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Berberidis radix polysaccharide (BRP) extracted as capping agents was applied
to prepare BRP-selenium nanoparticles (BRP-SeNPs) in the redox reaction
system of sodium selenite and ascorbic acid. The stability and
characterization of BRP-SeNPs were investigated by physical analysis
method. The results revealed that BRP were tightly wrapped on the surface
of SeNPs by forming C-O---Se bonds or hydrogen bonding interaction
(O-H---Se). BRP-SeNPs presented irregular, fragmented and smooth surface
morphology and polycrystalline nanoring structure, and its particle size was
89.4 nm in the optimal preparation condition. The pharmacologic functions of
BRP-SeNPs were explored in vitro and in vivo. The results showed that BRP-
SeNPs could heighten the cell viabilities and the enzyme activity of GSH-Px and
decrease the content of MDA on H,0O,-induced AML-12 cells injury model. In
vivo tests, the results displayed that BRP-SeNPs could increase the body weight
of mice, promote the enzyme activity like SOD and GSH-Px, decrease the liver
organ index and the hepatic function index such as ALT, AST, CYP2EL, reduce
the content of MDA, and relieve the proinflammation factors of NO, IL-1f and
TNF-ain CCly-induced mice injury model. Liver tissue histopathological studies
corroborated the improvement of BRP-SeNPs on liver of CCl,-induced mice.
The results of Western blot showed that BRP-SeNPs could attenuate oxidant

Abbreviations: BRP, Berberidis radix polysaccharide; BRP-SeNPs, BRP-selenium nanoparticles; GSH-
Px, Glutathione peroxidase; MDA, Malondialdehyde; ALT, Alanine aminotransferase; AST, Aspartate
aminotransferase; CYP, Cytochrome P450; TLR4, Toll-like receptor 4; p-INK, Phosphorylation-Jun
kinase; p-ERK, Phosphorylation-extracellular regulated protein kinases; p-p38, Phosphorylation-p38;
p-ASK1, Phosphorylation-Apoptosis signal-regulating kinase 1; Keapl, Kelch-like ECH-associated
protein 1; Nrf2, Nuclear factor erythroid 2-related factor 2; p-MKK4, Phosphorylation-mitogen
activated protein kinase 4; ARE, Antioxidant response element; PMSF, Phenylmethylsulfonyl
fluoride; SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel electrophoresis; PVDF,
Polyvinylidene fluoride; TBST, Tris Buffered Saline Tween; ROS, Reactive oxygen species; DLS,
Dynamic light scattering; FT-IR, Fourier transform infrared spectroscopy; UV-Vis, Ultraviolet-visible
spectroscopy; XPS, X-ray photoelectron spectrometer; SEM, Scanning electron microscope; STEM,
Scanning transmission electron microscopy; HAADF, High-angle annular dark field; TEM, Transmission
electron microscopy; EDX, Energy Dispersive X-Ray Spectroscopy.
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stress by the Nrf2/Keapl/MKP1/INK pathways,

10.3389/fphar.2022.1058480

and downregulate the

proinflammatory factors by TLR4/MAPK pathway. These findings suggested
that BRP-SeNPs possess the hepatoprotection and have the potential to be a
green liver-protecting and auxiliary liver inflammation drugs.

KEYWORDS

Berberidis  radix
hepatoprotection

1 Introduction

Liver, the major metabolic and excretory organ in mammals,
plays an important role in maintaining homeostasis (Li et al.,
2015). Lots of factors such as drugs, viruses, environmental
toxicants, alcohol, or metabolic diseases could lead to liver
injury (Kanhar and Sahoo, 2019). Carbon tetrachloride (CCly),
a representative hepatotoxin, is commonly served as inducement
of liver injury model which is used to evaluate the therapeutic
potential of drug for liver injury (Song et al., 2021). Numerous
studies have shown that the hepatotoxicity of CCl, is the result of
oxidative stress and meanwhile it can lead to hepatitis (Che et al.,
2019). In liver tissue, CCly can be catalyzed by cytochrome
P450 to form CCl;, OOCCl; and reactive oxygen species
(ROS) (Liu et al., 2018a). The long-term accumulation of ROS
in the body can also lead to various serious chronic liver diseases
(Xu et al., 2017). Subsequently, inflammatory cells in liver tissue
would be activated by a large number of free radicals, causing
liver cell damage and inflammatory response (Faure-Dupuy
et al,, 2019; Wang W. et al,, 2019). At present, the drugs used
to treat the liver impairment diseases usually have many side
effects and limited curative effect (Wang et al., 2021). It is urgent
to find new products to prevent chemical-induced liver oxidative
stress damage and relieve liver inflammation.

Selenium is an indispensable micronutrient in living
organisms and plays an important role in the prevention of
cancer (Sun et al., 2016), diabetes (Liu et al., 2018b), and immune
modulation capabilities (Bagheri-Josheghani and Bakhshi, 2022).
At same time, selenium is involved in the antioxidant defense
systems of the liver and plays an important role in protecting
against oxidative stress. Many studies demonstrated that Se
supplementation can increase the level of enzymes such as
GPx, prevent the accumulation of free radical species, and
reduce the cellular damage (Qin et al, 2015). However, the
narrow margin between the effective and toxic doses limited
the application of this substance. It has been reported that
orange-red and zero-valence selenium nanoparticles (SeNPs)
have better bioavailability and chemical stability, and are less
toxic than other forms of inorganic selenium (Wadhwani et al.,
2016). Nevertheless, poor water solubility and the ability to easily
transform into a grey analogue, that is, thermodynamically stable
but biologically inert, makes Se® difficult to be used in food and
medicine fields. Therefore, a kind of material as stabilizer or
capping agent is needed for nano-selenium composites.
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Polysaccharides are rich in hydrophilic groups (such as
hydroxyl groups) and can be used as stabilizers to synthesize
selenium nanoparticles and improve their stability. Meanwhile,
polysaccharides have received extensive attention due to their
diverse biological activities and low side-effects (Cheng et al.,
2018). Therefore, polysaccharide was selected to synthesize
nano-selenium complex, hoping to exert better biological
activity and synergistic effect (Huang S. et al., 2020).
Berberidis radix, a commonly used Chinese herbal medicine,
is the root or stem bark the Berberidaceae, including Berberis
soulieana Schneid., Berberis wilsonae Hemsl., and Berberis
poiretii Schneid. Or Berberis vernae Schneid. And others in
the same genus. In traditional Chinese medicine, it is defined
bitter in taste and attributive to liver, stomach, and large
intestine. It has the function of clearing away heat and
draining dampness, and dissipating blood stasis. It is mainly
used to treat dysentery, jaundice, pharyngalgia, conjunctival
injury.  Berberidis
polysaccharide (BRP) as the main functional component of

congestion and  traumatic radix
Berberidis radix may have the similar effect and abundant
branch structure and hydroxyl groups, which can be used as
stabilizers for the preparation of SeNPs.

In this experiment, we obtained a new polysaccharide from
Berberidis radix, greenly synthesized and characterizes BRP-
SeNPs, and then test the antioxidant activities and anti-
inflammation activities in vitro and in vivo. Therefore, this
whether the Berberidis

polysaccharide-selenium nanoparticles (BRP-SeNPs) have the

study aimed to explore radix
effect of relieving liver injury and anti-inflammatory activities
and its action mechanism, and finally provide a theoretical basis
for the research and development of new green liver-protecting

and anti-inflammatory drugs.

2 Materials and methods
2.1 Materials and chemicals

The herbal of Berberidis radix was the product from Tibet
(China). Sodium selenite (Na,SeOs), ascorbic acid, hydrogen
peroxide (H,0,) and carbon tetrachloride (CCl,) were obtained
from Aladdin Industrial Corporation (Shanghai, China).
DMEM, FBS, PBS, and Trypsin were purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). The
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ELISA assay kits of AST, ALT, SOD, GSH-Px, MDA, CYP2El,
NO, TNF-a and IL-1p were purchased from Jiangsu Meimian
Industrial Co., Ltd. (Yancheng, China). Antibodies of mouse
TLR4, p-JNK, p-ERK, p-p38, p-ASK, p-MKK4, Keap1, Nrf2 were
purchased from Cell Signaling Technology (Beverly, MA,
United States). Antibodies of mouse P-actin and secondary
antibody (HRP labeled goat anti-mouse IgG antibody) were
purchased from Zhongshan Golden Bridge Biotechnology Co.,
Ltd. (Beijing, China). In addition, all other chemicals and
solvents were analytical grade chemicals and sourced from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2 Preparation and characterization of
BRP and BRP-SeNPs

2.2.1 Preparation of BRP

50 g Berberidis radix power was immersed in 100 ml of 95%
petroleum ether solution and refluxed at 60°C for 3 h. The filtered
and dried residue was extracted three times with distilled water
(1:30 g/ml) at 100°C for 2 h and the filtrates were combined. After
that, the filtrate was further condensed to 200 ml with a rotary
evaporator at 55°C and then added to four times volume of ethyl
alcohol. After standing for 12h at 4°C, polysaccharides of
Berberidis radix was precipitated and deproteinated with
Sevag reagent (VNbutyl alcohol:Vrrichloromethane = 1:4). The
resulting solution was freeze-dried to obtain the Berberidis
radix polysaccharide (BRP).

2.2.2 Preparation of BRP-SeNPs

According to the previous reports, the BRP-SeNPs were
prepared (Zeng et al, 2019). Briefly, 10 mM sodium selenite
was added to prepared BRP (2.0 mg/ml) solution and stirred at
25°C for 30 min. Then, 4 times of fresh ascorbic acid (40 mM)
was slowly added in and magnetically stirred for 12 h. The
resulting product was dialyzed (MWCO: 8000-14000 Da) with
distilled water for 72 h and finally lyophilized to obtain BRP-
SeNPs.

2.2.3 Characterization of BRP-SeNPs

The color change of the prepared BRP-SeNPs was recorded
by a digital camera (Exterior, EOS 1500D, Canon, Japan).
Measurement of mean diameter (particle size), dispersibility
index (PDI) and Zeta potential of nanoparticles was used
dynamic  light  scattering  (DLS,  ZS90,
United Kingdom). The Fourier transform
spectroscopy was obtained by FT-IR spectrometer (FI-IR,
NicoletiS10, Thermo Fisher, United States). The UV-Vis
spectra were scanned from 200 to 800 nm using UV-Vis
spectrophotometer (UV, V-3900, HITACHI, Japan). The XPS
spectra of BRP and BRP-SeNPs were analyzed by X-ray electron
spectrometer (XPS, AXIS SUPRA+, Shimadzu, Japan). The
morphology of BRP and BRP-SeNPs was observed by

Malvern,
infrared
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(SEM, Quanta60, FEI,
United States) and transmission electron microscopy (TEM,
Talos F200S, FEI, United States). The composition of the
samples was analyzed using STEM-HAADF detector and EDX
equipped with a transmission electron microscope (HRTEM,
Talos F200S, FEIL, United States).

scanning  electron  microscopy

2.3 Antioxidant activity of BRP-SeNPs
in vitro

2.3.1 Cell culture

The normal mouse hepatocytes AML-12 cell line (CRL-2254)
used herein was purchased from the ATCC. The cells were
cultured in DMEM/F12 containing 10% FBS, 100 pg/ml
streptomycin and 100 U/mL penicillin in cell incubator (5%
CO,, 37°C). 100 pL of AML-12 cell suspension (2 x 10° cells/mL)
was inoculated in a 96-well plate for 12 h.

2.3.2 Establishment of cells injury model induced
by H202

AML-12 cells were treated with different concentrations of
H,0, (0, 25, 50, 100, 150, 200, 250 uM) for 4h to induce
oxidative injure. After that, 10 uL of CCK-8 was added to
each well, and the cells were continued to incubate for 2 h at
37°C. The absorbance value of each well was determined at
450 nm by microplate reader (OD, MD/Spectra Max M2e,
Molecular Devices, United States).

2.3.3 Cytotoxicity and protective assays of BRP-
SeNPs

AML-12 cells were treated with different concentrations of
BRP-SeNPs (0, 50, 100, 200, 300, 400, 500 pug/ml) for 24 h. The
cytotoxicity was detected by CCK-8 assays.

In the protection assay, AML-12 cells were cultured with
different concentrations of BRP-SeNPs (100, 200, 400 pg/ml) for
24 h and then treated with 100 uM H,O, for 4 h. The protective
function of BRP-SeNPs was determined by CCK-8 assays.

2.3.4 Changes of intracellular GSH-Px and MDA
content

According to the previous procedure, AML-12 cells were
cultured in 6-well plates, and then treated with or without BRP-
SeNPs and H,0,. The cells were collected and lysed, and
centrifuged to obtain the supernatant. The enzyme activity of
GSH-Px and content of MDA was determined according to the

manufacturer’s instructions.

2.4 Animal treatment and dosage regimen

SPF Kunming mice (female, 20 + 2 g) were purchased from
Jinan Pengyue Laboratory Animal Breeding Co., Ltd. (Shandong,
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China). Animals were reared under the conditions of standard
12-h light, ambient temperature of 25 + 2°C, and relative
humidity of 60 +
animals were used for experiments. All experimental protocols

5%. After 3 days of acclimatization, all

strictly followed the Qingdao Agricultural University guidelines
for the care and use of laboratory animals.

25 mice were randomly divided into 5 groups (n = 5). Blank
control group (BC), model group (MG), positive control group
(PC), high dose groups (H) and low dose groups (L). The mice in
the H, L groups were intragastric administration with BRP-
SeNPs (200, 50 mg/kgbw) and PC group with Silymarin
(200 mg/kgbw) for 21 days. The mice in the BC and MG
groups were given the same volume of distilled water at the
same time. All mice, except BC group, were intraperitoneally
injected with 0.2% CCly (Vcarbon tetrachloride/ Volive oit) at @ dose of
0.1 ml/10 gbw after the last intragastric administration, and the
BC group mice were intraperitoneally injected with the same
volume of olive oil. After a 12 h fast, all mice were sacrificed
under anesthesia. Blood samples were collected from the orbits,
and serum was harvested by centrifugation (3000 rpm, 10 min,
4°C). The liver was washed with 0.9% normal saline and used for
biochemical index determination, histopathology analysis and
Western blot analysis.

2.5 Biochemical index determination

Biochemical analysis of serum was performed, and serum
ALT and AST were detected according to the manufacturer’s
instructions.

The liver samples with saline solution were homogenized at a
ratio of 1:9 (g/ml). The supernatant was obtained by
centrifugation at 8000 rpm for 10 min. Liver oxidation index
was determined using SOD, GSH-Px, MDA and CYP2EI1 Elisa
kits, and inflammation index was tested using NO, TNF-a, IL-1f
Elisa kits. All Elisa assays were performed according to the kit’s
instructions.

2.6 Histopathology analysis

cut and fixed in 4%
48h. After
dehydration and transparency, the tissues were embedded in

A part of fresh liver was

paraformaldehyde solution and stored for

wax block, cut into 5 pm slices and stained with H&E assay.

2.7 Western blot analysis

Liver  sample added into 1mM PMSF
(Phenylmethylsulfonyl fluoride) (10 mg: 100 uL). The tissue
homogenate was centrifugated (12,000 g, 4°C) for 5min to

was

obtained the supernatant. The concentration of protein in the
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supernatant was detected by BCA kit, and then denaturized with
the Western-IP loading buffer at 100°C for 5 min to finally get
protein sample.

Denatured proteins were separated on 10% sodium lauryl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
moved to the membranes of polyvinylidene fluoride (PVDF)
(Millipore, United States). After that, the PVDF was blocked with
5% BSA-TBST (Tris Buffered Saline Tween) solution (v/v) for 1 h
and then incubated with the corresponding antibodies at 4°C
overnight. The membranes were washed with TBST. After
washing with TBST, the membranes were incubated with an
HRP-IgG antibody at room temperature for 4 h. Then, the
membranes were washed three times with TBST. Finally,
images were got using a chemiluminescence imaging system

and analyzed by Image] software.

2.8 Statistical analysis

All data were repeated three times and data analysis was
performed using SPSS 23.0 analysis software. Data were
expressed as Mean + SD, analyzed by one-way analysis of
variance (ANOVA) and Duncan’s multiple range test.

3 Results and discussion
3.1 Preparation of BRP-SeNPs

As shown in Figure 1A, Na,SeO; was added to the BRP
solution and mixed well. The reduction reaction of the precursor
SeO;™ to selenium (Se) atoms was triggered when ascorbic acid
was added, resulting in the formation of SeNPs stabilized by BRP
macromolecules. The synthesis process of BRP-SeNPs could be
clearly detected by monitoring the dark red color-light yellow or
reddish brown. When the polysaccharide concentration was
0 mg/ml to 1.0 mg/ml, the solution was dark red and turbid,
and a lot of precipitates were formed. However, when the
polysaccharide concentration reached 2.0 mg/ml, the clear and
bright orange-red solution was obtained. And then as the
polysaccharide concentration increased, the color of the
solution gradually brightly deepened.

3.2 Stability of BRP-SeNPs

The stability and the size of BRP-SeNPs are always important
to affect their biological activity. Therefore, BRP-SeNPs need to
be experimentally determined to screen the optimal synthesis
conditions. As shown in Figure 1B, the concentration of BRP
affected the particle size, PDI and Zeta potential of BRP-SeNPs.
When the BRP concentration was 2.0 mg/ml, the particle size
(89.4nm) and PDI (0.24) of synthesized BRP-SeNPs were
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(A) Selenium nanoparticles synthesized with different concentrations BRP. (B) The influence of BRP concentration on the particle size, PDI and
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particle size, PDI and (G) Zeta potential of BRP-SeNPs. The different letters indicate significant differences (p < 0.05). Comparisons between
experimental groups were conducted by using one-way ANOVA, *p < 0.05.

significant smaller than other groups. The results demonstrated
that BRP-SeNPs had comparatively centralized distribution of
the particles diameter when BRP used at 2.0 mg/ml. Comparing
to the concentration of BRP in 4.0-5.0 mg/ml, the zeta potential
of BRP-SeNPs prepared with BRP in 0-3.0 mg/ml were
The that BRP-SeNPs
possessed high Zeta potential had low aggregation and high
stability. However, some studies reported that with the

significant higher. results meant
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increasing of concentration of polysaccharide, the particle size
of synthetic polysaccharide-SeNPs would get smaller (Chen et al.,
2022). We speculated that the strong molecular interaction
between polysaccharides was likely to lead to the weakened
binding ability of BRP to SeNPs in our research. The results
in Figure 1B demonstrated that the particle size and stability of
SeNPs can be successfully regulated by adjusting the
concentration of BRP. On this basis, the storage time was
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extended to 35 days to study the potential effects of temperature,
pH, and light on the stability of BRP-SeNPs.

As shown in Figure 1C, when the solution was stored at 25°C,
the particle size of BRP-SeNPs increased significantly from
92.6 to 138.4nm in 35days, while there was only varied
16.5nm (92.6-109.1 nm) at 4°C during the same time. The
changes of PDI and Zeta potential of BRP-SeNPs were
dramatically increased after 14 days whether it was stored at
4°C or 25°C. Comparing with the BRP-SeNPs stored at 25°C, the
PDI and Zeta potential of BRP-SeNPs stored at 4°C were
significant lower. Those results indicated that the BRP-SeNPs
stored at 25°C had poor stability. The reason may be that the
surface charge of spherical SeNPs is weakened by the high
temperature, which reduces the stability and makes the SeNPs
nanoparticles turbid and unstable (Song et al., 2020).

As shown in Figure 1D, pH also had a significant effect on
particle size and PDI. It was found that the particle size of BRP-
SeNPs increased significantly and was unstable under acidic
conditions. The reason might be that BRP is protonated
the
electrostatic interaction between BRP and SeNPs, resulting in

under strongly acidic conditions, which weakens
the aggregation of SeNPs. In contrast, under weakly alkaline
conditions, the particles of the BRP-SeNPs solution have less
aggregation and better stability.

In addition, as shown in Figure 1E, the effects of light
conditions (500 + 40 Lx) on the physicochemical stability of
BRP-SeNPs were also determined. The results of particle size and
PDI slightly increased when the storage time was extended to
35 days under dark conditions. In contrast, under illumination,
the particle size of BRP-SeNPs significantly increased. This
phenomenon may be due to the photosensitivity of the O-H
which likely conjugated to the SeNPs, thereby affecting the
stability of the solution (Gao et al,, 2020). In order to obtain
BRP-SeNPs with smaller size and better stability, the optimal
synthesis and storage conditions were as follows. The reaction
system contained 10 mM, 2.0 mg/ml BRP, and 40 mM ascorbic
acid. The solution system could store in 4°C without light. Under
these conditions, the particle size of BRP-SeNPs was 89.4 nm, the
PDI was 0.24, and the Zeta potential was —54.6 mV, as shown in

Figures 1F,G.

3.3 Characterization of BRP-SeNPs

The BRP-SeNPs were further characterized by FT-IR
spectroscopy. As shown in Figure 2A, the peak of BRP at
3380 cm™" represented the stretching vibration of the hydroxy
group, which slightly shifted to 3402 cm™ in the IR spectrum of
BRP-SeNPs (Wang L. et al., 2019). The sharp band at 2940 and
2340 cm ™ were the C-H stretching vibration in methylene group
and carbon dioxide peak in the testing environment (Shi et al.,
2021). The absorption band at 1650 cm ™" could be assigned to the

absorption of water, and the absorption peaks at 1400 cm™
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represented the bending vibration of -OH (Zhang et al,
2021). Meanwhile, the peak of BRP at 1035 cm™ was caused
by the stretching vibration of C-O-C and C-O-H, which slightly
shifted to 1081 cm™" in the IR spectrum of BRP-SeNPs (Xiao
et al., 2017). Moreover, the characteristic band of BRP-SeNPs at
3402 cm™" was relatively lower than that of BRP (3380 cm™),
with an obvious blue shift (Liu et al., 2012), indicating that the
hydroxyl groups of BRP were bound by hydrogen bonding
(O-H:--Se) between the surface atoms of SeNPs (Zhang et al.,
2015). In addition, the absorption band of C-O-H of BRP-SeNP
appeared at higher wavelength at 1081 cm™ (Liu et al., 2012)
compared with the BRP, indicating that some hydroxy groups of
BRP were conjugated with SeNPs to disrupt hydrogen bond in
native BRP and formed new C-O---Se bonds (Liu et al., 2017; Hui
et al, 2019). FT-IR spectroscopy showed the interaction
mechanism between BRP and SeNPs. As shown in Figure 2B,
UV-Vis absorption spectrum of BRP and BRP-SeNPs was
detected in the range of 200-800 nm. The UV-Vis spectrum
of BRP did not exhibit obvious absorption peaks between 200 and
400 nm, and thus illustrated its contained minimal proteins and
nucleic acids. However, the UV-Vis spectrum result of BRP-
SeNPs showed an obvious absorption peak near 270 nm and that
explained the formation of SeNPs and the interaction between
BRP and SeNPs which had been werified in previous results (Zhai
et al., 2017).

In order to explain the interaction mechanism between BRP
and SeNPs, XPS was used to further explore. As shown in
Figure 2C, there was a typical Se 3 days peak in the full
spectrum of BRP-SeNPs compared with BRP, indicating that
the selenium was successfully introduced into BRP-SeNPs. In
addition, the NIST X-ray photoelectron
spectroscopy database (standard reference database 20, version

according to

4.1) and the high-resolution of Se 3 days spectrum of BRP-
SeNPs, two dominant peaks at 56.1 eV (Se 3d;/,) and 55.6 eV
(Se 3ds,,) were observed in Figure 2D, indicating the selenium in
the BRP-SeNPs was zero valence selenium (Se°) (Gao et al.,
2020). Besides, the Se 3 days spectrum of BRP-SeNPs had no
electron binding energy peak at 59.1 eV, indicating that all Se*"
were reduced to Se° in this reaction system (Jiang et al., 2022).

As shown in Figures 2E,F, the Ols spectra of BRP and BRP-
SeNPs displayed that the binding energy was increased from
532.7 to 532.3 eV in BRP to 534.3 and 533.9 ¢V in BRP-SeNP,
which might be attributed to the strong interactions and the
formation of C-O---Se bonds between SeNPs and BRP (Ren
et al.,, 2021). The results mentioned-above indicated that the
strong interaction between BRP and SeNPs during the formation
of BRP-SeNPs reduced the electron density around the O atom,
which in turn weakened the shielding effect on the inner
electrons, making the O atom’s binding energy increase and
the formation of C-O---Se bonds (Cai et al., 2018). This result of
the formation of C-O---Se bonds in BRP-SeNPs was consistent
with that showed in FT-IR analysis. Combined with all results,

the formation mechanism of BRP-SeNPs was showed in
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Characterization of BRP-SeNPs. (A) FT-IR spectrum. (B) UV-vis absorption spectrum. (C) XPS spectrum of BRP and BRP-SeNPs. (D) High-
resolution Se 3 days spectrum of BRP-SeNPs. O1s spectrum of (E) BRP and (F) BRP-SeNPs. (G) Schematic diagrams of formation mechanism of BRP-

SeNP.

Figure 2G. In the reaction system, free Se** (SeO;>) was firstly
reduced to form Se® by ascorbic acid, then the original Se core was
subsequently generated and amount of Se” finally aggregated into
SeNPs. Next, BRP wrapped on the surface of SeNPs through the
formation of C-O---Se bonds or the strong interaction by the
hydroxyl group between BRP and SeNPs to produce BRP-SeNPs.

The surface morphology and elemental composition of BRP-
SeNPs were analyzed by SEM and EDX techniques. As shown in
Figures 3A-F, BRP presented areatus, foveolate and rough
surface morphology. However, BRP-SeNPs revealed irregular,
fragmented and smooth surface morphology. Then we
determined the three elements of C, O, and Se in BRP and
BRP-SeNPs. The results showed that C and O in BRP were
42.74% and 57.26%, and C, O, and Se in BRP-SeNPs were
32.66%, 48.05% and 19.29%, respectively. After that, a small
amount of BRP-SeNPs solution was placed on a copper grid and
dried, and then observed by transmission electron microscopy
(Zhang et al.,, 2014). As shown in Figure 3G, the BRP-SeNPs
presented well-dispersed spherical particles with a diameter of
about 60 nm. Interestingly, the size of particle measured by DLS
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was bigger than that by TEM, which is due to that DLS measured
the size of the polysaccharide-conjugated selenium nanoparticles
while TEM only observed SeNPs without polysaccharides
visualization which supports the preceding research result (Bai
2020). Under the observation of HRTEM, as shown in
Figures 3H,], there were a lot of crystal structures on the spherical

et al,,

surface of BRP-SeNPs. After selected area electron diffraction
(SAED) analysis, as shown in Figures 3],K, bright light bands
could be clearly seen, which appeared as circular aperture,
indicating that the BRP-SeNPs possessed polycrystalline
nanoring structures.

3.4 Antioxidant activities of BRP-SeNPs
in vitro

3.4.1 Effects of H,O, and BRP-SeNPs on the
viability of AML-12 cells

The effect of BRP-SeNPs on the viability of AML-12 cells was
detected by CCK-8 method. As shown in Figure 4A, when
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(A) Evaluation of toxicity of BRP-SeNPs on AML-12 cells. (B) Test of H,O, concentration on AML-12 cells. (C) Protective effect of BRP-SeNPs on
the H,O,-induced AML-12 cells model. (D) Effect of BRP-SeNPs on the level of MDA on H,O,-induced AML-12 cells model. (E) Effect on the activity
of GSH-Px on H,O,-induced AML-12 cells model. The different letters indicate significant differences (p < 0.05).

AML-12 cells were stimulated with different concentrations of
BRP-SeNPs, the cell viabilities of BRP-SeNPs groups had no
significant difference compared with the BC group. It indicated
that BRP-SeNPs had no toxic effect on AML-12 cells in the
concentration range of 0-500 ug/ml. Therefore, BRP-SeNPs at
concentrations of 100, 200, and 400 pg/ml were used in
subsequent experiments. After that, AML-12 cells were
stimulated with 0-250 yM H,O, for 4h, as shown in
Figure 4B, the cell viability decreased as with the increase of
H,O, concentration. When the H,O, concentration was 25 pM,
there was no significant difference on cell viability. When the
H,0, concentration reached 100 uM, the cell viability was
60.30 + 2.39% of BC group, and the cell was in a reversible
state. Therefore, we selected 100 uM of H,O, to stimulate AML-
12 cells for 4 h as cellular oxidative injury model.

3.4.2 Effects of BRP-SeNPs on H,0O5-induced
oxidative injury model

AML-12 cells were pretreated with BRP-SeNPs at 0, 100, 200,
400 pg/ml for 24 h, and then stimulated with H,O, for 4 h. As
shown in Figure 4C, after treatment with 100, 200, and 400 pg/ml
of BRP-SeNPs, the cell viability was significantly higher than that
in the MG group in a dose-dependent manner. This indicated
that BRP-SeNPs could alleviate the decrease in cell viability
induced by H,0,.

The effect of BRP-SeNPs on MDA production was shown in
Figure 4D. Compared with the BC group, the MDA content of
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the cells stimulated by H,O, was significantly increased.
However, BRP-SeNPs pretreatment significantly decreased the
MDA content of H,O,-induced AML-12 cells. The results
showed that BRP-SeNPs could markedly reduce intracellular
MDA production.

The changes of intracellular GSH-Px activity during H,O,-
induced cell injury were shown in Figure 4E. GSH-Px is an
antioxidant enzyme that catalyzes the decomposition of
hydrogen peroxide. Compared with the BC group, the GSH-
Px activity of H,O,-induced AML-12 cells was significantly
decreased, however, BRP-SeNPs restored the GSH-Px activity
and even showed no significant difference at 400 ug/ml
compared with BC group. This suggested that BRP-SeNPs
may recover AML-12 cells by protecting against H,O,-
induced reduction in antioxidant enzyme activity.

3.5 Effect of BRP-SeNPs on body weight
and relative organ index in vivo

Animal experiment process in mice as shown in Figure 5A.
The effect of BRP-SeNPs on the body weight of mice was shown
in Figure 5B. During the first 3 weeks, the average body weight of
each group in the natural growth state gradually increased.
Compared with the BC group, the MG, PC, and BRP-SeNPs
groups had no significant effect on the body weight of the mice.
After the injection with CCl, and fasting treatment, the body
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(A) Animal experiment process in mice. (B) Effect of BRP-SeNPs on body weight of mice. (C) Effect of BRP-SeNPs on organ index in CCly-
induced mice. The different letters indicate significant differences (p < 0.05).

FIGURE 6

Effect of BRP-SeNPs on liver histopathological changes in CCly-induced mice (x200 Magnification). (A) BC, (B) MG, (C) PC, (D) H, and (E) L
group. Areas of severe histopathological changes were marked by black arrows.
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Effect of BRP-SeNPs on the contents of (A) AST, and (B) ALT in serum of mice induced by CCl,. (C) Represents the content of CYP2EL in the liver.
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weight of mouse was obviously decreased. The weight loss rate of
H group and L group was lower than that of MG group. It
revealed that the mice pretreated with BRP-SeNPs possessed
stronger protective functions against CCly-induce damage. The
liver index of the MG group was significantly higher than that of
the BC group (Figure 5C), indicating that CCly could cause
changes in the liver, loss its function and even clog in the organ.
The liver indexes of mice treated with BRP-SeNPs were lower
than that of MG group, and H group was significantly lower than
that of MG group. The results suggested that BRP-SeNPs may
promote the function of liver and gain the weight body to protect
against injury induced by CCl,.

3.6 Liver histopathological

As shown in Figure 6A, the liver tissue of the BC group was
observed after staining, and the hepatocytes were arranged
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regularly and the morphology was normal. The liver tissue of
the MG group, as shown in Figure 6B, exhibited hepatocyte
degeneration, blurred cell boundaries, inflammatory cell
infiltration, plasma vacuolization, hepatocyte necrosis, and all
that indicated that intraperitoneal injection of CCl, would cause
severe damage to the liver of mice. Figure 6C showed that the
liver of PC basically returned to a normal state except for loose
arrangement. As shown 6D,E, BRP-SeNPs
pretreatment could significantly resist the invasion and
damage of the liver by CCly-induced histopathological
changes, especially for the high-dose group.

in Figures

3.7 Biochemical assays detected in blood
serum

The effects of BRP-SeNPs on serum marker levels in mice
were demonstrated in Figures 7A,B. The levels of serum ALT and
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AST in the MG group were significantly higher than that in the
BC group. After the mice treated with different concentrations of
BRP-SeNPs for 21 days and induced by CCly, the serum AST and
ALT levels were decreased to a certain extent. Concretely
speaking, the serum AST levels of H groups was significantly
lower than MG and the serum ALT levels of L and H groups were
significantly reduced compared with MG. The serum parameters
indicated that BRP-SeNPs could improve the function and
activity of hepatocyte stimulated by exogenous injury-inducing
factor to suppress the release of ALT and AST.

3.8 CYP2E1 changes in liver

CYP2E1 is a major drug metabolizing enzyme, and its
overexpression in the liver can lead to oxidative stress (Song
etal, 2011). As shown in Figure 7C, the CYP2E1 enzyme content
in the MG group was significantly higher than BC group (p <
0.05), and it confirmed that CCl, caused significant increase in
the expression of CYP2E1 enzyme in the liver of mice. Silymarin
could restore CYP2EI levels in the mice induced by CCl,. BRP-
SeNPs could significantly reduce the rise of CYP2E1 expression
induced by CCly (p < 0.05). When the mice were given BRP-
SeNPs of 200 mg/kgbw, the CYP2EI level in liver of the mice
induced by CCly was similar as PC group. This indicated that
BRP-SeNPs could enhance the function of liver and restrain the
expression of hepatic CYP2ELI to relieve oxidative stress.

3.9 Biochemical assays detected in liver

Oxidative damage caused by reactive oxygen species (ROS) is
an important part of CCly-induced liver damage. When ROS rise
in the body, excess free radicals could lead to lipid peroxidation
reaction that damages cell membranes and organic damage. At
the same time, ROS also reduced the activity of antioxidant
enzymes in vivo, resulting in a further increase in oxidative
damage. When the liver is damaged by external factors, it will
cause a series of stress responses. Thus, we determined the
antioxidant enzyme activity such as SOD and GSH-Px, and
the content of MDA. Besides, in order to investigate whether
BRP-SeNPs have therapeutic effect on the inflammation caused
by CCl,-induced liver injury, detection kits were also used to test
the relative pro-inflammatory cytokines (NO, IL-13, TNF-a) in
the liver.

3.9.1 Effects on SOD and GSH-Px activity and
MDA levels in liver

SOD and GSH-Px are antioxidant enzymes that could reduce
the oxidation caused by ROS, and play an important role in
maintaining ROS balance in the body. As shown in Figures
7D-E, CCl, decreased the SOD and GSH-Px activities in MG
compared with the BC group, indicating that CCl; may cause
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damage to the hepatocyte and further inhibit the express of the
two antioxidant enzymes. While the mice administrated with
BRP-SeNPs could significantly recover the activities of SOD and
GSH-Px in a concentration-dependent manner. This indicated
that BRP-SeNPs could strengthen the liver function and the
expression of antioxidant enzyme to attenuate the injury induced
by CCl,.

Hyperoxidation of lipids is a hallmark of oxidative stress. As
shown in Figure 7F, compared with the MG group, the content of
MDA in H and PC group was significantly decreased and had no
significant difference with BC. This indicated that BRP-SeNPs
could effectively alleviate CCl,-induced lipid peroxidation. So far,
we could speculate from the results mentioned above that BRP-
SeNPs could improve the liver function, heighten the
hepatocellular activity and activate the antioxidant system to
relieve the liver injury evoked by exogenous pathogenic factors
such as CCl,.

3.9.2 Effects on NO, IL-1p and TNF-a levels in
liver

As shown in Figure 7G, CCly could significantly increase
the NO production compared with normal mice. However,
BRP-SeNPs displayed good inhibitory effect on the NO
concentration in a dose-dependent manner. As shown in
Figures 7H,I, the levels of IL-1B and TNF-a in BC, PC and
H group were significantly lower than that in the MG. All the
results of proinflammatory cytokines showed that BRP-SeNPs
possessed the anti-inflammatory activity by inhibiting the
production of NO, L-1p and TNF-a in CCl,-induced liver
injury model.

3.10 Cell signaling pathway

Activated Nrf2 transferred into nucleus, interacts with ARE,
and induces the expression of downstream targets to regulate
oxidative stress (Ning et al., 2018). In general, the liver is a
metabolically active organ possessing a wide range of antioxidant
systems, and correspondingly, it is likely that oxidative stress
plays a key role in promoting the development of acute liver
injury. In this experiment, in order to elucidate the molecular
mechanism of the protective effect of BRP-SeNPs on the liver and
the inhibitory effect on inflammation, we analyzed the expression
of Nrf2, Keapl, MKP1, p-JNK, p-ASK1, p-MKK4, TLR4, p-38,
p-ERK. Inactive state Nrf2 interacts with actin-binding protein
Keapl in the cytoplasm and is rapidly degraded by the ubiquitin-
proteasome pathway. However, when Nrf2 is exposed to
oxidative or electrophilic stress, the phosphorylation of
Nrf2 leads to the dissociation of the Nrf2-Keapl complex, and
then, stable Nrf2 translocates to the nucleus. In the nucleus,
Nrf2 binds to the ARE sequence and promotes the expression of
many antioxidant proteins and phase II detoxifying enzymes
including GSH-Px and SOD, which are closely related to
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FIGURE 9

A proposed mechanism for the hepatoprotective effect of BRP-SeNPs on CCl,-induced liver injury in vivo. Black arrow represents the activation

and red line the inhibition

eliminating excessive free radicals and protecting against
The results that BRP-SeNPs

injury by upregulating Nrf2
downregulating Keapl in the Nrf2/ARE signaling pathway in
Figure 8. It was in keeping with the activity changes of SOD and

oxidative stress. showed

attenuated  liver and

Frontiers in Pharmacology

13

GSH-Px tested in our research and the report (Meng et al., 2021).
It was in keeping with the activity changes of SOD and GSH-Px
tested in our research. It indicated that BRP-SeNPs could
regulate and control Nrf2/ARE pathway, and finally showed
hepatoprotective effect on CCly-induced liver injury.
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In the anti-inflammatory mechanism, we explored the TLR4/
MAPK pathway. CCl, significantly increased the expression of
TLR4 protein in mouse liver, and BRP-SeNPs could inhibit CCl,-
induced up-regulation of TLR4 protein expression in mouse
liver. Stimulated TLR4 can activate the MAPK signaling
pathway and accordingly lead to the expression of p-p38,
p-ERK, and p-JNK protein. Further, they promote the
synthesis and release of inflammatory factors. However, it can
be seen that BRP-SeNPs can reduce the release of NO, IL-1f and
TNF-a by down-regulating the expression of TLR4/MAPK
pathway in the liver of mice induced by CCly in Figure 8.

In the anti-apoptosis mechanism, we determined the
ASK1/MKK4/JNK pathway. BRP-SeNPs could inhibit the
expression of p-ASK1 and p-MKK4 in the CCly-induced
damage. As we all know, JNK plays an important role in
the ROS-induced
apoptotic pathway in the cytoplasmic and transcription
factor pathway in the nuclear. However, BRP-SeNPs
the of p-JNK by ASKI/
MKK4 pathway and finally maintained the activity and

apoptosis, including mitochondrial

suppressed expression
function of hepatocyte and liver. It was consistent to
histopathological changes in our study.

In addition, MKP1 is another important protein in protecting
liver injury. It upregulates the expression of Nrf2, interacts directly
with Nrf2 and promotes the Nrf2/ARE pathway during
hepatoprotection (Wang M. et al, 2019). Meanwhile, MKP1 is
an endogenous key hepatoprotective factor, which can upregulate
antioxidant pathways and inhibit the activation of JNK during liver
injury (Li et al,, 2017). High-dose BRP-SeNPs could significantly
reduce CCly-induced hepatic JNK-activating protein expression and
reverse it to normal levels achieving therapeutic effect. After
detecting the expression of MKP1 protein, the results showed
that CCl, significantly inhibited the expression of MKP1 in mice
liver, and high-dose BRP-SeNPs could increase the expression of
MKP1 protein in turn.

Taken all the results of mechanism, we found that BRP-
SeNPs possessed hepatoprotection by the Nrf2/Keapl/MKP1/
JNK pathways, and anti-inflammatory by TLR4/MAPK pathway
in Figures 8, 9.

4 Conclusion

In summary, Berberidis radix polysaccharide (BRP) as a
stabilizer obtained from Berberidis radix was used to prepare
the BRP-selenium nanoparticles (BRP-SeNPs) in the redox
reaction system of sodium selenite and ascorbic acid. The
stability and characterization of BRP-SeNPs were investigated
by DLS, FT-IR, UV-Vis, XPS, SEM, TEM, STEM-HAADF, EDX.
The optimal preparation condition was established and the BRP-
SeNPs were successfully synthesized. Then, in vitro tests, BRP-
SeNPs had protective effects on H,0,-induced AML-12 cells
injury model. Subsequently, the preventive effect of BRP-SeNPs
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on in CCly-induced mice liver injury was explored. BRP-SeNPs
could increase the body weight of mice, the activity of SOD and
GSH-Px in liver, and meanwhile decrease the liver organ index,
ALT and AST in serum, CYP2EL, the content of MDA and the
level of NO, IL-1B, and TNF-a in the liver of CCly-induced
damage. The histomorphology of liver was restored under the
stimulating of BRP-SeNPs.
mechanism against CCls-induced liver injury was elucidated.
The results indicated that BRP-SeNPs could attenuate oxidant
by the Nrf2/Keapl/MKP1/JNK pathways,
downregulate the proinflammatory factors by TLR4/MAPK
pathway. Hence, BRP-SeNPs possess the hepatoprotection and

Finally, the hepatoprotective

stress and

have the potential to be a green liver-protecting and auxiliary

liver inflammation drugs.

Data availability statement

The original contributions presented in the study are
the further
inquiries can be directed to the corresponding authors.

included in article/Supplementary Material,

Ethics statement

The animal study was reviewed and approved by

Experimental Animal Ethical Committee of Qingdao

Agricultural University.

Author contributions

FG completed the animal experiment, biochemical indexes,
pathological results, western blotting, ELISA Kkits, designed
diagrams, created the manuscript. HL and HH participated in
the animal experiment and western blotting, ELISA kits. LQ and
CL helped design the experiment and provided supervision. XW
reviewed the manuscript. XT helped design the experiment,
provided supervision and reviewed the manuscript. RH
conceived the experimental design, reviewed the manuscript
and acquired funding.

Funding

This work was supported by the Key R and D Program of
Shandong Province (Major Scientific and Technological
Innovation Project) (2021CXGC011305), Natural Science
Foundation of Shandong Province of China (ZR2020QC198),
Qingdao Agricultural University Doctoral Start-Up Fund
(6631121044, 6631118020), National Natural
Foundation of China (82003941, 31802229),

Foundation for Taishan Scholar of Shandong Province.

Science
Special

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1058480

Gao et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Bagheri-Josheghani, S., and Bakhshi, B. (2022). Formulation of selenium
nanoparticles encapsulated by alginate-chitosan for controlled delivery of Vibrio
cholerae LPS: a novel delivery system candidate for nanovaccine. Int. J. Biol.
Macromol. 208, 494-508. doi:10.1016/j.ijbiomac.2022.03.087

Bai, K., Hong, B, He, J., and Huang, W. (2020). Antioxidant capacity and
hepatoprotective role of chitosan-stabilized Selenium nanoparticles in concanavalin
a-induced liver injury in mice. Nutrients 12, E857. doi:10.3390/nu12030857

Cai, W., Hu, T., Bakry, A. M., Zheng, Z., Xiao, Y., and Huang, Q. (2018).
Effect of ultrasound on size, morphology, stability and antioxidant activity of
selenium nanoparticles dispersed by a hyperbranched polysaccharide from
Lignosus rhinocerotis. Ultrason. Sonochem. 42, 823-831. doi:10.1016/j.
ultsonch.2017.12.022

Che, J.,, Yang, S, Qiao, Z,, Li, H,, Sun, J., Zhuang, W, et al. (2019). Schisandra
chinensis acidic polysaccharide partialy reverses acetaminophen-induced liver
injury in mice. J. Pharmacol. Sci. 140, 248-254. doi:10.1016/j.jphs.2019.07.008

Chen, G, Yang, F., Fan, S, Jin, H, Liao, K, Li, X, et al. (2022).
Immunomodulatory roles of selenium nanoparticles: Novel arts for potential
immunotherapy strategy development. Front. Immunol. 13, 956181. doi:10.3389/
fimmu.2022.956181

Cheng, L, Wang, Y., He, X,, and Wei, X. (2018). Preparation, structural
characterization and bioactivities of Se-containing polysaccharide: A review. Int.
J. Biol. Macromol. 120, 82-92. doi:10.1016/j.ijbiomac.2018.07.106

Faure-Dupuy, S., Delphin, M., Aillot, L., Dimier, L., Lebossé, F., Fresquet, J., et al.
(2019). Hepatitis B virus-induced modulation of liver macrophage function
promotes hepatocyte infection. J. Hepatol. 71, 1086-1098. doi:10.1016/j.jhep.
2019.06.032

Gao, X,, Li, X,, Mu, J,, Ho, C. T,, Su, J., Zhang, Y., et al. (2020). Preparation,
physicochemical characterization, and anti-proliferation of selenium nanoparticles
stabilized by Polyporus umbellatus polysaccharide. Int. J. Biol. Macromol. 152,
605-615. doi:10.1016/j.ijbiomac.2020.02.199

Huang, S., Yang, W., and Huang, G. (2020). Preparation and activities of selenium
polysaccharide from plant such as Grifola frondosa. Carbohydr. Polym. 242, 116409.
doi:10.1016/j.carbpol.2020.116409

Hui, H,, Li, X,, Jin, H,, Yang, X,, Xin, A,, Zhao, R,, et al. (2019). Structural
characterization,  antioxidant and  antibacterial  activities of  two
heteropolysaccharides purified from the bulbs of Lilium davidii var. unicolor
Cotton. Int. J. Biol. Macromol. 133, 306-315. doi:10.1016/j.ijbiomac.2019.04.082

Jiang, H., Wang, R., Zhou, F., Wu, Y,, Li, S., Huo, G,, et al. (2022). Preparation,
physicochemical characterization, and cytotoxicity of selenium nanoparticles
stabilized by Oudemansiella raphanipies polysaccharide. Int. J. Biol. Macromol.
211, 35-46. doi:10.1016/j.ijjbiomac.2022.05.011

Kanhar, S., and Sahoo, A. K. (2019). Ameliorative effect of Homalium zeylanicum
against carbon tetrachloride-induced oxidative stress and liver injury in rats.
Biomed. Pharmacother. 111, 305-314. doi:10.1016/j.biopha.2018.12.045

Li, S, Tan, H. Y., Wang, N., Zhang, Z. ], Lao, L., Wong, C. W,, et al. (2015). The
role of oxidative stress and antioxidants in liver diseases. Int. J. Mol. Sci. 16,
26087-26124. doi:10.3390/ijms161125942

Li, Y., Tang, R, Leung, P. S. C., Gershwin, M. E., and Ma, X. (2017). Bile acids and
intestinal microbiota in autoimmune cholestatic liver diseases. Autoimmun. Rev. 16,
885-896. doi:10.1016/j.autrev.2017.07.002

Frontiers in Pharmacology

15

10.3389/fphar.2022.1058480

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1058480/full#supplementary-material

Liu, W., Li, X, Wong, Y. S., Zheng, W., Zhang, Y., Cao, W., et al. (2012). Selenium
nanoparticles as a carrier of 5-fluorouracil to achieve anticancer synergism. ACS
Nano 6, 6578-6591. doi:10.1021/nn202452¢

Liu, F,, Zhu, Z. Y., Sun, X, Gao, H., and Zhang, Y. M. (2017). The preparation of
three selenium-containing Cordyceps militaris polysaccharides: Characterization
and anti-tumor activities. Int. J. Biol. Macromol. 99, 196-204. doi:10.1016/j.
ijbiomac.2017.02.064

Liu, Y., Wen, P. H,, Zhang, X. X,, Dai, Y., and He, Q. (2018a). Breviscapine
ameliorates CCly-induced liver injury in mice through inhibiting inflammatory
apoptotic response and ROS generation. Int. J. Mol. Med. 42, 755-768. doi:10.3892/
{jmm.2018.3651

Liu, Y., Zeng, S., Liu, Y., Wu, W., Shen, Y., Zhang, L., et al. (2018b). Synthesis and
antidiabetic activity of selenium nanoparticles in the presence of polysaccharides
from Catathelasma ventricosum. Int. J. Biol. Macromol. 114, 632-639. doi:10.1016/j.
ijbiomac.2018.03.161

Meng, M., Zhang, R, Han, R, Kong, Y., Wang, R., and Hou, L. (2021). The
polysaccharides from the Grifola frondosa fruiting body prevent
lipopolysaccharide/D-galactosamine-induced acute liver injury via the miR-122-
Nrf2/ARE pathways. Food Funct. 12, 1973-1982. doi:10.1039/d0fo03327h

Ning, C, Gao, X, Wang, C, Huo, X, Liu, Z, Sun, H, et al. (2018).
Hepatoprotective effect of ginsenoside Rgl from Panax ginseng on carbon
tetrachloride-induced acute liver injury by activating Nrf2 signaling pathway in
mice. Environ. Toxicol. 33, 1050-1060. doi:10.1002/tox.22616

Qin, S., Huang, B., Ma, ], Wang, X,, Zhang, J., Li, L., et al. (2015). Effects of
selenium-chitosan on blood selenium concentration, antioxidation status, and
cellular and humoral immunity in mice. Biol. Trace Elem. Res. 165, 145-152.
doi:10.1007/s12011-015-0243-5

Ren, L., Wu, Z., Ma, Y., Jian, W, Xiong, H., and Zhou, L. (2021). Preparation and
growth-promoting effect of selenium nanoparticles capped by polysaccharide-
protein complexes on tilapia. J. Sci. Food Agric. 101, 476-485. doi:10.1002/jsfa.
10656

Shi, X. D, Tian, Y. Q, Wu, J. L, and Wang, S. Y. (2021). Synthesis,
characterization, and biological activity of selenium nanoparticles conjugated
with polysaccharides. Crit. Rev. Food Sci. Nutr. 61, 2225-2236. doi:10.1080/
10408398.2020.1774497

Song, B.J., Abdelmegeed, M. A., Yoo, S. H,, Kim, B.],, Jo, S. A, Jo, L, et al. (2011).
Post-translational modifications of mitochondrial aldehyde dehydrogenase and
biomedical implications. J. Proteomics 74, 2691-2702. doi:10.1016/j.jprot.2011.
05.013

Song, X., Chen, Y., Sun, H, Liu, X,, and Leng, X. (2020). Physicochemical and
functional properties of chitosan-stabilized selenium nanoparticles under different
processing treatments. Food Chem. 331, 127378. doi:10.1016/j.foodchem.2020.127378

Song, X., Cui, W., Gao, Z., Zhang, J., and Jia, L. (2021). Structural characterization
and amelioration of sulfated polysaccharides from Ganoderma applanatum residue
against CCl(4)-induced hepatotoxicity. Int. Immunopharmacol. 96, 107554. doi:10.
1016/j.intimp.2021.107554

Sun, Q., Dong, M., Wang, Z., Wang, C,, Sheng, D., Li, Z., et al. (2016). Selenium-
enriched polysaccharides from Pyracantha fortuneana (Se-PFPs) inhibit the growth
and invasive potential of ovarian cancer cells through inhibiting B-catenin signaling.
Oncotarget 7, 28369-28383. doi:10.18632/oncotarget.8619

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1058480/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1058480/full#supplementary-material
https://doi.org/10.1016/j.ijbiomac.2022.03.087
https://doi.org/10.3390/nu12030857
https://doi.org/10.1016/j.ultsonch.2017.12.022
https://doi.org/10.1016/j.ultsonch.2017.12.022
https://doi.org/10.1016/j.jphs.2019.07.008
https://doi.org/10.3389/fimmu.2022.956181
https://doi.org/10.3389/fimmu.2022.956181
https://doi.org/10.1016/j.ijbiomac.2018.07.106
https://doi.org/10.1016/j.jhep.2019.06.032
https://doi.org/10.1016/j.jhep.2019.06.032
https://doi.org/10.1016/j.ijbiomac.2020.02.199
https://doi.org/10.1016/j.carbpol.2020.116409
https://doi.org/10.1016/j.ijbiomac.2019.04.082
https://doi.org/10.1016/j.ijbiomac.2022.05.011
https://doi.org/10.1016/j.biopha.2018.12.045
https://doi.org/10.3390/ijms161125942
https://doi.org/10.1016/j.autrev.2017.07.002
https://doi.org/10.1021/nn202452c
https://doi.org/10.1016/j.ijbiomac.2017.02.064
https://doi.org/10.1016/j.ijbiomac.2017.02.064
https://doi.org/10.3892/ijmm.2018.3651
https://doi.org/10.3892/ijmm.2018.3651
https://doi.org/10.1016/j.ijbiomac.2018.03.161
https://doi.org/10.1016/j.ijbiomac.2018.03.161
https://doi.org/10.1039/d0fo03327h
https://doi.org/10.1002/tox.22616
https://doi.org/10.1007/s12011-015-0243-5
https://doi.org/10.1002/jsfa.10656
https://doi.org/10.1002/jsfa.10656
https://doi.org/10.1080/10408398.2020.1774497
https://doi.org/10.1080/10408398.2020.1774497
https://doi.org/10.1016/j.jprot.2011.05.013
https://doi.org/10.1016/j.jprot.2011.05.013
https://doi.org/10.1016/j.foodchem.2020.127378
https://doi.org/10.1016/j.intimp.2021.107554
https://doi.org/10.1016/j.intimp.2021.107554
https://doi.org/10.18632/oncotarget.8619
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1058480

Gao et al.

Wadhwani, S. A., Shedbalkar, U. U,, Singh, R,, and Chopade, B. A. (2016).
Biogenic selenium nanoparticles: current status and future prospects. Appl.
Microbiol. Biotechnol. 100, 2555-2566. do0i:10.1007/s00253-016-7300-7

Wang, L., Li, C,, Huang, Q., and Fu, X. (2019a). Biofunctionalization of selenium
nanoparticles with a polysaccharide from Rosa roxburghii fruit and their protective
effect against H(2)O(2)-induced apoptosis in INS-1 cells. Food Funct. 10, 539-553.
doi:10.1039/c8f001958d

Wang, M., Niu, J.,, Ou, L., Deng, B., Wang, Y., and Li, S. (2019b). Zerumbone
protects against carbon tetrachloride (CCl(4))-induced acute liver injury in mice via
inhibiting oxidative stress and the inflammatory response: involving the TLR4/NF-
kB/COX-2 pathway. Molecules 24, E1964. doi:10.3390/molecules24101964

Wang, W., Jiang, L., Ren, Y., Shen, M., and Xie, J. (2019¢). Characterizations and
hepatoprotective effect of polysaccharides from Mesona blumes against
tetrachloride-induced acute liver injury in mice. Int. J. Biol. Macromol. 124,
788-795. doi:10.1016/j.ijbiomac.2018.11.260

Wang, N.,, Wu, Y, Jia, G., Wang, C., Xiao, D., Goff, H. D,, et al. (2021). Structural
characterization and immunomodulatory activity of mycelium polysaccharide from
liquid fermentation of Monascus purpureus (Hong Qu). Carbohydr. Polym. 262,
117945. doi:10.1016/j.carbpol.2021.117945

Xiao, Y., Huang, Q., Zheng, Z., Guan, H., and Liu, S. (2017). Construction of a
Cordyceps sinensis exopolysaccharide-conjugated selenium nanoparticles and
enhancement of their antioxidant activities. Int. J. Biol. Macromol. 99, 483-491.
doi:10.1016/j.ijbiomac.2017.03.016

Frontiers in Pharmacology

16

10.3389/fphar.2022.1058480

Xu, G., Han, X,, Yuan, G, An, L., and Du, P. (2017). Screening for the protective
effect target of deproteinized extract of calf blood and its mechanisms in mice with
CCl4-induced acute liver injury. PLoS One 12, €0180899. doi:10.1371/journal.pone.
0180899

Zeng, D., Zhao, J., Luk, K. H., Cheung, S. T., Wong, K. H., and Chen, T. (2019).
Potentiation of in vivo anticancer efficacy of selenium nanoparticles by mushroom
polysaccharides surface decoration. J. Agric. Food Chem. 67, 2865-2876. doi:10.
1021/acs.jafc.9b00193

Zhai, X., Zhang, C., Zhao, G,, Stoll, S., Ren, F., and Leng, X. (2017). Antioxidant
capacities of the selenium nanoparticles stabilized by chitosan. J. Nanobiotechnology
15, 4. doi:10.1186/s12951-016-0243-4

Zhang, C., Pan, D,, Luo, K., She, W., Guo, C,, Yang, Y., et al. (2014). Peptide
dendrimer-Doxorubicin conjugate-based nanoparticles as an enzyme-responsive
drug delivery system for cancer therapy. Adv. Healthc. Mater. 3, 1299-1308. doi:10.
1002/adhm.201300601

Zhang, C., Zhai, X,, Zhao, G., Ren, F., and Leng, X. (2015). Synthesis,
characterization, and controlled release of selenium nanoparticles stabilized by
chitosan of different molecular weights. Carbohydr. Polym. 134, 158-166. doi:10.
1016/j.carbpol.2015.07.065

Zhang, S., Song, Z., Shi, L., Zhou, L., Zhang, J., Cui, J., et al. (2021). A dandelion
polysaccharide and its selenium nanoparticles: Structure features and evaluation of
anti-tumor activity in zebrafish models. Carbohydr. Polym. 270, 118365. doi:10.
1016/j.carbpol.2021.118365

frontiersin.org


https://doi.org/10.1007/s00253-016-7300-7
https://doi.org/10.1039/c8fo01958d
https://doi.org/10.3390/molecules24101964
https://doi.org/10.1016/j.ijbiomac.2018.11.260
https://doi.org/10.1016/j.carbpol.2021.117945
https://doi.org/10.1016/j.ijbiomac.2017.03.016
https://doi.org/10.1371/journal.pone.0180899
https://doi.org/10.1371/journal.pone.0180899
https://doi.org/10.1021/acs.jafc.9b00193
https://doi.org/10.1021/acs.jafc.9b00193
https://doi.org/10.1186/s12951-016-0243-4
https://doi.org/10.1002/adhm.201300601
https://doi.org/10.1002/adhm.201300601
https://doi.org/10.1016/j.carbpol.2015.07.065
https://doi.org/10.1016/j.carbpol.2015.07.065
https://doi.org/10.1016/j.carbpol.2021.118365
https://doi.org/10.1016/j.carbpol.2021.118365
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1058480

	Ameliorative effect of Berberidis radix polysaccharide selenium nanoparticles against carbon tetrachloride induced oxidativ ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and chemicals
	2.2 Preparation and characterization of BRP and BRP-SeNPs
	2.2.1 Preparation of BRP
	2.2.2 Preparation of BRP-SeNPs
	2.2.3 Characterization of BRP-SeNPs

	2.3 Antioxidant activity of BRP-SeNPs in vitro
	2.3.1 Cell culture
	2.3.2 Establishment of cells injury model induced by H2O2
	2.3.3 Cytotoxicity and protective assays of BRP-SeNPs
	2.3.4 Changes of intracellular GSH-Px and MDA content

	2.4 Animal treatment and dosage regimen
	2.5 Biochemical index determination
	2.6 Histopathology analysis
	2.7 Western blot analysis
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Preparation of BRP-SeNPs
	3.2 Stability of BRP-SeNPs
	3.3 Characterization of BRP-SeNPs
	3.4 Antioxidant activities of BRP-SeNPs in vitro
	3.4.1 Effects of H2O2 and BRP-SeNPs on the viability of AML-12 cells
	3.4.2 Effects of BRP-SeNPs on H2O2-induced oxidative injury model

	3.5 Effect of BRP-SeNPs on body weight and relative organ index in vivo
	3.6 Liver histopathological
	3.7 Biochemical assays detected in blood serum
	3.8 CYP2E1 changes in liver
	3.9 Biochemical assays detected in liver
	3.9.1 Effects on SOD and GSH-Px activity and MDA levels in liver
	3.9.2 Effects on NO, IL-1β and TNF-α levels in liver

	3.10 Cell signaling pathway

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


