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Abstract

Background: Liver cancer is a complex disease, and the upregulation of Nrf2, a key molecule in the Keap I/ARE signaling
pathway, is expected to become a new method for liver cancer and prevention. Curcumin is a natural antioxidant, and poly-
dopamine nanoparticles, as a new type of nano-drug carrier, have excellent biocompatibility and drug-loading performance
and can improve the targeting and efficacy of drugs.

Objectives: This study aims to explore the effect of polydopamine nanoparticle-encapsulated curcumin on upregulating the
expression of Nrf2 through the Keap I/ARE signaling pathway, thereby improving liver damage in mice with liver cancer and
providing new strategies and basis for the treatment and prevention of liver cancer.

Materials and Methods: After the H22 cell culture and liver cancer mouse model were established, they were divided into
groups for the study of the mechanism of action of the prepared polydopamine nanoparticles-coated curcumin (CUR-PDA
NPs), and the effect of CUR-PDA NPs expression on inhibition of cell proliferation and migration, promotion of apoptosis, and
delaying liver cancer progression was studied through animal experiments. This process is related to the Keap I/ARE signaling
pathway and Nrf2 expression. The mechanism is further verified by Add-Nrf2, Nrf2-shRNA, Keap | -shRNA, and other methods.
Results: CUR-PDA NPs upregulate the expression of Nrf2 through the Keap|/ARE signaling pathway to improve liver
injury in mice with liver cancer. There is an interaction between the expression of CUR-PDA NPs and Keap|. Increasing the
expression of Keap!| can inhibit the activation of Nrf2, thereby inhibiting the anti-oxidant and detoxification mechanisms,
resulting in reduced cell survival rate, increased apoptosis rate, reduced migration, and reduced levels of IL-13 and TNF-c.
Conclusion: CUR-PDA NPs upregulates the expression of Nrf2 through the Keap |/ARE signaling pathway to improve liver
injury in mice with liver cancer. This provides new strategies and a basis for liver cancer treatment and prevention.
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Introduction cells by regulating cell cycle proteins, reducing DNA synthe-
sis, and other ways (Perrone et al., 2015). Studies have shown
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damage to cells and protecting cells from damage (Simioni
et al., 2018). Although curcumin can be used in the treatment
of cancer, the current mechanism of action in liver cancer
remains to be studied.

Abnormal activation of Nrf2 may be related to tumori-
genesis and growth (Slattery et al., 2015). In addition, Nrf2
serves as a key regulator of cellular anti-oxidative stress
response. When cells are oxidatively stressed, Nrf2 will be
activated and enter the nucleus, resulting in the transcription
of anti-oxidative stress genes in cells and reducing inflam-
matory responses and inflammatory factors, which helps to
maintain cellular homeostasis and reduce inflammatory
damage (Wang et al., 2019). Furthermore, in hepatocellular
carcinoma (HCC) cells, the activation of Nrf2 is associated
with tumor proliferation and survival. Studies have found
(Liu et al., 2016) that when oxidative stress aggravates, the
activity of Keapl is inhibited, which will cause Nrf2 to
break away from the inhibition of Keap1, thereby prompting
Nrf2 to enter the nucleus and bind to ARE, initiating the
expression of anti-oxidant genes, thus enhancing the anti-
oxidant capacity of cells (Loboda et al., 2016). The Keapl/
ARE signaling pathway regulates the expression of a series
of antioxidant enzymes and detoxifying enzymes in liver
cells. These enzymes help remove free radicals and harmful
oxidative substances, maintain the oxidative balance in
cells, and thus protect liver cells from oxidative damage (Tu
et al., 2019). Moreover, by interfering with the Keap1/Nrf2/
ARE signaling pathway, it can inhibit the proliferation of
liver cancer cells, induce apoptosis, inhibit angiogenesis,
and enhance chemotherapy sensitivity (Toma et al., 2011).
Although the Keap1/ARE signaling pathway and Nrf2 play
an important role in liver cancer, whether curcumin can play
a therapeutic role in liver cancer by upregulating the expres-
sion of Nrf2 through the Keapl/ARE signaling pathway
remains to be further studied.

Studies have found (Franson et al., 1991) that curcumin
is easily metabolized and eliminated in the body, resulting
in low bioavailability and low solubility in water, thus
affecting its absorption in the body. The use of polydopa-
mine nanoparticles can increase the solubility of curcumin
and extend the residence time of curcumin in the body, thus
improving its bioavailability and making it work more
effectively (Hayes et al., 2015). In addition, by using
nanoparticle encapsulation, the dose of curcumin can be
released gradually, reducing potential toxic side effects (Ma
etal., 2019). Based on this, this study will focus on the inter-
vention role of the drug loading system in liver cancer,
through understanding the specific mechanism of action, in
order to provide a basis for the clinical treatment of such
patients, at the same time, the successful application of this
drug loading system will also be conducive to the full devel-
opment of mesoporous silica nanoparticles in the medical
field, which is of great significance for the clinical applica-
tion of traditional Chinese medicine.

Materials and Methods

Experimental Materials

Mouse-derived liver cancer cell line H22 (Shanghai
Guandao); CUR (specification: 100 g, purity: >98%, molecu-
lar formula: C42H72014) Ita Biotech; rabbit anti-mouse
Keapl, Nrf2, ARE (all purchased from Beijing Biorebo
Technology); secondary antibody (Shanghai Uniview
Biotechnology); scanning electron the microscope (scanning
electron microscope, TEM) was purchased from Shanghai
Carl Zeiss, and the inverted microscope (Shanghai Leica
Microsystems).

H22 Cell Culture and the Establishment of Liver
Cancer Mouse Models

The culture was based on 37°C, 5% CO, and cells were cul-
tured and passaged in a cell culture incubator. Collect cells in
the logarithmic growth phase and use trypan blue to evaluate
their survival rate. The cell survival rate is required to exceed
95%. Then, use phosphate buffered saline (PBS) to adjust the
cell concentration to 1 x 107 cells per mL to facilitate animal
experiments: 0.2 mL of H22 cell suspension was injected sub-
cutaneously in the right armpit of mice.

Mice that were successfully modeled were included in the
model group. The mice were orally administered with 50 mg
kg™! CUR and were designated as the CUR group. The mice
were orally administered with the same dose of PDA NPs and
polydopamine nanoparticles-coated curcumin (CUR-PDA
NPs) and were designated as the PDA NPs group and CUR-
PDA NPs group, respectively. Also set Keapl-shRNA,
Add-Keapl, CUR-PDA NPs+Keapl-shRNA, CUR-PDA
NPs+Add-Keapl, Add-Nrf2, Nrf2-shRNA, CUR-PDA NPs+
Add-Nrf2, and CUR-PDA NPs+ Nrf2-shRNA group.

Preparation and Characterization of
Nanoparticles

Preparation of CUR-PDA NPs

Add an appropriate amount of CUR to distilled water and stir
to fully dissolve to obtain a uniform CUR solution with a con-
centration of 20 mg/mL; then place the PDA solution in an
ultrasonic cleaner to remove insoluble impurities and bubbles
to form a uniform PDA Precursor solution, transfer the
cleaned solution to a water bath, keep the temperature at
70°C—80°C, and continue stirring to further diffuse the PDA
molecular chains and form nanoparticles. Slowly dissolve the
CUR solution in the PDA precursor solution, and mix them
well by stirring well to obtain a uniform CUR-PDA solution.
Unreacted substances were removed by ultracentrifugation,
and finally, the nanoparticle samples were dried to obtain
composite samples of CUR-PDA NPs.
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Nanoparticle Characterization

Dip a small amount of the nanoparticle dispersion liquid and
evenly drop it on the conductive adhesive. After natural dry-
ing, spray gold for 1 min. Then use TEM to observe the shape
and structure of the nanoparticles, and analyze its potential
with dynamic laser scattering.

Cell Viability Detected by Cell Counting Kit (CCK)

The transfected liver cancer cells were seeded into a 60-well
plate at 1 x 103 (200 pL). After 4 h, the cell culture medium
was aspirated, and DMED medium containing 10% CCK-8
was added and incubated in the dark for 1 h. The growth of
the cells on days 1, 2, 3, 4, and 5 was measured with a CCK-8
kit (Wuhan Jinkairui), and the growth curve was measured.
Operate strictly in accordance with the standards of the
CCK-8 manual. The absorbance value of each small well at a
wavelength of 570 nm was measured by the enzyme labeling
method, and the cell viability was calculated.

Transwell Detection of Cell Migration

Add 100 pL (200 pg/mL) Matrigel (Shanghai Yisheng) into
the chamber. Next, liver cancer cells of each group will be
prepared to a concentration of 1 x 10° cells/mL, and then
these cells will be seeded. Put the serum-free culture medium
containing SDF-1a into the lower chamber of Transwell
(Wuhan Jinkarui), incubate for 12 h, take out and wash, fix
with paraformaldehyde, stain with crystal violet, absorb the
floating color, observe and incubate at 565 Detect absorbance
at nm. A conventional microscope was used to observe
the cell invasion after 0, 24, and 48 h of culture, and the
images were analyzed, and corresponding calculations were
performed.

Apoptosis

After each group of liver cancer cells was cultured for 24 h,
the supernatant was first discarded, then washed with PBS
solution, and then 0.25% trypsin was added for digestion, and
centrifuged to collect the cell pellet. Wash the cells three
times with PBS solution, and then add 500 pL of Binding
Buffer solution (cell density is 1 x 106 cells/mL). Then, add 5
puL of Annexin V-FITC (Wuxi Puhe) under dark conditions
and incubate. Next, 5 uL of propidium iodide (PI) was added,
and the incubation was continued for 10 min under the same
conditions. Finally, the apoptosis of cells in each group was
detected by flow cytometry.

Enzyme-linked Immunosorbent Assay (ELISA)
Detection of IL-13, TNF-a Levels

Dissolve the anti-IL-1p or TNF-a antibody in the buffer, add
it to a 96-well microplate, let stand at 4°C, pour off the

antibody solution, and then wash the well walls with the buf-
fer. The treated samples are added to the wells of the enzyme
plate and incubated at room temperature for a period of time.
The samples in the wells are poured out and specific anti-
IL-1B and TNF-a detection antibody solutions are added to
bind them to the wells. IL-1$ and TNF-a binding on the pore
walls. Add the substrate solution to cause the enzyme-labeled
secondary antibody to produce a color reaction, and use a
microplate reader or other photometer to measure the optical
density of each well to determine the concentration of IL-1f
and TNF-a in the sample.

Serum Biochemical Analysis

Blood samples were collected from the vein or tail vein of
mice with liver cancer, left to stand at room temperature for
about 30 min, waiting for the blood to coagulate, and centri-
fuged to separate the serum. Use the serum biochemical anal-
ysis instrument and the corresponding chemical kit, and
operate according to the operating instructions of the kit.
Measurements of ALT, AST, and TBil concentrations were
recorded.

Polymerase Chain Reaction (PCR) Detection of
Keap I, Nrf2 Gene Expression

MKN28 cells were ground and homogenized with liquid
nitrogen, total mRNA was extracted, and reverse transcribed
into cDNA using TagManTM advanced miRNA cDNA syn-
thesis tool. Analysis was carried out by real-time PCR system
analysis (Shanghai Unicom), and GAPDH was used as an
internal reference. Relative expression levels were estimated
using the 2724Ct method. Table 1 lists the primers and the
sequence of the primers.

Western Blotting (WB) Analysis of Protein
Expression

Total protein was extracted from MKN28 cells by TriZol
reagent, and its concentration was detected. The electropho-
resed total protein was heated to 100°C and incubated for 5
min and then electrophoresed using SDS-polyacrylamide gel
(120 V, 100 min). Transfer the separated proteins to a PVDF
membrane. Membranes were blocked with 5% skim milk and
incubated overnight at 4°C with rabbit anti-mouse Keapl,
Nrf2, ARE, and GAPDH. The next day, incubate and wash
the membrane, repeat three times, and incubate with a sec-
ondary antibody (1:10,000) for 1 h (37°C). Wash with PBS,
repeat three times, and observe ImagelJ images.

Statistical Analysis

The data obtained in the above experiments were analyzed using
SPSS26.0 and GraphPad Prism software. If there is no special
requirement, p < 0.05 is used as the inspection standard.
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Table I. Real-time Polymerase Chain Reaction (PCR) Primers and Their Sequences.

Primer Sequences

Keap| Forward primer 5'-ATGGTGAGGTTTGCTGAGG-3'

Reverse primer 5'-TCAGGTTTCTTCTGTTGTTG-3'
Nrf2 Forward primer 5'-ATGGTGAGGTTTGCTGAGG-3’

Reverse primer 5'-TCAGGTTTCTTCTGTTGTTG-3'
GAPDH Forward primer 5'-GAAGGTGAAGGTCGGAGTC-3’

Reverse primer 5'-GAAGATGGTGATGGGATTTC-3’
Results CUR-PDA NPs can inhibit the proliferation and migration

The Mouse Model of Liver Cancer was
Successfully Constructed and the Composite
Material of CUR-PDA NPs was Prepared

The presence of peanut-sized masses in the armpits of mice
indicates that the modeling was successful (Figure 1A). No
mice died during the research modeling period, and the mod-
eling success rate was 100%.

The TEM image shows that the particles of the prepared
CUR-PDA NPs composite material are round spheres with
uniform size and normal shape (Figure 1B). The Zeta poten-
tial is —14.3 mV (Figure 1C), indicating that the nanoparticles
are relatively stable with low dispersion.

CUR-PDA NPs have a positive effect on the proliferation
and migration of liver cancer cells and delay the progression
of liver cancer. This process is related to the Keap1/ARE sig-
naling pathway and Nrf2 expression.

In order to explore the impact of CUR-PDA NPs on the
progression of liver cancer, we observed the biological behav-
ior of mouse liver cancer cells and found that CUR, PDA
NPs, and CUR-PDA NPs intervention The cell proliferation
and migration decreased significantly (Figure 2A and B), and
the apoptosis increased significantly (Figure 2C); at the same
time, the levels of ALT, AST, and TBil in the blood samples
of mice with liver cancer showed a downward trend (vs.
model group, p < 0.05, Figure 2D—F), suggesting that the
liver function of the mice was improved; the levels of IL-1p
and TNF-a also showed an abnormal decrease (vs. model
group, p < 0.05, Figure 2@G), and the above indicators were
measured by CUR-PDA. The NPs group showed the most
significant improvement.

In addition, the results of WB detection showed that under
the intervention of CUR, PDA NPs, and CUR-PDA NPs, the
expression of Keapl in the Keapl/ARE signaling pathway
was downregulated, and the expressions of ARE and Nrf2
were upregulated (Figure 2H), indicating that CUR-PDA NPs
can inhibit the proliferation of liver cancer cells. The process
of migration, promoting apoptosis, and delaying the progres-
sion of liver cancer may be related to changes in Keap1/ARE
signaling pathway and Nrf2 expression.

of liver cancer cells and promote their apoptosis, thereby
delaying the progression of liver cancer via inhibiting Keapl
and upregulating ARE expression.

Further testing the regulatory effect of CUR-PDA NPs on
Keapl/ARE, it was found that Keapl was downregulated and
ARE was upregulated in liver cancer cells in the CUR-PDA
NPs group, which was consistent with the trend of the Keap1-
shRNA group, suggesting that CUR-PDA NPs can mediate
downregulation of Keapl and upregulation of ARE (Figure
3A). After CUR-PDA NPs+Keapl-shRNA intervention, cell
survival, and migration were inhibited, and the levels were the
lowest (vs. the other three groups, Figure 3B and C), and the
cell apoptosis rate was the highest (Figure 3D); IL-1p, TNF-a.
The level also showed to be at the lowest level (vs. the other
three groups, p < 0.05, Figure 3E). When CUR-PDA NPs were
combined with Add-Keapl, the above trend was reversed.

CUR-PDA NPs Can Inhibit the Proliferation and
Migration of Liver Cancer Cells and Promote Their
Apoptosis Via Upregulating the Expression of Nrf2
Further testing the regulatory effect of CUR-PDA NPs on
Nrf2, it was found that Nrf2 was upregulated in liver cancer
cells in the CUR-PDA NPs group, which was consistent with
the trend in the Add-Nrf2 group, suggesting that CUR-PDA
NPs can mediate the upregulation of Nrf2 (Figure 4A). After
CUR-PDA NPs+Add-Nrf2 intervention, cell survival, and
migration were inhibited, with the lowest levels (vs. the other
three groups, Figure 4B and C), and the highest cell apoptosis
rate (Figure 4D); IL-1B, TNF-a. The level also showed to be
at the lowest level (vs. the other three groups, p <0.05, Figure
4E). When CUR-PDA NPs were combined with Nrf2-shRNA,
the above trend was reversed.

CUR-PDA NPs Upregulate the Expression of Nrf2
Through the Keap | /ARE Signaling Pathway to
Improve Liver Injury in Mice with Liver Cancer

Under the intervention of Keapl-shRNA+Add-Nrf2, the
levels of ALT, AST, and TBil in the blood samples of liver
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Figure 1. Characterization of Polydopamine Nanoparticles-coated Curcumin (CUR-PDA NPs) Composites. The Presence of Peanut-
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Figure 2. Polydopamine Nanoparticles-coated Curcumin (CUR-PDA NPs) Can Inhibit the Proliferation and Migration of Liver Cancer
Cells and Promote Their Apoptosis, Delaying the Progression of Liver Cancer. (A) Cell Counting Kit (CCK) Detects Cell Viability; (B)
Transwell Detects Cell Migration; (C) Flow Cytometry Detects Cell Apoptosis; (D—F) Serum Biochemical Analysis Detects ALT, AST,
and TBil Levels; (G) Enzyme-linked Immunosorbent Assay (ELISA) Detects IL-13 and TNF-a; (H) Western Blotting (WB) Detects the

Expression of Keap|/ARE and Nrf2; Compared with the Model Group. **p < 0.01, **p < 0.001.



Pharmacognosy Magazine 21(4)

1404
A
3 < =3 Add-Keap1 @ CUR/PDA NPs
§ 5 5- = Keap1-shRNA @@ Model
M 4. -
Sw
.% x 3 -
g <
52 2 I
6 (U_ 11 # r]
2% o._..i,r“—*.n .
se Keap1 ARE
o
C
Model CUR/PDA NPs
100pm 100m
D
2 % i}
%) v =
,8 5 201 # LE
8= s
b 101 ko) %
s c >
3 T2
O 0 _ _ @
CUR/PDANPs - + + + =
Keap1-shRNA - = * -
Add-Keap1 - - - +

B
o 1507
E
S __ 100
g .
= -
- 501 s o
[0
(&) | |
0- . .
CUR/PDA NPs - + o +
Keap1-shRNA - = + =
Add-Keap1 - - - +
CUR/PDANPs CUR/PDA NPs
+Keap1-shRNA +Add-Keap1
100um _100um

£ CUR/PDA NPs+Add-Keap1 @8 CUR/PDA NPs
3 CUR/PDA NPs+Keap1-shRNA @8 Model

300-

200 . WM. =
ik -~

100 s B
IL-1B  TNF-a

Figure 3. Polydopamine Nanoparticles-coated Curcumin (CUR-PDA NPs) Can Inhibit the Proliferation and Migration of Liver Cancer
Cells, Promote Apoptosis, and Delay the Progression of Liver Cancer, Which is Related to the Activation of the Keap |/ARE Signaling
Pathway. (A) Polymerase Chain Reaction (PCR) Detects Keap| and are mRNA; (B) Cell Counting Kit (CCK) Detects Cell Survival Rate;
(C) Transwell Detects Cell Migration; (D) Flow Cytometry Detects Cell Apoptosis; (E) Enzyme-linked Immunosorbent Assay (ELISA)
Detected IL-13 and TNF-a Levels; Compared with the Model Group, **p < 0.001; Compared with CUR-PDA NPs Group, #p < 0.05.

cancer mice showed a downward trend (vs. Keapl-shRNA
group, p < 0.05, Figure SA—C). On this basis, adding after
Nrf2-shRNA intervention, the above levels were reversed,
indicating that the Keapl/ARE signaling pathway can
upregulate the expression of Nrf2. Moreover, the CUR-PDA
NPs+Keapl-shRNA+Add-Nrf2 group had the lowest levels
of ALT, AST, and TBil, suggesting that CUR-PDA NPs can
improve liver damage in mice with liver cancer by inhibit-
ing the expression of Keap1 and upregulating the expression
of ARE and Nrf2.

Discussion

Studies have shown (Peng et al., 2018) that curcumin inhibits
the activation of IKK and prevents IKK from phosphorylat-
ing IkB protein, thereby inhibiting the activity of NF-kB,
thereby inhibiting the growth and invasion of cancer cells and
reducing the occurrence of inflammatory reactions
(Maghsoudi et al., 2017). In addition, curcumin can also
inhibit the phosphorylation of STAT3 by inhibiting the acti-
vation of JAK/STAT, regulating the expression of Bcl-2,
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VEGF, and MMP genes, thereby inhibiting the growth and
metastasis of tumor cells (Peng et al., 2013). In our cell
experiments, we first found that CUR can reduce cell survival
rate, greatly increase apoptosis rate, and reduce cell migra-
tion (Zhang et al., 2019). Under the intervention of CUR-
PDA NPs, the results showed more consistent changes. This
shows that CUR-PDA NPs have a more significant impact on
cells than CUR. This may be because CUR-PDA NPs are
more easily absorbed and utilized by cells. It has better stabil-
ity and can maintain effective concentrations in the body for

a longer period of time, so it has a more lasting and signifi-
cant effect on cells, and therefore has a more significant effect
on cells (Yang et al., 2021). Compared with CUR, CUR-PDA
NPs may have a broader mechanism of action (Yang et al.,
2020). In addition, both CUR and CUR-PDA NPs can reduce
the levels of ALT, AST, TBil, IL-1pB, and TNF-a (Itoh et al.,
2003). It shows that CUR-PDA NPs have active anti-prolifer-
ation and migration effects of liver cancer cells. Further, WB
testing found that CUR-PDA NPs increased the expression of
ARE, decreased Keapl, and increased the expression of Nrf2.
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ARE is one of the downstream target genes of Nrf2, and its
increased expression further suggests the activation and
expression of Nrf2. It is suggested that CUR-PDA NPs can
inhibit the expression of Keapl, thereby releasing its inhibi-
tory effect on Nrf2, and further promoting the activation and
expression of Nrf2. The process of CUR-PDA NPs inhibiting
liver cancer cells is related to Keap1/ARE signaling pathway
and Nrf2 expression, which can reduce the inflammatory
response of liver cancer cells.

Studies have found that (Li & Kong, 2009; Velichkova &
Hasson, 2005) when cells suffer from oxidative stress, the
combination of Keapl and Nrf2 weakens, Nrf2 is stabilized
and enters the nucleus, and activates the expression of ARE-
initiated genes SOD, GST, and others, thereby enhancing the
cell’s resistance to oxidative stress. When the expression of
Keapl is downregulated, Nrf2 is stabilized and accumulated,
which triggers the excessive activation of the oxidative stress
response, leading to DNA damage, cell cycle abnormalities,
apoptosis induction, and others in cancer cells, and plays a
direct toxic effect on cancer cells (de la Vega et al., 2018). In
this study, we used Keap1-shRNA and Add-Keap! and found
that under the intervention of CUR-PDA NPs+Keapl-
shRNA, cell survival rate decreased, apoptosis rate increased,
migration decreased, and IL-1p, TNF-a. The levels showed a
significant decrease in all, indicating that activation of Nrf2
can inhibit cell growth and migration and promote apoptosis
while reducing the levels of inflammatory factors IL-1f and
TNF-0. While CUR-PDA NPs+Add-Keapl can reverse this
result, it can be seen that there is an interaction between the
expression of CUR-PDA NPs and Keapl. Increasing the
expression of Keapl can inhibit the activation of Nrf2,
thereby inhibiting the anti-oxidant and detoxification mecha-
nisms, resulting in reduced cell survival rate, increased apop-
tosis rate, reduced migration, and reduced levels of IL-1J and
TNF-oa. It also shows that CUR-PDA NPs can inhibit the pro-
liferation and migration of liver cancer cells, promote apopto-
sis, and delay the progression of liver cancer, which is related
to the regulation of the Keapl/ARE signaling pathway, spe-
cifically by downregulating the expression of Keapl and
thereby increasing the expression of ARE. It shows that
CUR-PDA NPs have a positive effect on the proliferation and
migration of liver cancer cells. Delaying the progression of
liver cancer is related to inhibiting Keapl and upregulating
ARE expression. These findings are important for a deeper
understanding of the anti-liver cancer mechanism of CUR-
PDA NPs and its Nrf2-based treatment methods.

Studies have reported (Gérard & Goldbeter, 2014) that
activation of Nrf2 can promote the proliferation and cell cycle
progression of cancer cells by downregulating negative cell
cycle regulatory proteins such as p21 and p27 or upregulating
cyclin D1, CDK4/6, and others; and Nrf2 is inhibited by
Keapl in the cytoplasm mediated ubiquitination degradation
when stimulated by compounds, intracellular Nrf2 will be
released and react with cis-acting elements. 1L-4 can induce
the expression of Nrf2 and increase the levels of anti-oxidant

enzymes, thereby inhibiting oxidative stress and inflamma-
tory responses. In addition, Nrf2 can inhibit the inflammatory
response induced by IL-1f and reduce the interaction of fac-
tors such as IL-6 and TNF-a to exert the synergistic effect of
Nrf2 and IL-4, thereby participating in the excessive prolif-
eration and uncontrolled growth of cancer cells. Cell cycle
regulation. Nrf2 interacts with STAT3 to inhibit STAT3 tran-
scriptional activity, thereby reducing the expression of 1L-6
levels. In addition, it can also upregulate the expression of
miR-155, inhibit the production of TNF-a, and reduce the
expression of IL-6, thus interfering with tumor cells. It inter-
acts with immune cells to reduce the sensitivity of tumors to
immune responses, downregulates the expression of TNF-a,
IL-1B, and IL-8, and inhibits tumor metastasis and invasion.
In this study, under the combined intervention of CUR-PDA
NPs and Add-Nrf2, the results were consistent with those of
CUR-PDANPs+Keap1-shRNA, while CUR-PDA NPs+Nrf2-
shRNA reversed this phenomenon. This suggests that the
activation of Nrf2 is crucial for the efficacy of CUR-PDA
NPs, and the effect of Keapl may be achieved only through
the activation of Nrf2. This verified that the effect of CUR-
PDA NPs on inhibiting the proliferation and migration of
liver cancer cells, promoting apoptosis, and delaying the pro-
gression of liver cancer is related to upregulating the expres-
sion of Nrf2. Therefore, the combined use of CUR-PDA NPs
and Add-Nrf2 can effectively treat the disease, while the use
of CUR/PDA NPs and Nrf2-shRNA may reduce the therapeu-
tic effect.

Conclusion

In summary, CUR-PDA NPs improve liver injury in mice
with liver cancer by upregulating the expression of Nrf2
through the Keapl/ARE signaling pathway. It provides us
with new ideas and methods for the treatment of liver cancer
and also provides a reference for us to better understand the
cellular defense system and drug delivery mechanism.

Abbreviations

CUR-PDA NPs: Polydopamine nanoparticles-coated curcumin;
Keapl: Kelch-like ECH-associated protein 1; Nrf2: Nuclear factor
erythroid 2-related factor 2.

Acknowledgments

The authors gratefully acknowledge the Xinchang County People’s
Hospital laboratory for providing the necessary equipment for this
study.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Ethical Approval

This study was approved by the Ethnic Committee of Xinchang
County People’s Hospital.



Zhou and Zhang

1407

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

Informed Consent

Not applicable.

ORCID iD

Zhiyuan Zhang (=) https://orcid.org/0009-0008-3440-9679

References

de la Vega, M. R., Chapman, E., & Zhang, D. D. (2018). NRF2 and
the hallmarks of cancer. Cancer Cell, 34(1), 21-43. https://doi.
org/10.1016/j.ccell.2018.03.022

Franson, R. C., Rosenthal, M. D., & Regelson, W. (1991).
Mechanism(s) of cytoprotective and anti-inflammatory activity
of PGB1 oligomers: PGBx has potent anti-phospholipase A2
and anti-oxidant activity. Prostaglandins, Leukotrienes, and
Essential FattyAcids,43(2),63—70.https://doi.org/10.1016/0952-
3278(91)90173-3

Gérard, C., & Goldbeter, A. (2014). The balance between cell cycle
arrest and cell proliferation: Control by the extracellular matrix
and by contact inhibition. Interface Focus, 4(3), 20130075.
https://doi.org/10.1098/rsfs.2013.0075.

Hayes, A. J., Skouras, C., Haugk, B., & Charnley, R. M. (2015).
Keap1-Nrf2 signalling in pancreatic cancer. The International
Journal of Biochemistry and Cell Biology, 65, 288-299. https://
doi.org/10.1016/j.biocel.2015.06.017

Ikeda, K. (2019). Recent advances in medical management of hepa-
tocellular carcinoma. Hepatology Research, 49(1), 14-32.
https://doi.org/10.1111/hepr.13259

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O’Connor, T., &
Yamamoto, M. (2003). Keapl regulates both cytoplasmic-
nuclear shuttling and degradation of Nrf2 in response to electro-
philes. Genes to Cells: Devoted to Molecular and Cellular
Mechanisms, 8(4), 379-391. https://doi.org/10.1046/j.1365-
2443.2003.00640.x

Li, W. G., & Kong, A.-N. (2009). Molecular mechanisms of Nrf2-
mediated antioxidant response. Molecular Carcinogenesis,
48(2), 91-104. https://doi.org/10.1002/mc.20465

Liu, Z., Dou, W., Zheng, Y., Wen, Q., Qin, M., Wang, X., Tang, H.,
Zhang, R., Lv, D., Wang, J., & Zhao, S. (2016). Curcumin upreg-
ulates Nrf2 nuclear translocation and protects rat hepatic stellate
cells against oxidative stress. Molecular Medicine Reports, 13(2),
1717-1724. https://doi.org/10.3892/mmr.2015.4690

Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A., & Dulak, J.
(2016). Role of Nrf2/HO-1 system in development, oxidative
stress response and diseases: An evolutionarily conserved
mechanism. Cellular and Molecular Life Sciences, 73(17),
3221-3247. https://doi.org/10.1007/s00018-016-2223-0

Ma, Z., Wang, N., He, H., & Tang, X. (2019). Pharmaceutical strate-
gies of improving oral systemic bioavailability of curcumin for
clinical application. Journal of Controlled Release, 316, 359—
380. https://doi.org/10.1016/.jconrel.2019.10.053

Maghsoudi, A., Yazdian, F., Shahmoradi, S., Ghaderi, L., Hemati,
M., & Amoabediny, G. (2017). Curcumin-loaded polysaccharide

nanoparticles: Optimization and anticariogenic activity against
Streptococcus mutans. Materials Science and Engineering. C,
Materials for Biological Applications, 75, 1259-1267. https://
doi.org/10.1016/j.msec.2017.03.032

Peng, S., Li, Z., Zou, L., Liu, W., Liu, C., & McClements, D. J.
(2018). Improving curcumin solubility and bioavailability by
encapsulation in saponin-coated curcumin nanoparticles pre-
pared using a simple pH-driven loading method. Food and
Function, 9(3), 1829-1839. https://doi.org/10.1039/c7fo01814b

Peng, Y. M., Zheng, J. B., Zhou, Y. B., & Li, J. (2013). Characterization
of a novel curcumin analog P1 as potent inhibitor of the
NF-kB signaling pathway with distinct mechanisms. Acta
Pharmacologica Sinica, 34(7), 939-950. https://doi.org/10.1038/
aps.2013.2

Perrone, D., Ardito, F., Giannatempo, G., Dioguardi, M., Troiano, G.,
Lo Russo, L., DE Lillo, A., Laino, L., & Lo Muzio, L. (2015).
Biological and therapeutic activities, and anticancer properties of
curcumin. Experimental and Therapeutic Medicine, 10(5), 1615~
1623. https://doi.org/10.3892/etm.2015.2749

Rich, N. E., Yopp, A. C., & Singal, A. G. (2017). Medical manage-
ment of hepatocellular carcinoma. Journal of Oncology Practice,
13(6), 356-364. https://doi.org/10.1200/JOP.2017.022996

Riordan, S. M., & Williams, R. (2000). Medical management of
hepatocellular carcinoma. Methods in Molecular Medicine, 45,
21-34. https://doi.org/10.1385/1-59259-079-9:21

Simioni, C., Zauli, G., Martelli, A. M., Vitale, M., Sacchetti, G.,
Gonelli, A., & Neri, L. M. (2018). Oxidative stress: Role of
physical exercise and antioxidant nutraceuticals in adulthood
and aging. Oncotarget, 9(24), 17181-17198. https://doi.
org/10.18632/oncotarget.24729

Slattery, K., Bentley, D., & Coutts, A. J. (2015). The role of oxida-
tive, inflammatory and neuroendocrinological systems during
exercise stress in athletes: Implications of antioxidant supple-
mentation on physiological adaptation during intensified physi-
cal training. Sports Medicine, 45(4), 453-471. https://doi.
org/10.1007/s40279-014-0282-7

Toma, L., Stancu, C. S., Sanda, G. M., & Sima, A. V. (2011). Anti-
oxidant and anti-inflammatory mechanisms of amlodipine
action to improve endothelial cell dysfunction induced by irre-
versibly glycated LDL. Biochemical and Biophysical Research
Communications, 411(1), 202-207. https://doi.org/10.1016/].
bbrc.2011.06.137

Tu, W., Wang, H., Li, S., Liu, Q., & Sha, H. (2019). The anti-inflam-
matory and anti-oxidant mechanisms of the Keap1/Nrf2/ARE
signaling pathway in chronic diseases. Aging and Disease,
10(3), 637-651. https://doi.org/10.14336/AD.2018.0513

Velichkova, M., & Hasson, T. (2005). Keapl regulates the oxida-
tion-sensitive shuttling of Nrf2 into and out of the nucleus via a
Crml-dependent nuclear export mechanism. Molecular and
Cellular Biology, 25(11), 4501-4513. https://doi.org/10.1128/
MCB.25.11.4501-4513.2005

Wang, L., Wang, C., Tao, Z., Zhao, L., Zhu, Z., Wu, W., He, Y., Chen,
H., Zheng, B., Huang, X., Yu, Y., Yang, L., Liang, G., Cui, R., &
Chen, T. (2019). Curcumin derivative WZ35 inhibits tumor cell
growth via ROS-YAP-JNK signaling pathway in breast cancer.
Journal of Experimental and Clinical Cancer Research, 38(1),
460. https://doi.org/10.1186/s13046-019-1424-4

Yang, J. T, Li, Q. Y., Zhou, R., Zhou, M. L., Lin, X., Xiang, Y. C.,
Xie, D. D., Huang, Y., & Zhou, Z. (2021). Combination of



1408 Pharmacognosy Magazine 21(4)

mitochondria targeting doxorubicin with Bcl-2 function-con- Journal of Oncology, 57(2), 433—444. https://doi.org/10.3892/

verting peptide NuBCP-9 for synergistic breast cancer metasta- 1j0.2020.5067

sis inhibition. Journal of Materials Chemistry. B, 9(5), Zhang, J. W., Zheng, Y. L., Luo, Y., Du, Y., Zhang, X. J., & Fu,

1336—-1350. https://doi.org/10.1039/d0tb02564; J. L. (2019). Curcumin inhibits LPS-induced neuroinflamma-
Yang, Z., Liu, J., & Lu, Y. (2020). Doxorubicin and CD-CUR inclusion tion by promoting microglial M2 polarization via TREM2/

complex co-loaded in thermosensitive hydrogel PLGA-PEG- TLR4/NF-«xB pathways in BV2 cells. Molecular Immunology,

PLGA localized administration for osteosarcoma. International 116, 29-37. https://doi.org/10.1016/j.molimm.2019.09.020



