectively (Table 1), similar to
those observed under transmission electron microscopy, with
suitable dimensions and good dispersion. Among the many
parameters, the size of the NPs played an important role in the
EPR effect, with a cut-off size of approximately 400 nm for
penetration into the tumour, with particles less than 200 nm in
diameter being the most effective (Sun et al, 2014). The Zeta
potential of FeAC-DOX@PC-HCQ NPs was +22.3 + 0.8 mV and
that of FeAC-DOX NPs. The uptake of the negatively charged
nanodrugs by tumour cells was increased, and the ability to
escape from lysosomes after cell entry was also improved,
resulting in enhanced anticancer efficacy (Du et al.,, 2011).

DOX, HCQ, ALG, CS, PLGA, ALG-CS NPs, FeAC-DOX NPs
and FeAC-DOX@PC-HCQ NPs were chemically characterised by
FT-IR spectroscopy, and Figure 2 shows the potential interactions
between them. The basic characteristic peaks for ALG appear at
3400 cm™ (O-H stretching and N-H stretching, overlapping),
1700 cm™ (C=O stretching), 1070 cm™ (C-O-C stretching) and
955cm™ (O-H stretching). The IR spectrum of CS shows
characteristic peaks at 3434cm™ (O-H stretching and N-H
stretching, overlapping), 1596 cm™ (N-H stretching), 1465 cm™
(C-H stretching) and 1150 cm™ (C-O-C stretching). The infrared
spectra of CS-ALG NPs demonstrate a stretching vibration shift of
-OH and -NH, at 3434 cm' to 3424 cm™ and a stretching shift of the
-COO- group to 1579 cm™. The results demonstrate that the amino
group of CS reacts with the carboxyl group of ALG to form an amide
group and these changes are chemically bound.

The basic characteristic peaks of DOX appear at 3317 cm™ (O-H
stretching), 2917 cm™ (C-H stretching), 1729 cm™ (C=0
stretching), 1614 cm™ (C=C in the benzene ring) and 1246 cm™
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(C-O stretching). The disappearance of the characteristic absorption
peaks of DOX in FeAC-DOX NPs may indicate that DOX has been
successfully encapsulated in FeAC-DOX NPs.

In addition, the HCQ results show characteristic peaks for N-H
at 3319 cm™ and 3100 cm ™ and three peaks at 1650 cm™, 1571 cm™”
and 1501 cm* suggesting the presence of an aromatic ring structure.
C-H in PLGA has a broadband at 2972 cm™!, C=0 has an absorption
peak at 1740 cm™, C-H produces absorption peaks at 1470 cm™ and
1380 cm™ stretching, and O-H produces an absorption peak at
955 cm™ from carboxyl vibrations. After the formation of FeAC-
DOX@PC-HCQ NPs, some of the absorption peaks weaken or
disappear in intensity and the wave number shifts. For example,
the IR spectrum of the final NPs shows a weakening of the broad
absorption peak at 2972 cm™ and the appearance of the broad
absorption peak at 1650 cm™. These changes suggest that the
formation of FeAC-DOX@PC-HCQ NPs is not a physical
combination of the various materials and drugs, but a chemical
reaction between them, meaning that both DOX and HCQ drugs are
successfully encapsulated in the final NPs.

The drug EE and LE of FeAC-DOX NPs and FeAC-DOX@PC-
HCQ NPs were 81.7% and 67.2% and 6.71% and 8.94%, respectively
(Table 2). These results suggest that the co-delivery NPs are ideal
NDDSs.

3.3 In Vitro drug release

The ability of the synthesised larger NPs FeAC-DOX@PC-
HCQ NPs to release the drug in buffers of different pH was
examined by a classical cumulative drug release method to
simulate a neutral blood environment or an acidic tumour cell
environment. Figure 3A shows the cumulative release of HCQ
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TABLE 2 Encapsulation efficiency (EE) and loading efficiency (LE) of nanoparticles.

EE of DOX (%)

Nanoparticles

LC of DOX (%)

EE of HCQ (%) LC of HCQ (%)

FeAC-DOX NPs 81.7 6.71
FeAC-DOX@PC-HCQ NPs 67.2 8.94
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FIGURE 3

In vitro drug release. (A) The release curve of HCQ from FeAC-DOX@PC-HCQ NPs in PBS (pH 5.8 and pH 7.4). (B) The release curve of DOX from

FeAC-DOX NPs in PBS (pH 5.0, pH 5.8, and pH 7.4).

from larger NPs (FeAC-DOX@PC-HCQ NPs) at pH values of
cancer cell cytoplasm (pH 5.8) and blood or normal organs
(pH 7.4). The cumulative release of FeAC-DOX@PC-HCQ NPs
at pH 5.8 was 71.1% at 48 h and the cumulative release of HCQ at
pH 7.4 was 51.3% at 48 h, respectively, indicating that the drug
release from the NPs in the simulated blood or normal organ
environment was less than that in the simulated cancer cell
cytoplasm. For the smaller nanoparticle FeAC-DOX NPs, their
ability to release DOX was assayed by the same method
3B),
(pH 5.0), cancer cell cytoplasmic environment (pH 5.8) and
cytosolic environment (pH 7.4). The results showed that the
cumulative DOX release from FeAC-DOX NPs at pH 7.4 was
64.1% for 48 h, while at pH 5.8 and pH 5.0, the cumulative DOX
release for 48 h was 30.1% and 24.0%, respectively.

The above results indicate that FeAC-DOX@PC-HCQ NPs is
pH sensitive and that the encapsulated drug is released sequentially.

(Figure including simulated lysosomal environment

From the release characteristics of the larger NPs, it can be
concluded that the release of HCQ in the simulated blood
environment is much smaller than that in the simulated cancer
cell cytoplasm. This is due to the fact that the outer chitosan layer
keeps the larger NPs relatively stable in a neutral blood environment
(Li et al., 2018), whereas in the acidic environment of cancer cell
cytoplasm the CS dissolves due to the weakened inter-chain
interactions caused by the protonation of amino groups in the
CS, resulting in the release of the drug from the NPs (Rizeq
et al,, 2019). For smaller NPs, FeAC-DOX NPs is more stable
and less likely to release drugs in an acidic cytoplasmic
environment and lysosomal environment than in a neutral
environment at pH 7.4 (which can also as the pH of the
nucleus). This is due to the enhanced binding of electrostatic
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interactions between CS and ALG in the acidic environment
(Biswas et al., 2015), which slows drug release.

It is clear that FeAC-DOX@PC-HCQ NPs protect the drug
encapsulated in them well during blood transport, while HCQ and
smaller NPs are better released when transported into the acidic
tumour cell environment, where the released HCQ will act on its
pharmacological target to inhibit autophagy and protect FeAC-DOX
NPs from being removed by autophagy. After lysosomal escape, the
FeAC-DOX NPs protected DOX in an acidic environment
(cytoplasm and lysosomes), while entering the nucleus, they
release DOX at pH 7.4 and thus have a cytotoxic effect on DNA.

3.4 In Vitro biological effect

3.4.1 Cell viability of empty NPs

Biocompatibility is a major factor in the evaluation of drug
delivery systems targeting tumours. Different concentrations of
blank NPs were applied to MCF-7 and MDA-MB-231 BC cells
and cytotoxicity tests were performed using the CCK-8 kit to obtain
cell viability. As shown in Figure 4, the concentrations of blank NPs
were selected as 0.25, 0.5, 0.75 and 1.0 ug/mL. After 24h of
nanomaterial action, the different concentrations of blank NPs
were not significantly toxic to MCF-7 and MDA-MB-231 BC
cells, and the cell survival rates were above 95%. In conclusion,
the nanomaterials selected for the study have proven to be safe as
drug carriers and possess high biocompatibility.

3.4.2 Cytotoxicity of drug-loaded NPs

The results of the drug cytotoxicity assay are shown in Figure 5.
The cytotoxic effects of different administration forms of the model
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Cytotoxicity of drug-loaded NPs. The compare of in vitro cytotoxic between free drugs (DOX, DOX and HCQ) and drugs-loaded NPs (FeAC-DOX
NPs, FeAC-DOX@PC-HCQ NPs) at various concentrations for 24 h, respectively on MCF-7 cell (A) and MDA-MB-231 cell (B). Data represent as mean + SD

(n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001.

drug (free DOX, FeAC-DOX NPs, free DOX + HCQ and FeAC-
DOX@PC-HCQ NPs) on MCF-7 and MDA-MB-231 cells were
examined at different DOX concentrations. The results showed
that NPs containing different concentrations of DOX (FeAC-DOX
NPs) had a higher cytotoxic effect on both BC cells than the free DOX
group. Nanopreparations containing lower concentrations of DOX
(0.1-1.0 pg/mL) had significantly higher cytotoxic effects on BC cells
than the free drug (p < 0.05), while nanopreparations containing
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higher concentrations of DOX (10 ug/mL) had comparable cytotoxic
effects to the free DOX group. The cytotoxic effects of
nanopreparations  with all of DOX
(0.1-10 ug/mL) were significantly higher than those of the free
drug group for both BC cells (p < 0.05). Notably, the combination
drug group at different concentrations (DOX + HCQ) was more
potent in killing both BC cells than the chemotherapeutic drug DOX
alone, and this aspect was more pronounced for MCF-7 cells.

almost concentrations
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TABLE 3 IC50 values of different formulations at 24 h.

Formulation IC50(pg/mL)
MDA-MB-231
DOX 0.62 1.24
FeAC-DOX NPs 0.46 0.95
DOX + HCQ 032 0.59
FeAC-DOX@PC-HCQ NPs 0.16 0.13

In addition, the IC50 values of different free drug and drug-
loaded NPs were compared for MCF-7 cells and MDA-MB-
231 cells. From the experimental results (Table 3), it can be seen
that the nanoformulation of DOX (FeAC-DOX NPs) showed lower
IC50 values than free DOX in both cell lines. The NDDS increased
the killing effect of DOX on MCEF-7 and MDA-MB-231 cells by
25.80% and 23.39%, respectively. For the co-administration of DOX
and HCQ, the cytotoxic effect of co-loaded nano-x on both BC cells
also reached 2 and 4.54 times that of the two free drugs, respectively,
and this killing effect was even more pronounced for MDA-MB-
231 cells.

3.4.3 Effect of drug-loaded NPs on cell migration

The migration of tumour cells is closely related to tumour
metastasis, which is a major factor contributing to high mortality
(Ko et al., 2021). Figures 6A, C demonstrate the effects of different

10.3389/fphar.2023.1176232

model drugs on the migration of MCF-7 cells and MDA-MB-
231 cells in vitro, respectively. Compared to the control group,
each drug treatment group inhibited the migration of BC cells to
different degrees (p < 0.01 or p < 0.001), with the most pronounced
inhibition occurring in the co-loaded NPs (FeAC-DOX@PC-HCQ
NPs) treated group. In the cell migration assay, control cells
gradually migrated towards the nutrient-rich and low survival
pressure scratches, which recovered significantly after 48h
incubation. For MCF-7 cells, cell migration rates were 34.1%,
30.6%, 17.1% and 11.7% after 48h incubation by medium
containing the same drug loading of free DOX, DOX
nanoformulation (FeAC-DOX NPs), free DOX + HCQ, DOX and
HCQ co-loaded nanoformulation (FeAC-DOX@PC-HCQ NPs),
respectively. In contrast, for MDA-MB-231 cells, the «cell
migration rates after the same treatment were 38.6%, 31.4%,
14.5% and 6.9%, respectively (Figures 6B, D). The results
indicated that the nanoformulation enabled the drugs to inhibit
BC cell migration more significantly than the free drugs, while the
combined drug group was more able to inhibit tumour cell migration
than the group treated with chemotherapeutic drugs alone.

3.4.4 Cellular uptake of NPs

Whether NPs can be effectively taken up by cells is a major
requirement for evaluating their therapeutic efficacy. To
investigate the detailed uptake of drugs in cancer cells, free
DOX and FeAC-DOX@PC-HCQ NPs were co-incubated with
MCE-7 and MDA-MB-231 BC cells for 0 h, 6 h, 12h and 24 h,

respectively (Figure 7).
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FIGURE 6

Effect of drug-loaded NPs on cell migration. Representative images and relative cell migration treated with PBS, free drugs (DOX, DOX and HCQ) and
drugs-loaded NPs (FeAC-DOX NPs, FeAC-DOX@PC-HCQ NPs) for 48 h, respectively on MCF-7 cell (A, B) and MDA-MB-231 cell (C, D). Data represent as

mean + SD (n = 3).
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*p < 0.05, **p < 0.01 and ***p < 0.001. vs. PBS. #p < 0.05, ##p < 0.01 and ###p < 0.001. vs FeAC-DOX@PC-HCQ NPs.
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Cellular uptake of free DOX and FeAC-DOX@PC-FITC-HCQ NPs by MCF-7 cells and MDA-MB-231 cells, respectively. MCF-7 cells (A) and MDA-
MB-231 cells (B) were treated with free DOX (red) for 0, 6, 12 and 24 h, and the fixed cells were stained with DAPI to observe the nucleus (blue). MCF-7
cells (C) and MDA-MB-231 cells (D) were treated with FeAC-DOX@PC-FITC-HCQ NPs for 0, 6, 12 and 24 h. Red fluorescence indicates DOX loaded in
NPs, green fluorescence indicates FITC loaded in NPs, and blue fluorescence indicates the region of the nucleus stained with DAPI.

Figures 7A, B show the uptake of free DOX by both cell lines,
with blue fluorescence representing the DAPI-stained nucleus, red
fluorescence representing DOX and purple fluorescence
representing the overlapping area between the two. As the results
show, when the cells were treated with free DOX for 0 h, no overlap
between blue and red fluorescence was seen, indicating that no free
DOX was entering the cells at this time. After 6 h of co-incubation,
red fluorescence appeared near the nucleus, and as the time was
extended to 12 h, the blue fluorescence and red fluorescence came
further together and even partially overlapped. At 24h, the
overlapping purple fluorescence continued to increase, indicating
that the free drug had effectively entered the nucleus at this time, and
this phenomenon was more fully expressed in MCF-7 cells.

The internalization process and intracellular localisation of the
FeAC-DOX@PC-HCQ nanoparticle drug in two BC cell lines was
then proceeded to be examined using fluorescent tracer techniques
(Figures 7C, D). Since HCQ is loaded in larger NPs without
fluorescent properties, FeAC-DOX@PC-FITC-HCQ NPs were
prepared for fluorescent tracing for this purpose. In this
fluorescent tracer system, DOX and FITC exhibit red and green
respectively, and blue fluorescence
DAPI-stained nuclei. Thus,
fluorescence microscopy, the yellow fluorescence is an overlap of

red (DOX) and green (FITC) fluorescence, and the purple

fluorescence, remains

representative of the under
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fluorescence represents a fusion of blue (DAPI) and red (DOX)
fluorescence. From Oh to 12 h, yellow fluorescence gradually
accumulated around the nucleus as the incubation time
increased, demonstrating that the co-administered NDDS had
been effectively delivered to the pericellular area. For the cellular
uptake of DOX, from 0 h to 6 h, the purple fluorescence around the
nucleus gradually increased in density as the incubation time
increased, demonstrating the presence of DOX in the nucleus,
while from 12h to 24 h, the purple fluorescence was clearly
visible in the nucleus and continued to increase in density,
indicating that DOX had accumulated in the nucleus of tumour
cells and exerted anti-cancer effects. This phenomenon was also
evident in both BC cell lines. This demonstrates that the NDDS can
deliver the drug to the nucleus more efficiently than the free DOX,

thus exerting anti-cancer effects.

3.5 Autophagy analysis

3.5.1 LC3-1l and LC3-II/LC3-I protein expression
assay

It is well known that autophagy is strongly linked to the
conversion of LC3-I proteins to autophagosome-associated LC3-
II proteins in the cytoplasm, and that an increase in the LC3-II to
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FIGURE 8

WB analysis of cellular autophagy inhibition levels in different treatment groups. The expression level of LC3-1 and LC3-I, and the ratio of LC3-I1/p-
actin and LC3-11/LC3-I treated with PBS, free drugs (DOX, DOX and HCQ) and drugs-loaded NPs (FeAC-DOX NPs, FeAC-DOX@PC-HCQ NPs) for 24 h
and their quantitative analysis, respectively on MCF-7 cell (A—C) and MDA-MB-231 cell (D—F). Protein levels are normalized to Bactin. Data represent as

mean + SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001.

LC3-I ratio indicates inhibition of autophagy (Song et al., 2019). To
evaluate autophagy inhibition, western blotting was utilized to detect
the level of LC3, an essential molecule of autophagy. Figure 8 shows
the protein expression of LC3-I and LC3-II and interpretation of
LC3-1I/B-actin and LC3-II/LC3-I after 24 h treatment of MCF-7 and
MDA-MB-231 cells with different groups of model drugs. For both
BC cell lines, western blot results showed that the LC3-II and LC3-
II/LC3-Iwas significantly increased in the DOX and HCQ
combination administration group compared to free DOX or free
HCQ alone (p < 0.001). The chemotherapeutic drug DOX induced
autophagy, while HCQ prevented the fusion of endosomes with
lysosomes, leading to the accumulation of LC3-II and thus the
cessation of autophagy at a later stage. In contrast, the LC3-II and
LC3-II/LC3-I was significantly higher in the co-administered
nanodrug group (FeAC-DOX@PC-HCQ NPs) than in all other
groups (p < 0.05), indicating that the accumulation of LC3-II was the
highest in all groups, thus demonstrating that co-administered NPs
inhibited autophagy best.

3.5.2 Autophagic vesicles assay

After a series of experiments to demonstrate the effectiveness of
the NDDS against BC in vitro, to further demonstrate whether the
NDDS in this experiment achieved better efficacy due to autophagy
inhibition, an MDC kit was used to stain autophagic vesicles. The
autophagy inhibition was observed by comparing the amount of
autophagic vesicles in the cells after treatment with the model drugs
in each group. The results showed that after treatment with free
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DOX alone, autophagic vesicles continued to increase in two
different BC cell lines, indicating that the cells had started to
produce autophagosomes at this point, a situation that was a
hindrance to better tumour killing. In contrast, the fluorescence
intensity increased significantly after DOX combined with HCQ
treatment, indicating that autophagy inhibition was occurring at this
point and that the destroyed organelles within the cells could not be
cleared, thus improving drug efficacy. Furthermore, the intracellular
fluorescence intensity after treatment with co-administered
nanodrugs (FeAC-DOX@PC-HCQ NPs) was significantly higher
(p < 0.05) than in all other groups, as demonstrated in both BC cell
lines. Taken together, this further confirms that the nano-loaded
system in this experiment can enhance tumour killing through
autophagy inhibition Figure 9.

4 Discussion

In the treatment of BC, traditional chemotherapy has been
gradually replaced by combination chemotherapy in order to
achieve better treatment outcomes (Hu et al., 2010; Tilekar et al.,
2020). Trastuzumab in combination with paclitaxel chemotherapy
for the treatment of BC was first reported by Slamon et al. (2001). In
recent years, Co-NDDSs have been combined with chemotherapy to
counter the drawbacks of low bioavailability and poor targeting of
chemotherapeutic drugs, thereby enhancing the anti-cancer effects
(Xiao et al., 2012). However, they require further research to address
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Autophagic vacuoles staining by MDC. (A) Fluorescence microscopy images of MDC staining of PBS, free drug (DOX, DOX, HCQ) and drug-loaded

NPs (FeAC-DOX NPs, FeAC-DOX@PC-HCQ NPs) after 24 h treatment on MCF-7 cells and MDA-MB-231 cells, respectively. Quantification of MDC
staining by fluorescent intensity analysis, respectively on MCF-7 cell (B) and MDA-MB-231 cell (C). Data represent as mean + SD (n = 3). *p < 0.05, **p <
0.01 and ***p < 0.001.
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the problem of enhanced autophagy levels in tumour cells by
chemotherapeutic drugs and thus reduced drug utilisation.

Based on the above background, we successfully prepared a Co-
NDDS loaded with the chemotherapeutic drug DOX and the
autophagy inhibitor HCQ. The smaller NPs FeAC-DOX NPs
was encapsulated with the chemotherapeutic drug DOX, and
then FeAC-DOX NPs and the autophagy inhibitor HCQ were
co-encapsulated in the larger NPs FeAC-DOX@PC-HCQ NPs.
The Co-NDDS is highly biocompatible and effectively improves
the bioavailability of the drug, and the prepared NDDS was verified
by various assays to have good physicochemical properties and
morphological characteristics to compensate for these drawbacks.
Among them, FeAC-DOX@PC-HCQ NPs were observed to be
uniformly dispersed with a diameter of approximately 200 nm
under transmission electron microscopy (TEM); the particle size of
the NPs was measured by DLS to be 255.7 + 18.45 nm, which is
similar to the results obtained under TEM, and NPs with this size
distribution have enhanced permeability and retention effect
(EPR), resulting in accumulation at cancer sites more (Ngoune
et al., 2016). Smaller NPs loaded with the chemotherapeutic drug
DOX alone measured a particle size of 59.3 + 7.1 nm, a size suitable
for entry into the nucleus through the nuclear pores of BC cells
(Fan et al., 2015). The results of the infrared spectroscopy and
fluorescence tracing experiments also provide ample evidence that
both drugs were successfully encapsulated in the final NPs.

In addition, the release pattern of FeAC-DOX@PC-HCQ NPs
was examined by simulating the neutral blood environment and
acidic tumour cell environment pH in vivo, which showed that
the outermost CS and PLGA nanoshells could protect HCQ from
releasing less in the blood environment and more in the acidic
tumour environment, which might be related to the fact that CS
undergoes  high  dissolution under acidic conditions
(Milosavljevic et al., 2020). We also verified that FeAC-DOX
NPs is less likely to release drug in the simulated acidic
well as in the

cytoplasmic environment as

environment and more in the neutral environment of the

lysosomal

nucleus, which may be due to the enhanced binding between
CS and ALG in the acidic environment, thus protecting the
chemotherapeutic drug DOX inside (Du et al, 2013). In
summary, our NDDS effectively avoids the release of drugs at
normal physiological sites, instead concentrating on tumour
sites, and further enables the release of chemotherapeutic
drugs acting on the nucleus of tumour cells in the nucleus
rather than in the cytoplasmic environment.

To investigate the in vitro cytotoxicity of the drug delivery
system, two different human BC cell lines were selected as model
cells, including MCF-7 cells representing an in-situ ER-positive
BC cell line with low malignancy and MDA-MB-231 cells
representing a triple negative BC cell with high malignancy
(Nordin et al., 2018). By testing the in vitro cytotoxicity of the
blank nanomaterials at different concentrations, it was well
demonstrated that our selected materials have excellent
biocompatibility and can be safely used as drug delivery
carriers. These results are closely related to the good
biocompatibility and low toxicity of materials such as CS and

ALG (Li et al., 2022). On the other hand, NDDSs containing the
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same concentration of the target drug were able to inhibit the
survival of BC cells more effectively than free drugs. The
autophagy inhibitor HCQ affects the
autophagosomes in the late stages of autophagy by inhibiting

degradation of

the fusion of autophagosomes with lysosomes, thereby enhancing
the killing of tumour cells by chemotherapeutic drugs
(Dragowska et al,, 2013). Equally importantly, the efficient
effect
nanosystems is closely related to the reasonable particle size

tumour cell Kkilling of our designed co-loaded
and pH-responsive drug release, thus coping with the complex
tumour cell environment. This is further corroborated by the
wound healing assay, which also demonstrates that the NDDS
can inhibit tumour cell proliferation.

Finally, we examined the expression of autophagy-related
proteins by western blotting assay and MDC fluorescence
staining of autophagic vesicles to demonstrate that the NDDS
can better inhibit autophagy in tumour cells. HCQ affects the
degradation of autophagosomes at the late stage of autophagy by
inhibiting the fusion of autophagosomes with lysosomes, thus
improving the chemotherapeutic effect of tumours (Zhang et al.,
2014).

Due to the time and conditions of the study, we have not yet
conducted in vivo experiments in a tumour-bearing animal model.
We will continue to improve and innovate by using in vivo tumour-
bearing animal models to further validate the efficiency and safety of
the in vivo antitumour effect and to reduce the side effects of
chemotherapy drugs, such as the cardiotoxicity of DOX (Shafei

et al.,, 2017).

5 Conclusion

In this study, a Co-NDDS, FeAC-DOX@PC-HCQ NPs, which
can encapsulate the chemotherapeutic drug DOX and the autophagy
inhibitor HCQ into their respective domains, was successfully
prepared and characterized based on the idea of anti-cancer
sensitization. The NDDS consists of smaller internal NPs
carrying the chemotherapeutic drug DOX (FeAC-DOX NPs) and
the autophagy inhibitor HCQ, with the smaller NPs being loaded
into FeAC-DOX@PC-HCQ NPs are released less in the neutral
blood environment and more in the acidic tumour environment.
release. The drug HCQ prevented late nuclear endosomes from
binding to lysosomes and blocked the cellular autophagy process,
thus protecting the chemotherapeutic drug DOX from being
degraded and destroyed by autophagy. FeAC-DOX NPs entered
the nucleus of BC cells through the nuclear pore, and the smaller
NPs could release DOX and target DNA in the nucleus under the
alkaline environment (pH 7.4), thus exerting pharmacological
effects to kill cancer cells (Figure 10). The results show that the
Co-NDDS has excellent physicochemical characteristics, and its pH-
sensitive property enables precise drug release in BC cells, thus
increasing drug delivery to the cytoplasm and nucleus, effectively
inhibiting autophagic degradation of tumour cells, and enhancing
the cytotoxic effect of anti-cancer drugs on tumour cells. In
conclusion, this Co-NDDS could be a promising platform for the
treatment of BC.
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