Downloaded via CHUNG-ANG UNIV on October 26, 2023 at 04:38:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

- \
v
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Silymarin-Functionalized Selenium Nanoparticles Prevent LPS-
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ABSTRACT: Silymarin exhibits an anti-inflammatory property in NeOe
various cancers and inflammatory diseases. In our previous work, silymarin -
silymarin-mediated selenium nanoparticles (SeNPs) (Si-SeNPs) were - _ se
developed using a green synthesis technique, and its potential as an N

: p gag ym que, p . Heating at 30°C for 24 h~ and vabaton :i-Se\?s:
anticancer agent was confirmed. In order to further examine the 4 N )

extended comprehensive potential of Si-SeNPs, this investigation
focuses on studying the enhanced anti-inflammatory effect of Si-
SeNPs in lipopolysaccharide (LPS)-stimulated RAW264.7 macro-
phages. Enzyme-linked immunosorbent assay and quantitative reverse
transcription-polymerase chain reaction were used to evaluate the
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expression of pro-inflammatory mediators and cytokines. Western AN AT
blotting and immunofluorescence assays were conducted to assess the | Yy ﬁl itochondii
protein expression of p-PI3K, p-Akt, p-NF-xB, and p-IkBa. ! se l@‘J

Compared to silymarin, Si-SeNPs exhibited a significantly increased
inhibitory effect on LPS-induced release of nitric oxide and the
expression of pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a) and interleukin 15 (IL-1/) in RAW264.7 cells.
A western blot assay indicated that Si-SeNPs downregulated the PI3K/Akt and NF-«B signaling pathways. The immunofluorescence
assay suggested that Si-SeNPs inhibited the nuclear translocation and the activation of NF-«B. In addition, 740 Y—P (PI3K agonist)
was used to demonstrate that activating the PI3K/Akt signal could partially reverse the inflammatory response, suggesting a causal
role of the PI3K/Akt signaling pathway in the anti-inflammatory effect of Si-SeNPs. Consequently, these findings indicate that Si-
SeNPs could be a functional agent of the attenuation of LPS-induced inflammatory responses in RAW264.7 macrophages through
inhibiting the PI3K/Akt/NF-kB signaling pathway. In addition, biosynthesized Si-SeNPs could be more effective at reducing
inflammation than only silymarin extracts. Thus, this study lays an experimental foundation for the clinical application of using
biosynthesized SeNPs as a novel candidate in the field of inflammation-associated diseases.
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1. INTRODUCTION

Inflammation is a natural protective immune response to
hazardous stimuli, such as microbial pathogen infection, tissue
injury, or toxic compounds.' Excessive and prolonged
inflammatory responses can lead to many progressive and
chronic diseases such as cancer, Parkinson’s disease, and
autoimmune conditions.” Macrophages, which belong in the
principal defense mechanism, are of essential importance in
innate immunity.” Lipopolysaccharide (LPS), the primary
component within the cell membrane of gram-negative bacteria,
can stimulate macrophages to secrete large amounts of
inflammatory cytokines and mediators, including IL-1/3, TNF-
@, and nitric oxide.* Therefore, inhibition of production of these
mediators and cytokines is a promising idea for the design of
anti-inflammatory drugs.” There is a wide range of available anti-
inflammatory medicines; however, their applications are still
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associated with many side effects such as increased risk of
cardlovascular disease, kidney disease, or gastrointestinal
ulcers.’ Recently, as an alternative approach for the treatment
of inflammation, nano-biotechnology has attracted much
attention.

Silymarin, a phytochemical substance extracted from the
herbal medicine Silybum marianum L., is illustrious because of its
anti-inflammatory and antioxidant activities. However, due to its
poor water and liquid solubility as well as low gut absorption
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(20%—50%), silymarin shows low bioavailability and limits
clinical application.” As is well-known, silymarin is composed of
seven major flavonolignans (silydianin, silychristin, isosilybin A,
isosilybin B, isosilychristin, silybin A, silybin B).*” The high
flavonolignans content and anti-inflammatory property of
silymarin make it a valuable source of bioactive compounds
acting as the reducing and capping agent in the green synthesis
of nanoparticles.

The evolution of nanotechnology has advanced biomedicine
therapeutics throu§h innovative approaches to drug delivery and
disease treatment.' ' Selenium nanoparticles (SeNPs) have been
employed widely in research ranging from anti-inflammation to
anticancer treatments due to their benefits of low toxicity, high
stability, and biocompatibility.'>"* To encourage the biomedical
applications of SeNPs, biosynthesis methods have been
promoted to use to produce less toxic and highly bioactive
SeNPs. Nonetheless, biosynthesis methods using fungi, bacteria,
or algae have several disadvantages including time-consuming
production methods and difficulty in controlling size and
morphology.'* Therefore, phytochemicals from plant extracts
have been applied as alternatives to microbial-mediated
biosynthesis of SeNPs."> In a previous study, we successfully
synthesized silymarin-mediated SeNPs (Si-SeNPs) with mixed
shapes and sizes in the range of 30—80 nm, and we confirmed
31.1% of silymarin was coated on the surface of SeNPs. The
enhanced anticancer efficacy of Si-SeNPs compared to silymarin
has been demonstrated in various cancer cells such as HeLa,
AGS, HepG2, and A549 cells.” Long-term chronic inflammation
promotes cancer progression in the body, and 15%—20% of
cancer deaths globally are related to inflammatory events.'®
Associated with the evidence of silymarin’s anti-inflammatory
effects in a range of malignancies and inflammatory diseases,'”
we hypothesized that biosynthesized Si-SeNPs could exert
better anti-inflammatory activities than only silymarin extracts.
In the present study, we further explored the anti-inflammatory
efficacy of Si-SeNPs in RAW264.7 macrophages and inves-
tigated the underlying molecular mechanisms to examine the
extended comprehensive potential of Si-SeNPs.

2. MATERIALS AND METHODS

2.1. Reagents and Antibodies. RAW264.7 cells were
obtained from the Korean Cell Line Bank. Dulbecco’s Modified
Eagle Medium (DMEM), penicillin-streptomycin, and fetal
bovine serum (FBS) were obtained from GenDEPOT.
Silymarin, dimethyl sulfoxide (DMSO), soluble 3-(4, -
dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide
(MTT), sodium selenite, and lipopolysaccharide (LPS) were
purchased from Sigma-Aldrich. Sodium selenite was purchased
from Sigma Chemicals Co. The 740Y—P was purchased from
MedChemExpress (MCE). Primary antibodies against PI3K, p-
PI3K, AKT, and p-AKT were obtained from Abcam, and
antibodies against IkBa, p-IkBa, NF-kB, p-NF-kB, and f-actin
were purchased from Cell Signaling Technology.

2.2. Biosynthesis and Physicochemical Character-
ization of Si-SeNPs. The synthesis of Si-SeNPs followed our
previous publication.” A mixture of sodium selenite (Na,SeO;)
and silymarin solutions was magnetically stirred in the dark at 30
°C for 24 h. After the successful synthesis of Si-SeNPs, field
emission transmission electron microscopy (TEM; JEM-2100F,
JEOL, Ltd.) was used to estimate the size and morphology of the
Si-SeNPs at 200 kV. The size, dispersal nature, and zeta potential
of Si-SeNPs were determined by a Dynamic Light Scattering
(DLS) particle analyzer (Otsuka Electronics) at 25 °C.

2.3. Cell Culture and Cell Viability Assay. The
RAW264.7 macrophage cells were grown in DMEM supple-
mented with 10% heat-inactivated FBS and 1% penicillin—
streptomycin at 37 °C in a 5% CO, humidified incubator. The
MTT assay was used to analyze the cytotoxicity of silymarin and
Si-SeNPs against RAW264.7 cells. The cells were seeded (1 X
10* cells/well) in a 96-well culture plate and incubated for 24 h.
When the confluence reached 90%, cells were treated with two
concentrations each of Silymarin and Si-SeNPs (0.4 and 0.8 ug/
mL). After 24 h, 100 L of MTT (0.5 mg/mL) was added into
each well to further incubate for 3 h, and then the medium was
replaced with DMSO to dissolve the dark formazan. Absorbance
was measured at 570 nm using a microplate reader (SpectraMax
ABS Plus).

2.4. Nitric Oxide Analysis. RAW264.7 cells were separately
plated in 96-well plates (1 X 10* cells/well) for 24 h and
pretreated with Si-SeNPs and silymarin (0.4, 0.8 sg/mL) for 1 h,
then stimulated with LPS (1 #g/mL) for another 24 h. The cell
morphology in each group was observed using phase
microscopy. The production of nitrite (NaNO,) and nitric
oxide (NO) oxidation was determined using the Griess Reagent
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. After this was incubated for 30 min at 25 °C, the
absorbance of NaNO, and MTT was measured at 570 nm using
a spectrophotometric microplate reader.

2.5. Reactive Oxygen Species and Mitochondrial
Superoxide Detection. Cells treated with silymarin or Si-
SeNPs (0.4 and 0.8 ug/mL) for 24 h were incubated with the
oxidative stress and superoxide detection reagent at 37 °C for 30
min. Intracellular reactive oxygen species (ROS) were released,
and mitochondrial superoxide (Mito-SOX) was detected using
the Cellular ROS/(Mito-SOX) Detection Assay Kit (Abcam)
containing the oxidative stress (green) and superoxide detection
reagent (orange). Fluorescence was measured using LSM 510
and 510 META laser scanning microscopes (Leica).

2.6. Live/Dead Cell Fluorescence Staining. After cell
treatment, the live/dead viability staining kit (Life Technolo-
gies) was used to evaluate the cytotoxicity effect of samples
according to the manufacturer’s instructions. The living cells
(green) and dead cells (red) were visualized using a fluorescence
microscope (Leica).

2.7. Enzyme Immunosorbent Assay (ELISA). The
secretion levels of mouse TNF-a and IL-1f were estimated
using an enzyme-linked immunosorbent assay (ELISA) kit
(R&D Systems) following to the manufacturer’s instruction.
RAW 264.7 macrophages (1 X 10* cells/well) were seeded into
96-well plates and treated with silymarin and Si-SeNPs, followed
by stimulation with 1 pg/mL LPS for 24 h. After that,
supernatants were collected to determine the level of these
cytokines.

2.8. Immunofluorescence Staining. After 24 h of
treatment with silymarin and Si-SeNPs, the cells were fixed in
4% paraformaldehyde for 30 min and permeabilized with 1%
Triton X-100 in phosphate-buffered saline (PBS). Then, the
cells were blocked with 5% bovine serum albumin (BSA) for 1 h
before incubation with the primary antibody (1:1000) overnight
at 4 °C. After three washes with PBS, the cells were incubated
with Alexa Fluor 488-conjugated goat antirabbit IgG and Alexa
Fluor 594-conjugated goat antirabbit IgG H&L (Abcam) for 1 h
in the dark. The nuclei were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI). Immunofluorescence was captured
using a fluorescence microscope (Leica).
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Figure 1. Biosynthesis and characterization of Si-SeNPs. Biosynthesis of Si-SeNPs (A). Zeta potential of Si-SeNPs (B). Field emission TEM images of
Si-SeNPs (C). DLS spectrum of Si-SeNPs (D).

2.9. Quantitative Real-Time PCR (qRT-PCR). Total RNA lyzed in triplicate. GAPDH was used as an internal control to

was extracted from RAW264.7 cells using the Trizol reagent kit evaluate the relative gene expression.

protocol (Bioline, Brisbane, Australia). Total RNA (500 ng) was 2.10. Western Blot Analysis. Total cellular protein was
reverse transcribed into cDNA using a Superscript First-Strand extracted using a radioimmunoprecipitation assay (RIPA) lysis
Synthesis Kit (Invitrogen). Quantitative reverse transcription- buffer (Ther@o Fisher Scientific). RIPA lysis buﬁjer was add:zd
polymerase chain reaction (qQRT-PCR) was performed accord- to the cells on ice for 1 h, and the lysates were centrifuged at 4 °C

ing to the manufacturer’s instructions using the SYBR Premix Ex ﬁ’lrc §O r;xisn. ifif(;iiilpr:t:}iz Asriat);_Iéit(:g]zi:i:iizborfotgﬁz
. . . .) was u z i ion;

Tagll RT-PCRKit (TaKaRa Bio Inc.). The DNA wasamplified 7 7% (000 07 v saden deoy] B e

by qRT-PCR using specific primers forl IL-13: forward 5/- polyacrylamide gel (SDS-PAGE) and then transferred to

TGCAGAGTTCCCCAACTGGTAC-3 fnd reverse 5'- poly(vinylidene difluoride) (PVDF) membranes (Thermo

GTGCTGCCTAATGTCCCCTTGAATC-3'; TNF-a: forward Fisher Scientific). The membranes were blocked with $% skim

5'-AGCCCACGTCGTAGCAAACCAC-3' and reverse §'-

milk at room temperature for 1 h and immunoblotted overnight
AACACCCATTCCCTTCACAGAGC-3"; GAPDH: forward at 4 °C with primary antibodies (1:1000 dilution), using f-actin

S’-ACCACAGTCCATGCCATCAC-3' and reverse §'- as an internal control. After three washes with phosphate-
CCACCACCCTGTTGCTGTAG-3'. Each sample was ana- buffered saline with Tween (PBST), the membranes were
42725 https://doi.org/10.1021/acsomega.2c04140
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Figure 2. Si-SeNPs alleviate LPS-induced RAW264.7 cell differentiation. The effect of Si-SeNPs and silymarin on the cellular morphology of LPS-
activated RAW264.7 cells (A). The effect of Si-SeNPs and silymarin on the viability of RAW264.7 cells using live/dead staining, with green color (live
cells) and red color (dead cells) (B). The effect of Si-SeNPs and silymarin on the viability of RAW264.7 cells using MTT assay (C).

LPS + Si-SeNPs (ug/ml)

Control LPS 0.4

ROS

100 um

100w

MitoSOX

100 um 100 pum

@ 120 *
2
é@ 100 4
£ 80
B
@ o ’:‘
C 2= & idid
=2z
22w T
-
0
LPS - + + + o+ o+
Si-SeNPs (ug/ml) . - 04 08 - -
Silymarin (pg/m = - - = 04 08

100 pm

100 um

LPS + Silymarin (pg/ml)
0.8 0.4 0.8

100 pm

¥ 100. um

100 um 100 um 100 pn

o 120 i
=
g _ 100
# 85 80 i #
P
LE3 60
= ‘; =
=222
£ 5
2 20
0
LPS - + + + + +
Si-SeNPs (pg/ml) - - 04 08 - -
Silymarin (ug/m1) - - - - 04 08

Figure 3. Effect of Si-SeNPs on ROS (§reen) and MitoSOX (red) generations in LPS-stimulated RAW264.7 cells. All values are expressed as mean =+
)

SD. (**) p < 0.01 vs control group;

p <0.05, ) p < 0.01 vs LPS group.

incubated with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibody (1:5000 dilution) for 1 h in a
dark box. Protein bands were visualized with the West-Q_Pico
ECL Solution (GenDEPOT) and quantified using the Image-J
software.

2.11. Statistical Analysis. The mean + standard deviation
(SD) of three independent experiments was performed in this
study. Statistical analyses were employed by GraphPad Prism 8

42726

(GraphPad Software, Inc.). Statistical comparisons between
groups were assessed by a Student’s t-test with the significant
consideration at p < 0.05 and p < 0.01.

3. RESULTS

3.1. Biosynthesis and Characterization of Si-SeNPs.
Based on our previous research, synthesized Si-SeNPs followed
a redox reaction in which the biological molecules of silymarin

https://doi.org/10.1021/acsomega.2c04140
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Figure 4. Inhibitory effect of Si-SeNPs on inflammation end product in LPS-stimulated RAW264.7 cells. The inhibitory effect of Si-SeNPs and
silymarin on NO production in LPS-treated RAW264.7 macrophages (A). Secretion of TNF-a and IL-1ff measured in the cell supernatant using
ELISA kits (B). Analysis of gene expression (TNF-a and IL-1§3) after Si-SeNPs or silymarin treated in activated macrophages (C). All values are
expressed as mean + SD. (**) p < 0.01 vs control group; (*) p < 0.05, (**) p < 0.01 vs LPS group.

along with sodium selenite functioned as reducing and
stabilizing agents (Figure 1A). The Si-SeNPs contain three
main flavonolignan compounds (silychristin, silybin, and
isosilybin), and it was confirmed that an organic polymer
coating emerged on the Si-SeNPs surface. To test the stability of
Si-SeNPs, the zeta potential was measured at —32.2 mV, which
was considered stable (Figure 1B). In a TEM image, the Si-
SeNPs possessed sizes that ranged from approximately 30 to 80
nm and were in the form of spherical-, triangular-, and
hexagonal-shaped mixed nanohybrids (Figure 1C). The hydro-
dynamic size of the Si-SeNPs was measured by DLS technique
to be around 192.1 nm. The polydispersity index was 0.1,
indicating the narrow size distribution of SeNPs.

3.2. The Effect of Si-SeNPs on Lipopolysaccharide
(LPS)-Induced RAW264.7 Cell Differentiation. To study
the protective effects of Si-SeNPs on LPS-stimulated RAW264.7
cells, the morphological changes induced by a Si-SeNPs
treatment were first investigated in LPS-treated cells through
optical microscopy. As shown in Figure 2A, the RAW264.7 cells
had a round shape with smooth edges and without pseudopodia.
However, LPS-induced abundant cell differentiation (red

42727

arrow) showed cell morphological variations that were flat and
elongated in shape with pseudopodia formation. Following Si-
SeNPs (0.8 pg/mL) treatment, the cell morphological structure
was changed to be ameliorated. Following a Si-SeNPs (0.8 ug/
mL) treatment, the cell morphological structure was changed to
be ameliorated. To examine the cytotoxic impacts of Si-SeNPs
on LPS-stimulated RAW264.7 cells, live/dead staining was
evaluated initially, and no toxicity was observed in all groups. In
an MTT assay, cells were pretreated with Si-SeNPs and
silymarin (0.4 and 0.8 pg/mL). As shown in Figure 2B, there
were no considerable cytotoxic effects under the Si-SeNPs and
silymarin (0.4 and 0.8 ig/mL) treatment conditions through the
MTT assay.

3.3. The Effect of Si-SeNPs on ROS Production in LPS-
Induced RAW264.7 Macrophages. ROS production is
responsible for macrophage differentiation and plays a critical
role in the activation of key inflammatory signaling pathways."®
In this study, we assessed the ability of Si-SeNPs and the extract
of silymarin to influence the level of ROS and MitoSOX in
RAW264.7 cells stimulated by LPS. In comparison to the
control group, LPS substantially increased the fluorescence
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Figure 5. Inhibitory effect of Si-SeNPs and silymarin on NF-kB signaling pathway. For NF-kB protein expression, RAW264.7 cells were treated with Si-
SeNPs and silymarin (0.4 and 0.8 ug/mL) and exposed to LPS (1 ug/mL) for 24 h (A). p6S translocation was established using an NF-kB antibody and
an Alexa Fluor 488-conjugated goat antirabbit IgG and 594-conjugated goat antirabbit IgG H&L. Nuclei were countered by DAPI. Scale bar = 50 um
(B). All values are expressed as mean + SD. (**) p < 0.01 vs control group; (") p < 0.05, (™) p < 0.01 vs LPS group.

intensity with ROS (green) and MitoSOX (red), whereas, at the
concentration 0.8 tg/mL, Si-SeNPs pretreated cells significantly
reduced the fluorescence intensity to 16.7% and 31.8%,
respectively. In addition, compared to Si-SeNPs, 0.8 ug/mL
silymarin decreased ROS production and MitoSOX expression
to 48.2% and 69.3%, respectively (Figure 3). These results
suggested that Si-SeNPs exhibited an enhanced inhibitory effect
on ROS production in RAW264.7 cells compared to silymarin.

3.4. The Effect of Si-SeNPs on Inflammation End
Product in LPS-Induced RAW264.7 Macrophages. Several
studies have confirmed that NO production, TNF-a, and IL-1/
are fundamental pro-inflammatory mediators and cytokines in
inflammation processes, which can lead to expression of
inflammatory molecules.””* As shown in Figure 4A, LPS
dramatically increased the NO production to (36.1 + 1.7 uM)
compared to the untreated group (0.0 + 0.0 zM). In contrast,
treatment with Si-SeNPs remarkably reduced the LPS-induced
NO secretion (15.7 + 0.8, 9.0 = 0.6 uM at 0.4, 0.8 ug/mL,
respectively). To investigate the effects of Si-SeNPs on the
cytokine secretion, an ELISA was performed in this study. In
Figure 4B, TNF-a and IL-1§ were slightly secreted in the
untreated group; however, after 24 h of LPS stimulation, this
secretion significantly increased by 209.6 and 52.9 times,
respectively. Moreover, the TNF-a and IL-1/3 releases of the 0.8
pug/mL Si-SeNPs-treated group were markedly reduced by
47.6% and 73.0% of that in the LPS group, respectively. A slight
inhibitory effect was also observed after silymarin treatment, in
which the secretion of TNF-ar and IL-1f was decreased by 27.1%
and 37.0% compared to LPS-treated group, respectively.
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To investigate whether the downregulation of TNF-a and IL-
1/ release was due to their gene expression induced by Si-SeNPs
and silymarin, we performed a qRT-PCR analysis. The data
showed that LPS caused the enhancement of TNF-a and IL-1/
mRNA expression, whereas pretreatment with Si-SeNPs (0.8
ug/mL) significantly inhibited the expression of these cytokines.
Additionally, compared to Si-SeNPs, pretreatment with
silymarin (0.8 ug/mL) did not exhibit as effective inhibition as
Si-SeNPs (Figure 4C). Consequently, these results indicated
that Si-SeNPs attenuated LPS-induced NO production and pro-
inflammatory cytokine expression more effectively than
silymarin alone.

3.5. The Effect of Si-SeNPs on NF-xB Signaling
Pathway in LPS-Stimulated RAW264.7 Cells. To examine
the molecular mechanism of the inhibitory effect of Si-SeNPs on
the release of pro-inflammatory cytokines from macrophages
induced by LPS, western blotting was performed. In RAW264.7
cells stimulated by LPS, the relative expression of p-IkBa and p-
NF-kB exhibited significant phosphorylation, whereas these
phosphorylation levels were substantially decreased in the
nanoparticle-treated group (Figure SA). In addition, we further
assessed whether Si-SeNPs suppress the activation of NF-kB in
RAW?264.7 cells by utilizing immunofluorescence staining. In
comparison to the untreated group, NF-kB in the LPS
stimulation group translocated and accumulated from the
cytoplasm to the nucleus; however, it noticeably decreased by
51.6% and 73.4% in the 0.4 and 0.8 ug/mL Si-SeNPs groups,
respectively (Figure SB). Therefore, these results suggested that
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Figure 6. PI3K/Akt/NF-kB pathway is involved in Si-SeNPs activated inhibition of inflammation. qRT-PCR analysis of PI3K and Akt mRNA in
activated RAW264.7 cells (A). Western blot analysis of PI3K and Akt proteins in activated RAW264.7 cells (B). Effect of 740 Y—P on mRNA
expression of TNF-a and IL-1f3 in Si-SeNPs treated RAW264.7 cells (C). Effect of 740 Y—P on protein expression of PI3K, Akt, IkBa, and NF-«B in Si-
SeNPs-treated RAW264.7 cells (D). All values are expressed as mean =+ SD. (*) p < 0.0S, (**) p < 0.01 vs control group; (%) p<0.05, (*) p<0.01 vs Si-

SeNPs group.

Si-SeNPs considerably inhibited the nuclear translocation of
NF-«B in LPS-stimulated RAW264.7 macrophages.

3.6. The Inhibitory Effect of Si-SeNPs on PI3K/Akt
Signaling Pathway. PI3K/Akt signaling pathway was proved
to play a fundamental role at the initiation of inflammatory
mechanisms.”' Hence, we examined the PI3K/Akt pathway as
an upstream signal of the anti-inflammatory mechanism of Si-
SeNPs, and pretreatment with Si-SeNPs significantly inhibited
PI3K and Akt expression in both gene and protein level.

To further demonstrate the biological correlation between the
PI3K/Akt signaling pathway and the anti-inflammatory activity
of Si-SeNPs, 740 Y—P (a PI3K activator) was used to cotreat
with Si-SeNPs. As shown in Figure 6C, 740Y—P (30 uM)
partially reversed TNF-a and IL-1f mRNA expression in Si-
SeNPs-treated RAW264.7 cells, which confirmed that 740Y—P
could inhibit the anti-inflammatory activity of Si-SeNPs.
Furthermore, we investigated the protein expression that
could be involved in the PI3K/Akt/NF-kB signaling cascade.
As demonstrated in Figure 6D, 740 Y—P reversed the
suppression of PI3K, Akt, IkBa, and NF-kB in Si-SeNPs-treated
RAW264.7 cells. These data indicated that the anti-inflamma-
tory effect of Si-SeNPs was mediated through the PI3K/Akt/
NF-«B signaling pathway in RAW264.7 macrophages.
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4. DISCUSSION

In recent years, an increasing number of studies have
contributed more reliable evidence to the health-promoting
properties of SeNPs. However, traditional physical and chemical
synthesis methods of SeNPs require hazardous elements and
extreme thermal conditions, which are perilous for biological
applications.”” Beyond the benefits of a biological synthesis of
SeNPs such as environmental friendliness and unique
spectroscopic characteristics, natural plant-mediated biological
synthesis of SeNPs is known to be a less toxic, easier, and more
cost-effective approach, having been proven to have the ability to
perform as reducing and capping agents.'> Rad et al. fabricated
SeNPs using Pelargonium zonale leaf extract for enhanced
antimicrobial activities.”> Qiu et al. reported that pectin-
decorated SeNPs exhibited stability and enhanced antioxidant
activity.”* In our previous study, silymarin-mediated SeNPs
were successfully synthesized in an eco-friendly, efficient,
economical, and more suitable for biological applications
manner.

TEM, energy-dispersive X-ray spectrometry (EDX), and
Fourier transform infrared spectroscopy (FTIR) were used to
confirm the formation of Si-SeNPs, with sizes ranging from 30 to
80 nm and mixed shape.8 Interestingly, in this study, the
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hydrodynamic size of Si-SeNPs substantially increased com-
pared to the TEM result, which was confirmed by the DLS
measurement. An acceptable explanation for this change is that
DLS takes the organic shell of the SeNPs into consideration and
measures the total size of the conjugate in colloids. The number
of biomolecules covering each SeNP was huge; therefore, the
hydrodynamic size measured using DLS was greater than that
measured by TEM.”® In addition, the zeta potential value of Si-
SeNPs was —32.2 mV, which might be derived from the benefit
of loading silymarin as a capping agent and stabilizer, suggesting
its high stability. Being consistent with our results, Rajkumar et
al. indicated that SeNPs synthesized using banana peel extract
had higher stability capacity than SeNPs synthesized using
commercial media.”® To corroborate the advantages of Si-
SeNPs as a vector for drugs, the anti-inflammatory activities of
synthesis Si-SeNPs were studied in LPS-stimulated RAW264.7
cells in the present study, compared to solely silymarin extract.

Macrophages are an important host defense against the
pathogenesis of many infectious, immunological, and degener-
ative disease processes.”” After stimulation with LPS, various
pro-inflammatory cytokines and mediators are released by
macrophages, including NO, TNF-a, and IL-1f. Excessive
secretion would cause extensive tissue damage and pathological
changes.”® Wang et al. reported that SeNPs could considerably
decrease NO production in RAW264.7 cells.”” Similar to this
result, although silymarin showed only a slight inhibitory effect,
Si-SeNPs exhibited significantly enhanced inhibition on LPS-
stimulated NO production. TNF-a and IL-1/3 are known to be
the predominant pro-inflammatory cytokines released by LPS.*
In particular, their essential role in cell proliferation and
differentiation is the induced expression of proteins associated
with acute inflammation.”” Our results showed that Si-SeNPs
strongly suppressed TNF-ar and IL-1f secretion in RAW264.7
macrophages. In addition, the inhibitory effect of Si-SeNPs (0.8
pug/mL) on those cytokines was 20.5% and 36.8% higher than
that of silymarin (0.8 pg/mL), respectively. Therefore, the
effective inhibition of LPS-induced cytokine production by Si-
SeNPs may be due to the synergistic effect of silymarin and
SeNPs.

The mechanism by which Si-SeNPs might suppress LPS-
activated inflammatory signaling pathways was explored. The
NF-«B signaling pathway serves as the regulator of inflammatory
responses, taking responsibility for mediating the induction of
various pro-inflammatory genes including encoding cytokines in
macrophages.”” When macrophages are challenged with LPS,
IxkBa will be activated, resulting in the ubiquitination and
degradation; consequently, NF-«B translocates to the nucleus,
leading to the induction of target genes.”> In our study, we
concluded that a Si-SeNPs pretreatment significantly suppressed
the LPS-induced phosphorylation of IkBa and NF-kB in
RAW264.7 macrophages. Immunofluorescence images sug-
gested that Si-SeNPs were able to inhibit the translocation of
phosphorylated p6S to the nucleus. Our present findings are in
accordance with a previous investigation of Wang et al. that
demonstrated the SeNPs decorated with a Ganoderma lucidum
polysaccharide exhibited anti-inflammatory activity by inhibit-
ing the NF-kB pathway.”” Zhu et al. reported that SeNPs coated
with Ulva lactuca polysaccharide suppressed the nuclear
translocation of NF-xB, thereby offering the therapeutic
potential for reducing the symptoms of acute colitis.”*

Numerous researchers have demonstrated that the PI3K/Akt
signaling pathway has a function as an upstream activator of the
NF-«B signaling cascade, causing phosphorylation of NF-xB and

IkBa, which further leads to the release of inflammatory
constituents and cell damage.’**® Therefore, we explored the
effect of Si-SeNPs on PI3K/Akt signaling in LPS-induced
RAW264.7 cells. Western blotting results reported that Si-
SeNPs significantly inhibited LPS-induced phosphorylation of
PI3K and Akt. To verify whether Si-SeNPs could play a
functional role in attenuating the PI3K/Akt/NF-kB signaling
pathway, we pretreated RAW264.7 cells with 740 Y—P and
found that 740 Y—P could partially reverse the inhibitory effects
of Si-SeNPs on the NF-kB cascade and pro-inflammatory
cytokines, supporting a causal role for the PI3K/Akt signaling
pathway in the anti-inflammatory effect of Si-SeNPs. These
results implied that Si-SeNPs reduced LPS-induced inflamma-
tory responses by downregulating the PI3K/Akt-mediated NF-
kB signaling pathway.

5. CONCLUSIONS

In conclusion, the present study has developed a green
technique for synthesizing silymarin-mediated SeNPs and
investigated its anti-inflammatory activities in RAW264.7
macrophages. Particularly, Si-SeNPs significantly decreased
the level of ROS release and NO production by 83.3% and
75.0%, respectively. Furthermore, our investigation indicated
that Si-SeNPs exhibit greater anti-inflammatory activities toward
RAW264.7 cells compared to silymarin. Although further
studies are required to corroborate the molecular mechanism
in RAW264.7 cells, our findings presented that Si-SeNPs
suppressed LPS-induced NF-xB activation by potentially
downregulating the PI3K/Akt signaling pathway, which further
inhibits the release of pro-inflammatory cytokines and
mediators. These findings suggest that Si-SeNPs are a promising
agent with anti-inflammatory activity in vitro. In brief, these
results could be valuable for the development of biosynthesized
SeNPs and their use as novel candidates in inflammatory
diseases.
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