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Abstract: Microparticles (MPs) are extracellular vesicles (0.1–1.0 µm in size), released in response
to cell activation or apoptosis. Endothelial microparticles (EC-MP), vascular smooth muscle
cell microparticles (VSMC-MP), and macrophage microparticles (MØ-MP) are key hallmarks
of atherosclerosis progression. In our current study, we investigated the potent antioxidant
activity of baicalin to ameliorate MP-induced vascular smooth muscle cell (VSMC) dysfunction and
endothelial cell (EC) dysfunction, as well as the production of inflammatory mediators in macrophage
(RAW264.7). In our study, baicalin suppressed the apoptosis, reactive oxygen species (ROS) generation,
NO production, foam cell formation, protein expression of inducible nitric oxide synthase and
cyclooxygenase-2 in MØ-MP-induced RAW264.7. In addition, VSMC migration induced by VSMC-MP
was dose-dependently inhibited by baicalin. Likewise, baicalin inhibits metalloproteinase-9 expression
and suppresses VSMC-MP-induced VSMC proliferation by down-regulation of mitogen-activated
protein kinase and proliferating cell nuclear antigen protein expressions. Baicalin also inhibited
ROS production and apoptosis in VSMC. In EC, the marker of endothelial dysfunction (endothelial
senescence, upregulation of ICAM, and ROS production) induced by EC-MP was halted by baicalin.
Our results suggested that baicalin exerts potent biological activity to restore the function of EC and
VSMC altered by their corresponding microparticles and inhibits the release of inflammation markers
from activated macrophages.
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1. Introduction

Microparticles (MPs) are extracellular vesicles with a size ranging from 0.1 to 1.0 µm. They carry
cargo (mRNA, DNA, lipid and specific proteins) from originating cells and transfer to recipient cells,
allowing cell-to-cell communication. MP release is triggered by inducer that can cause cell apoptosis or
activation [1] and are generated by any type of body cells such as platelets, endothelial cells, leukocytes,
smooth muscle cells, and erythrocytes [2]. In the past, MPs were considered as “cell debris/dust” but
now, it is clear that MPs are not just cell debris; however, the detailed process of their generation is yet to
be elucidated [3]. Nowadays, it is known that the release of MPs from cells involves the reconstitution
of a phospholipid bilayer with the outside of the membrane exposed with phosphatidylserine and
change in the cellular organization with the disruption of cytoskeleton architecture [4]. Recently,
the role of MPs in the pathogenesis of central nervous system disorder [5], diabetes mellitus [6],
cancer [7], inflammation [8], systemic lupus erythematosus [9], endothelial dysfunctions [10] has
been explored by clinical/experimental research. In the human systemic circulation, elevated levels of
endothelial MPs (EC-MP) are linked with the progression of various cardiovascular diseases, primarily
initiated by endothelial dysfunction [11]. An in vitro study revealed that EC-MP treatment affects the
various angiogenesis parameters by reducing endothelial cell (EC) proliferation, decreasing capillary
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formation and increasing apoptosis [12]. Hidenobu Koga et al. observed a higher level of the cluster
of differentiation (CD)-144 or vascular endothelial (VE)-cadherin positive EC-MP in the systemic
circulation of patients with diabetic mellitus and coronary artery disease, including atherosclerosis.
This suggests VE-cadherin positive EC-MP in serum can be a hallmark for analyzing atherosclerosis.
Thus, various cardiovascular complications can be efficiently prevented by the therapeutics approach
in atherosclerosis patients focusing on assessments of blood CD144-EMP levels [13].

Microparticles are produced by macrophage cells in response to various stimuli such as
lipopolysaccharide (LPS), poly (I:C), actinomycin D [14,15]. LPS is a toll-like receptor (TLR)-4 ligand,
and poly (I:C) is a TLR3 ligand that can stimulate MØ-MP via TLR. MØ-MP release induced by LPS
or poly(I:C) is correlated with nitric oxide (NO) production, and treatment with the inducible nitric
oxide synthase (iNOS) inhibitor 1400W decreased particle release and NO production. Furthermore,
the treatment of RAW 264.7 cells with NO donors induced MPs production [14]. MPs from activated
macrophages could carry tumor necrosis factor-alpha (TNF-α) and contribute to the propagation
of inflammatory signals leading to myocardial infarction. Milbank E et al. hypothesized that MPs
from human carotid atherosclerotic plaques might contain active TNF-α, which could contribute to
MPs-induced inflammatory signals in human atherosclerotic lesions [15].

Pro-atherogenic inducer such as TNF-α, thrombin, and lysophosphatidylcholine can generate MPs
by vascular smooth muscle cells (VSMC) [16]. VSMC-microparticles (VSMC-MP) possesses protein
such as caveolin-1 [16] and alpha-smooth muscle actin (α-SMA) [17] obtained from originating VSMC,
making it delectable in an experimental setting by labeling VSMC-MP with either caveolin-1 or α-SMA.
EC, VSMC and macrophage are three important cell types involved in the pathogenesis of atherosclerosis
either in initiation steps or later progression of vascular inflammation [16]. G. Chiva-Blanch et al.
found that aspirin therapy inhibits vascular wall cell activation and microparticle shedding by
VSMC, suggesting a therapeutic target to lower microparticles released from cells can prevent the
progression of the disease such as diabetes mellitus and atherosclerosis [17]. Additionally, MPs
generated from apoptotic VSMC (commonly observed in atherosclerotic plaques) can, in turn, induce
endothelial dysfunction as shown by its decreased nitric oxide (NO) production and vasodilatory
capacity [18]. Previously, we have shown that VSMC-MP promotes the proliferation of VSMC through
the upregulation of the mitogen-activated protein kinase pathway (MAPK) and proliferative cell
nuclear antigen (PCNA) to facilitate vascular inflammation [19]. Similarly, in a recent review paper,
we have highlighted the role of circulating EC-MP in the progression of atherosclerosis through
oxidative stress, and upregulation of iNOS, cyclooxygenase (COX-2) and nuclear factor kappaB (NF-κB)
pathway [20]. As cell-to-cell communication mediated by cargos of microparticles has been recently
explored, there exists a potential research platform to investigate potent drug candidates that can target
various pathways to alleviate the disease progression. In this aspect, plant-based phytochemicals are
one of the emerging therapeutic alternatives.

Baicalin is a flavonoid found in Scutellaria baicalensis Georgi. It is a well-known antioxidant and
anti-inflammatory compound showing its therapeutic potential in cardiovascular diseases, diabetes,
asthma, hyperuricemia, rheumatoid arthritis, and cancer. The antioxidant activity of baicalin is
due to its potency to neutralize ROS, whereas its anti-inflammatory capacity is because of the
inhibition of the NF-κB pathway thereby attenuating the expression of several inflammatory mediators
as well as decreased expression of iNOS, COX-2, lipoxygenases, cell adhesion molecules, TNF-α,
and interleukins [21,22]. Since endothelial dysfunction, the release of inflammatory mediators
from macrophages and proliferation and migration of VSMC are key events leading to vascular
inflammation [23], we sought to target these main events of atherosclerosis progression by inducing
cells with microparticles. Therefore, the objective of this study was to evaluate the antioxidant activity
of baicalin to ameliorate vascular smooth muscle cell and endothelial dysfunction.
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2. Materials and Methods

2.1. Cell-Free In Vitro Experiments

2.1.1. Chemicals and Reagents

Baicalin was purchased from Sigma Aldrich, USA. Similarly, DPPH, ferrous sulphate,
2,2′-bipyridyl, copper sulphate, thiobarbituric acid, 1,1,3,3,-tetraethoxypropane, methanol, and butanol
were purchased from Sigma, USA. All the other chemicals and reagents were of reagent grade and
purchased from Sigma Aldrich, USA, unless stated.

2.1.2. Antioxidant Assay

DPPH radical scavenging activity, chelation assay, and TBARS assay were carried out as described
previously [24].

2.2. Cell-Based In Vitro Experiments

2.2.1. Cell Culture and Reagents

Endothelial cells were isolated from the porcine coronary artery as described previously [25].
Vascular smooth muscle cells (VSMC) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA), and RAW264.7 (immortalized murine macrophages cell line obtained
from BALB/c mice with Abelson murine leukemia virus-induced tumor) was purchased from the
Korean cell line bank (Seoul, Republic of Korea) and grown at 37◦C under a humidified, 5% CO2

atmosphere in Dulbecco’s modified eagle’s media (Lonza, Walkersville, MD USA) supplemented
with 10%FBS, 2mM glutamine, 100 units/mL of penicillin, 100 µg/mL of streptomycin and
2.5 µg/mL of amphotericin B. p44/42 (ERK1/2), phospho p44/42 (pERK1/2), SAPK/JNK, phospho
SAPK/JNK, p38, phospho p38, MMP-9, phospho ENOS, ENOS, phospho Akt, Akt, iNOS, COX-2
and β-actin was purchased from Cell Signalling Technology (Danvers, MA, USA). PCNA primary
antibody was purchase from Abcam (Cambridge, MA, USA). Intercellular adhesion molecule 1
(CD54/ICAM-1), Alexa488 and Alexa555 were purchase from Biocompare (San Francisco, CA,
USA). Annexin V-FITC Apoptosis Detection Kit was purchased from BioBud (Seoul, Republic
of Korea), 4’,6-diamidino-2-phenylindole (DAPI) was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). 5-dodecanoylaminofluorescein di-β-d-galactopyranoside was purchased
from Invitrogen (Illkirch, France). 3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide
(MTT), 2′,7′-dihydrodichlorofluorescin diacetate (DCF-DA), Oil Red O staining solution, DMSO,
phalloidin-FITC were purchased from Sigma-Aldrich (St Louis, MO, USA).

2.2.2. Isolation, Characterization, and Quantification of Microparticles.

Isolation of MPs was performed according to the protocol described by Boulanger et al., 2001 [26].
As microparticles are released by the process of cell activation or apoptosis, researchers use various
stimulants in high concentrations for high-yield production of microparticles. Gauley et al. treated
LPS at a dose ranging from 0.05 to 50 µg/mL in the RAW264.7 cell line and found the highest yield of
microparticles and a corresponding increase in nitrite (a marker of inflammation) at 50 µg/mL LPS [14].
In our study, we also use high doses of LPS for EC and RAW264.7 for the high yield of microparticles.
Briefly, confluent EC and RAW264.7 were stimulated with 10 µg/mL and 50 µg/mL LPS respectively
for 24 h. Confluent VSMC were stimulated with 20 ng/mL of TNF-α for 16 h [16]. The cell supernatant
from these stimulated cells (Five 100mm cell culture plates for each cell) was collected and subjected to
multiple centrifugation steps to obtain an MP pellet of respective cells and the process was repeated to
obtain enough MPs for all experiments. Each cell MP was pooled into a single Eppendorf tube mixed
in PBS and stored at -70◦C until further use.



Antioxidants 2020, 9, 890 4 of 23

Characterization of microparticles was carried out by immunofluorescence. EC-MP was stained
with ICAM primary antibody followed by Alexa fluor-488 secondary antibody [27], VSMC-MP were
stained with α-SMA, followed by Alexa fluor-488 secondary antibody [17], and MØ-MP were stained
with annexin V-FITC as a general marker of microparticles [14]. Fluorescence images were taken at
different magnifications using confocal or microscope.

Quantification of microparticles was performed by measuring protein concentration. For each
cell microparticle, 10 µL of MP was mixed with 200 µL of 20% Bio-Rad protein assay reagent, and
absorbance of resultant blue color was read at 570nm. The protein concentration of microparticles in
terms of mg/mL was calculated with reference to the standard curve equation obtained from a serial
dilution of bovine serum albumin. For subsequent in vitro cell experiment, respective cell MPs at a
concentration of 10 µg/mL protein equivalent were used to induce the cell.

2.2.3. Cell Viability Assay

The viability of RAW 264.7 cells, VSMC and EC treated with respective MPs, and a various
dose of baicalin was determined by assaying the reduction of 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) to formazan by viable cells as described previously [24].

2.2.4. NO Production

NO production in MØ-MP-stimulated RAW 264.7 cell was determined by the Griess reagent
method as described previously [24].

2.2.5. Foam Cell Assay

Foam cell assay was carried out in RAW264.7 cell as described previously with slight
modification [24]. Oil Red O (ORO) staining was performed in oxidized-low density lipoprotein
(ox-LDL) and/or baicalin with/without 10µg/mL of MØ-MP treated RAW264.7 cell. Positive stained (red)
foam cells were observed via phase-contrast microscope (TE200; Nikon, Tokyo, Japan). Photographs
were taken at 40 ×magnification. Colorimetric quantification of lipid content in oxidized LDL and/or
MØ-MP treated RAW 264.7 cells after ORO staining was performed.

2.2.6. Western Blot

RAW264.7 cell, EC, and VSMC were treated with or without 10 µg/mL protein equivalent of
MØ-MP (for RAW264.7), 10 µg/mL protein equivalent of EC-MP (for EC), 10 µg/mL protein equivalent
of VSMC-MP (for VSMC), and various doses of baicalin. Cell lysate (30 µg/mL protein) was subjected
to SDS-PAGE for detection of the following protein; iNOS and COX-2 protein expression were detected
in RAW 264.7 cell, MAPK signaling protein, MMP-9, PCNA protein expression were detected in VSMC
and ICAM, ENOS, Akt were detected in EC by the Western blot method as described previously [24].

2.2.7. ROS Formation

a. Measurement of ROS by fluorescence intensity quantification: RAW264.7 cells, EC, VSMC
were cultured in black 96-well plate. Cells were treated with or without a various dose of baicalin
and 10 µg/mL protein equivalent of MØ-MP (for RAW264.7), 10 µg/mL protein equivalent of EC-MP
(for EC), and 10 µg/mL protein equivalent of VSMC-MP (for VSMC) for 4 h. An amount of 10 µM of
2′,7′-dihydrodichlorofluorescin diacetate was added for 60 min in the dark. Cells were washed with
PBS, and fluorescence intensity was measured at excitation 485 nm and emission 527 nm [28–30].

b. Measurement of ROS by fluorescence imaging: RAW264.7 cell, EC, VSMC was cultured in
a Cell Tek solution-coated glass slide. Cells were treated with or without a various dose of baicalin
and 10 µg/mL protein equivalent of MØ-MP (for RAW264.7), 10 µg/mL protein equivalent of EC-MP
(for EC), and 10 µg/mL protein equivalent of VSMC-MP (for VSMC) for 4 h. An amount of 10 µM of
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2′,7′-dihydrodichlorofluorescin diacetate was added for 5 min in the dark. Cells were washed with
PBS, and images were taken immediately with a fluorescence microscope [28–30].

2.2.8. Apoptosis Assay

Baicalin was treated with RAW264.7 cells, EC and VSMC at a different concentration for 1 h
followed by stimulation with 10 µg/mL protein equivalent of MØ-MP (for RAW264.7), 10 µg/mL
protein equivalent of EC-MP (for EC), and 10 µg/mL protein equivalent of VSMC-MP (for VSMC) for
24 h. Cells were centrifuged at 1500 rpm for 4 min. Supernatants were discarded was cell pellets were
washed with PBS 1 time followed by incubation of cell in Annexin V-FITC solution, prepared in 1X
binding buffer, for 30 min in the dark. After centrifugation at 1000 g for 5 min, cells were incubated
in propidium iodide prepared in 1X binding buffer for 15 min at 4◦C. Analysis of apoptosis was
performed with ArthurTM image-based cell analyzer (NanoEnTek, Seoul, South Korea) [31,32].

2.2.9. VSMC Proliferation Assay

The proliferation of VSMC, induced by VSMC-MP in the presence of various doses of baicalin,
was determined by assaying the reduction of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) to formazan by viable cells as described previously [24]. The proliferation rate of
the control group (only VSMC-MP treated) was considered 100%, while the effect of the baicalin on
proliferation was evaluated as % of control.

2.2.10. Immunocytochemistry (PCNA Expression in VSMC and β-Galactosidase Staining in EC)

Baicalin was treated with VSMC at a different concentration for 1 h, followed by stimulation with
10 µg/mL of VSMC-MP for 24 h. Cells were washed three times with PBS and blocked with 5% BSA
followed by incubation of PCNA primary antibody in the dark overnight. After washing with PBS,
cells were incubated with Alexa 555 and DAPI secondary antibody for 1 h. Fluorescence images were
taken with a fluorescence microscope.

EC at passage one was treated with 10 µM of baicalin and/or 10 µg/mL of EC-MP for 24 h.
After pretreatment with chloroquine for 1 h, cells were labeled with 5-dodecanoylaminofluorescein
di-β-d-galactopyranoside for 1 h, washed with cold PBS, fixed with 4% buffered formalin, permeabilized
with 1% Triton X-100, blocked with 2.5% bovine serum albumin, followed by DAPI for nuclear stain.
Fluorescence images were taken at 20X magnification with a confocal microscope [33,34].

2.2.11. Gelatin Zymography

VSMC, seeded at the concentration of 5 × 105 cells in a 60 mm dish, were starved in 0.4%
FBS/DMEM for 24 h. Then, baicalin was treated at a different concentration for 1 h, followed by
stimulation with 10 µg/mL of VSMC-MP for 24 h. The conditioned medium of cells was subjected to
gelatin zymography to detect MMPs enzymatic activity as described previously [24,35].

2.2.12. Boyden Chamber Assay

VSMC migration assay was performed using a modified Boyden chamber as described previously
with slight modification. VSMC cells were seeded at a density of 1 × 105cells/mL in 200 µL of DMEM
containing 0.1% BSA in the upper chamber while the lower chamber has 600 µL of DMEM with or
without 10 µg/mL of VSMC-MP along with a different concentration of baicalin. The cells were allowed
to migrate for 48 h. The cells that had migrated to the lower face of the membrane were fixed in 10%
formalin and stained with a hematoxylin and eosin dye. The cell migration images were taken with
phase-contrast microscopy. Stained cells possessing a distinct nucleus were counted in five random
fields of view (magnification x 20) and calculated as cells per field of view [24].
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2.2.13. Wound Healing Assay

VSMC, seeded at the concentration of 5x105 cells /mL, were starved in 0.4% FBS/DMEM for 24 h.
The monolayer was scratched with a yellow tip to create a migrating zone and then washed with PBS
to remove debris. Photographs were taken at time 0. Then, 10 µg/mL VSMC-MP and baicalin at the
concentrations of 10 and 25 µM was treated for 48 h. The migrating cells were photographed by a light
microscope at the magnification of 20X [24].

2.3. Statistical Analysis

All data were expressed as mean ± SE. The significance of variance among different groups was
determined by one-way analysis of variance (ANOVA) followed by Dunnett multiple comparison test.
p-value ≤ 0.05 were considered to be significantly different.

3. Results

3.1. Characterization of Microparticles

Microparticles were successfully isolated from VSMC and macrophage and EC, in vitro. Figure 1A
represents the confocal microscopic image of in vitro isolated EC-MP stained with ICAM-Alexa 488.
Similarly, Figure 1B (copyright@American Scientific Publishers) represents the confocal image of
VSMC-MP stained with α-SMA-Alexa 488 [19]. Likewise, Figure 1C represents the confocal image of
Annexin-V-FITC labeled MØ-MP generated in vitro from macrophages (RAW264.7 cells).
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microparticles (EC-MP) (shown by arrowhead) obtained from in vitro lipopolysaccharide (LPS)-treated
endothelial cell (EC) were stained with ICAM followed by Alexa-488 and photographs were taken with
a confocal microscope at a magnification of 630 X Zoom 4. (B) Vascular smooth muscle cell (VSMC)-MP
(shown by arrowhead) obtained from tumor necrosis factor-alpha (TNF-α)-stimulated VSMC were
stained with α-smooth muscle actin (α-SMA), and photographs were taken with a confocal microscope
at a magnification of 630 X Zoom. (C) Macrophage microparticles (MØ-MP) obtained from LPS treated
macrophage (RAW264.7) were stained with Annexin V-FITC, and photographs were taken with a
confocal microscope at a magnification of 630 X Zoom 4.

3.2. Baicalin Inhibits NO Production, iNOS, and COX-2 Protein Expression in MØ-MP Induced RAW264.7 Cell

Firstly, we evaluated the RAW264.7 cell viability after treatment with various doses of baicalin
and MØ-MP. As shown in Figure 2A, baicalin, at a dose of up to 25 µM, did not alter the RAW264.7
cell viability compared to normal (baicalin untreated group). Figure 2B shows the efficacy of baicalin
to inhibit the NO production in MØ-MP induced RAW264.7 cells, whereas Figure 2C–E shows the
potency of baicalin to reduce the protein expression of iNOS and COX-2.
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Figure 2. Effect of baicalin on nitric oxide (NO) production, iNOS, COX-2 protein expression in
RAW 264.7 cell. (A) RAW264.7 cell was incubated with MØ-MP and a various dose of baicalin for
24 h, followed by MTT solution for 4 h. The absorbance of purple formazan was taken at 540 nm.
(B) RAW264.7 cell was treated with or without MØ-MP and various doses of baicalin for 24 h. The NO
release by activated RAW264.7 in the supernatant media was mixed with an equal volume of Griess
reagent and absorbance of resultant color was taken at 540 nm. (C) The cell lysate of RAW264.7 treated
with or without MØ-MP and various doses of baicalin for 24 h were subjected to SDS-PAGE for the
detection of iNOS and COX-2 protein expression by Western blot. β-actin was used for normalization.
(D) Quantitative data of iNOS fold change. (E) Quantitative data of COX-2-fold change. Each value is
the mean ± SE of three to four independent experiments and each independent experiment contains
five replicates. * p < 0.05, *** p < 0.001, **** p < 0.0001 vs. control (MØ-MP alone). The analysis was
performed using one-way ANOVA followed by Dunnett multiple comparison test.

3.3. Baicalin Inhibits MØ-MP Induced ROS Production, Apoptosis and Foam Cell Formation in RAW264.7 Cell

As shown in Figure 3A,B, baicalin dose-dependently inhibited the ROS production in MØ-MP
induced RAW264.7 cell. In consistence with a decrease in ROS production, there was a dose-dependent
inhibition of RAW264.7 cell apoptosis by baicalin (Figure 3C). Similarly, the oxidized-LDL intake by
RAW264.7 is increased by treatment with MØ-MP revealed by increased intensity of Oil Red O-staining
of the cell. However, baicalin, at a dose of 25 µM, decreased the ox-LDL intake (Figure 3D). Consistently,
the lipid quantification after foam cell assay shows the high lipid content in RAW264.7 cells treated with
ox-LDL and MØ-MP whereas baicalin decreased the lipid accumulation inside RAW264.7 (Figure 3E).
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Figure 3. Effect of baicalin on MØ-MP induced reactive oxygen species (ROS) production, apoptosis,
and foam cell formation in RAW264.7. (A) RAW264.7 cell was treated with or without MØ-MP and a
various dose of baicalin for 24 h. DCF-DA was treated to detect the ROS produce by activated RAW264.7
indicated by green fluorescence. Image was taken at 20×magnification. (B) ROS fluorescence intensity
was measured at excitation 485 nm and emission 527 nm. (C) RAW264.7 cell was treated with or
without MØ-MP and a various dose of baicalin for 24 h. Apoptosis assay of RAW264.7 cell measured
by Annexin V-FITC staining. (D) RAW264.7 cell was treated with or without ox-LDL, MØ-MP and
baicalin. The ox-LDL engulfed by cells was measured by Oil Red O staining. (E) After ORO, the
cell was rinsed with 60% isopropyl alcohol, and the lipid content was quantified. Each value is the
mean ± SE of three to five independent experiments and each independent experiment contains five
replicates. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control (MØ-MP alone). The analysis
was performed using one-way ANOVA followed by Dunnett multiple comparison test.
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3.4. Baicalin Target the Endothelial Dysfunction Marker to Restore EC Function

Firstly, we evaluated the EC cell viability by the treatment of various doses of baicalin and EC-MP.
As shown in Figure 4A, baicalin, at a dose up to 10 µM, did not alter the EC viability compared
to normal (baicalin untreated group). Similarly, Figure 4B shows the results of EC-MP induced EC
apoptosis. Although EC-MP slightly increases the apoptosis of EC, baicalin slightly decreases the
apoptosis of EC, however, there was no statistically significant difference. Endothelial dysfunction
results in altered protein expression by EC. As shown in Figure 4C, the protein expression of ICAM
was increased, whereas pENOS and pAKT were decreased by EC-MP treatment. In contrast, baicalin
treatment results in a significant decrease in protein expression of ICAM and a slight increase in pAKT
but no significant difference in pENOS expression (Figure 4D–F). Similarly, the production of ROS in
response to EC-MP was increased in EC, while baicalin dose-dependently inhibited the ROS generation
(Figure 4G,H). Likewise, EC-MP induced the senescence of EC as revealed by an increase in senescence
induced β-galactosidase positive fluorescence staining while baicalin at a dose of 10 µM significantly
decrease the β-galactosidase staining (Figure 4I)
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Figure 4. Effect of baicalin on endothelial dysfunction marker. (A) EC was incubated with EC-MP
and various doses of baicalin for 24 h, followed by MTT solution for 4 h. The absorbance of purple
formazan was taken at 540 nm. (B) EC treated with or without EC-MP, and a various dose of baicalin
was incubated with Annexin V-FITC followed by propodium iodide. Analysis of EC apoptosis was
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carried out with ArthurTM image-based cell analyzer. (C) The cell lysate of EC treated with or
without EC-MP and various doses of baicalin for 24 h was subjected to SDS-PAGE for the detection
of ICAM, pENOS, and pAkt protein expression by Western blot. β-actin was used for normalization.
(D) Quantitative data of ICAM fold change. (E) Quantitative data of pENOS fold change. (F) Quantitative
data of pAkt fold change. (G) EC was treated with or without EC-MP and a various dose of baicalin
for 24 h. DCF-DA was treated to detect the ROS produce by EC indicated by green fluorescence.
Images were taken at 20×magnification. (H) ROS fluorescence intensity was measured at excitation
485 nm and emission 527 nm. (I) EC treated with EC-MP and/or baicalin were labeled with the
β-galactosidase (green) and incubated with DAPI for nuclear stain (blue). Fluorescence images were
taken at 20× magnification with a confocal microscope. Each value is the mean ± SE of three to
four independent experiments, and each independent experiment contains five replicates. * p < 0.05,
** p < 0.01, **** p < 0.0001 vs. control (EC-MP alone). The analysis was performed using one-way
ANOVA followed by Dunnett multiple comparison test.

3.5. Baicalin Inhibits Proliferation of VSMC Induced by VSMC-MP

Initially, we evaluated the VSMC cell viability by treatment of various doses of baicalin along with
VSMC-MP. As shown in Figure 5A, baicalin, at a dose up to 25 µM did not alter the VSMC viability as
compared to normal (baicalin untreated group). VSMC-MP cause approximately 25% more proliferation
of VSMC than the normal group (VSMC-MP untreated). However, baicalin inhibited the proliferation
of VSMC in a dose-dependent manner (Figure 5b). Consistently, the increase in PCNA expression (a
marker of VSMC proliferation) by VSMC-MP was inhibited by baicalin in both Western blot (Figure 5C,D)
and immunofluorescence experiments (Figure 5E). The overexpression of MAPK signaling pathway
proteins is responsible for VSMC proliferation [24]. As shown in Figure 5F, the increase in MAPK protein
expression-induced VSMC-MP was inhibited with baicalin treatment. There was a dose-dependent
inhibition of pERK 1/2 (Figure 6G), pJNK (Figure 6H), and pP38 (Figure 6I) by baicalin.
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Figure 5. Effect of baicalin on VSMC-MP induced proliferation of VSMC. (A) VSMC were incubated with
VSMC-MP and a various dose of baicalin for 48 h, followed by MTT solution for 4 h. The absorbance of
purple formazan was taken at 540nm. (B) VSMC incubated with or without VSMC-MP and various doses
of baicalin for 48 h were evaluated for proliferation by MTT method. (C) The cell lysate of VSMC treated
with or without VSMC-MP and various doses of baicalin for 24 h and was subjected to SDS-PAGE for the
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detection of proliferative cell nuclear antigen (PCNA) protein expression by Western blot. β-actin was
used for normalization. (D) Quantitative data of PCNA fold change. (E) VSMC were incubated with or
without VSMC-MP and baicalin for 24 h. VSMC were exposed to PCNA primary antibody followed
by Alexa 555 and incubated with DAPI for nuclear stain. Fluorescence images were taken at 10X
magnification with a fluorescence microscope. (F) VSMC were incubated with or without VSMC-MP
and baicalin for 1 h. The cell lysate was subjected to SDS-PAGE for the detection of a phosphorylated
and non-phosphorylated form of ERK1/2, p38, JNK protein expression by Western blot. β-actin was
used for normalization. (G) Quantitative data of pERK1/2-fold change. (H) Quantitative data of
pJNK fold change. (I) Quantitative data of pP38 fold change. Each value is the mean ± SE of three to
four independent experiments, and each independent experiment contains five replicates. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control (VSMC-MP alone). The analysis was performed
using one-way ANOVA followed by Dunnett multiple comparison test.

3.6. Baicalin Inhibits VSMC Migration Induced by EC-MP and VSMC-MP

VSMC-MP increases both enzymatic activity and protein expression of MMP-9, respectively,
in VSMC. However, the treatment of baicalin showed dose-dependent inhibition in both gelatin
zymography (Figure 6A) and Western blot analysis (Figure 6B,C). In the Boyden chamber assay,
VSMC-MP stimulated the migration of VSMC from the upper chamber to the lower chamber. However,
baicalin was successful in halting the VSMC migration (Figure 6D,E). Consistently, in another model of
cell migration (wound healing assay), baicalin significantly reduced the migration of VSMC to the
artificially created wound (migration area) in a dose-dependent manner (Figure 6F).
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Figure 6. Effect of baicalin on VSMC-MP induced VSMC migration. VSMC were incubated with
or without VSMC-MP and baicalin for 24 h. (A) Cell supernatant media was subjected to gelatin
zymography for the detection of MMP enzymatic activity. (B) Cell lysate was subject to Western blot for
protein expression of MMP-9. β-actin was used for normalization. (C) Quantitative data of MMP-9-fold
change. (D) VSMCs were induced to migrate through the gelatin membrane barrier in the presence
of baicalin and VSMC-MP for 48 h. Images of migrated VSMC were taken after H/E staining (20×
magnification). (E) The cells on the outer layer after migration were counted in five random positions
under the high-power field (HPF). (F) The monolayer of confluent VSMC was scratched to create a
migrating zone. Photographs were taken at time 0. Then, baicalin was treated at the concentrations
of 10 and 25 µM for up to 48 h in the presence of VSMC-MP. Photographs were taken at 24 h and
48 h (20× magnification). Each value is the mean ± SE of three to five independent experiments,
and each independent experiment contains five replicates. *** p < 0.001, **** p < 0.0001 vs. control
(VSMC-MP alone). The analysis was performed by one-way ANOVA followed by Dunnett multiple
comparison test.
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3.7. Baicalin Inhibits ROS Production and Apoptosis in VSMC-MP Induced VSMC

Figure 7A shows the activity of baicalin to inhibit ROS production in VSMC-MP-induced VSMC.
There was a 4.5-fold increase in ROS production after SMC-MP treatment as compared to the normal
group, whereas baicalin dose-dependently reduced the cellular ROS level (Figure 7B). Similarly, the
apoptosis of VSMC was increased 5.5-fold, while baicalin treatment decreases the VSMC apoptosis
rate (Figure 7C).

Antioxidants 2020, 9, x FOR PEER REVIEW 16 of 24 

Figure 7A shows the activity of baicalin to inhibit ROS production in VSMC-MP-induced VSMC. 
There was a 4.5-fold increase in ROS production after SMC-MP treatment as compared to the normal 
group, whereas baicalin dose-dependently reduced the cellular ROS level (Figure 7B). Similarly, the 
apoptosis of VSMC was increased 5.5-fold, while baicalin treatment decreases the VSMC apoptosis 
rate (Figure 7C). 

 

(A) 

    
(B) (C) 

Figure 7. Effect of baicalin on ROS production and apoptosis of VSMC induced by VSMC-MP. (A) 
VSMC was treated with VSMC-MP and various doses of baicalin for 24 h. DCF-DA was treated to 
detect the ROS produce by VSMC indicated by green fluorescence. Image was taken at 20X 
magnification. (B) ROS fluorescence intensity was measured at excitation 485 nm and emission 527 
nm. (C) VSMC treated with or without VSMC-MP and various doses of baicalin was incubated with 
Annexin V-FITC followed by propodium iodide. Analysis of VSMC apoptosis was completed with 
ArthurTM image-based cell analyzer. Each value is the mean ± SE of three to four independent 
experiments, and each independent experiment contains five replicates. ***p < 0.001, ****p < 0.0001 vs. 
control (VSMC-MP alone). The analysis was performed using one-way ANOVA followed by Dunnett 
multiple comparison test. 

3.8. Antioxidant Activity of Baicalin 

Baicalin scavenges the DPPH free radical in a dose-dependent manner with an IC50 of 27.21 μM 
(Figure 8A). Similarly, baicalin also inhibits the lipid peroxidation induced by CuSO4 with an IC50 of 
95.09 μM. (Figure 8B). Likewise, baicalin possesses significant metal-chelating potency with an IC50 
of 352.04 μM (Figure 8C). This potent antioxidant potency of baicalin could be the possible reason to 
inhibit the ROS formation in all three cell lines (VSMC, EC, MØ) in vitro. 

0

2

4

Fl
uo

re
sc

en
ce

(F
ol

d 
ch

an
ge

)

- - 2.5 5 10 25Baicalin(μM)
VSMC-MP - + + + + +

****

0

2

4

6

8

%
 A

po
pt

os
is

- - 2.5 5 10 25Baicalin(μM)
VSMC-MP - + + + + +

***
****

Normal 
Baicalin (5μM) 

+VSMC-MP 
Baicalin (10μM) 

+VSMC-MP VSMC-MP 
Baicalin (25μM) 

+VSMC-MP 

Figure 7. Effect of baicalin on ROS production and apoptosis of VSMC induced by VSMC-MP. (A) VSMC
was treated with VSMC-MP and various doses of baicalin for 24 h. DCF-DA was treated to detect the
ROS produce by VSMC indicated by green fluorescence. Image was taken at 20X magnification. (B) ROS
fluorescence intensity was measured at excitation 485 nm and emission 527 nm. (C) VSMC treated with
or without VSMC-MP and various doses of baicalin was incubated with Annexin V-FITC followed
by propodium iodide. Analysis of VSMC apoptosis was completed with ArthurTM image-based cell
analyzer. Each value is the mean ± SE of three to four independent experiments, and each independent
experiment contains five replicates. *** p < 0.001, **** p < 0.0001 vs. control (VSMC-MP alone).
The analysis was performed using one-way ANOVA followed by Dunnett multiple comparison test.

3.8. Antioxidant Activity of Baicalin

Baicalin scavenges the DPPH free radical in a dose-dependent manner with an IC50 of 27.21 µM
(Figure 8A). Similarly, baicalin also inhibits the lipid peroxidation induced by CuSO4 with an IC50 of
95.09 µM. (Figure 8B). Likewise, baicalin possesses significant metal-chelating potency with an IC50

of 352.04 µM (Figure 8C). This potent antioxidant potency of baicalin could be the possible reason to
inhibit the ROS formation in all three cell lines (VSMC, EC, MØ) in vitro.
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Figure 8. Antioxidant activity of baicalin (A) % of DPPH radical scavenging activity was calculated
using five different doses of baicalin. An equal volume of baicalin and methanolic solution of DPPH
was incubated for 30 min in the dark, and absorbance was taken at 517nm. (B) Measurement of
thiobarbituric acid reactive substance (TBARS) level was performed by comparison with the standard
curve obtained using various dilutions of malondialdehyde (MDA). (C) A various dose of baicalin was
incubated with FeSO4 and 2,2′ bipyridyl. The absorbance of the resulting chromophore was read at
540nm. Each value is the mean ± SE of four-five independent experiments.

4. Discussion

In our previous study, we provided a lot of evidence of VSMC migration and proliferation and
release of inflammatory mediators by activated macrophage leading to the progression of vascular
inflammation/atherosclerosis [23,24,36–43]. In those studies, we used an inducer such as TNF-α
or PDGF or lysophosphatidic acid to stimulate VSMC migration and proliferation, and LPS for
inflammation mediator release from the macrophage. Various cell signaling pathways were targeted
in VSMC (pathway of VSMC migration such as MMP-9, cytoskeletal remodeling, and pathway of
VSMC proliferation such as MAPKs pathway, PCNA expression) and macrophages (NO production,
COX-2, iNOS expression in RAW264.7 cell to prevent the vascular inflammation). In the current
study, we use the same inducer (TNF-α -and LPS) to induce microparticle release from VSMC, EC,
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and MØ to reveal the progression of vascular inflammation by exposing cells with their respective
microparticles. Microparticles were successfully isolated from established methods, and they were
used for various cell-based assays to reveal their role in vascular inflammation targeting multiple cell
signaling pathways.

The MAPK protein family includes ERK1/2, JNK, and p38, which are actively involved in the
proliferation and migration of VSMC leading to intimal hyperplasia [41]. In our study, VSMC-MP
induced proliferation of VSMC, as shown by the results of the MTT assay and upregulation of MAPK
and PCNA protein expression. The treatment of baicalin dose-dependently inhibited the proliferation
of VSMC. Similarly, VSMC-MP induced the migration of VSMC in a modified Boyden chamber assay
and wound healing assay. VSMC migration was supported by the overexpression of MMP-9 by
VSMC-MP. MMP-9 can degrade the extracellular matrix barrier, thereby facilitating the migration of
VSMC [36]. In contrast, the treatment of baicalin inhibited the VSMC migration by targeting MMP-9
in a dose-dependent manner. Furthermore, VSMC-MP increased the generation of ROS in VSMC
approximately five-fold compared to the untreated group, which is consistent with the same fold
of increase in apoptosis of VSMC by VSMC-MP. However, baicalin halted the ROS production and
slowed down the apoptosis of VSMC in a dose-dependent manner. One of the reasons to halt the
ROS production is because of the potent anti-oxidation activity of baicalin, as shown in our cell-free
antioxidant assay (Figure 8A-C). Since microparticles are generated either by cell activation or by cell
apoptosis [1], it is possible that by slowing the rate of apoptosis, baicalin can decrease the further
microparticle release.

Vascular inflammation is exaggerated by inflammation mediators released by activated
macrophages. RAW264.7 is a murine macrophage cell line widely used in the study of atherosclerosis
as they play a crucial role in the progression of vascular inflammation through the overproduction of
various inflammation mediators [44]. These mediators include excessive NO release via iNOS pathway
in response to stimuli such as LPS, overexpression of COX-2 producing inflammatory prostaglandin,
NF-κB translocation from cytosol to nucleus, the release of TNF-α and IL-6 [24]. LDL in the blood
can easily undergo oxidation by ROS to produce oxidized-LDL, which is engulfed by an activated
macrophage and accumulates in a significant amount as a fatty streak, later changing into a foam
cell, which is commonly present in atherosclerotic plaque [45,46]. In our study, MØ-MP increases the
expression of iNOS and correspondingly increases the production of NO in RAW264.7. Moreover,
there was also an increase in COX-2 protein expression, production of ROS, and formation of foam
cells in MØ-MP-stimulated RAW264.7. In contrast, the treatment of baicalin remarkably inhibited all
these inflammatory mediators.

Endothelial dysfunction is a result of an imbalance between endogenous vasodilator and
vasoconstrictor agent. Specifically, the reduction in NO release via the ENOS pathway affects the
endothelium-dependent vasorelaxation, a characteristic feature of vascular dysfunction [47]. Damage
to the healthy endothelial cells is caused by various noxious agents such as bacterial LPS, ROS, TNF-α,
myeloperoxidase and other inflammatory cytokines released by macrophage or neutrophil. All of this
agent can trigger EC aging and apoptosis, followed by EC-MP generation. These EC-MP then facilitate
the progression of vascular inflammation [20]. EC-MP induce EC aging (senescence), which leads to a
decrease in NO production via the ENOS and AKT pathways [31]. We observed that the 24hr treatment
of EC-MP to EC leads to senescence of cells (revealed by intense β-galactosidase positive staining).
In contrast, the treatment of baicalin significantly decreases the β-galactosidase staining (Figure 1).
Furthermore, EC-MP expresses the cell adhesion molecules such as ICAM-1, VCAM, PECAM-1, and
VE-cadherin [6,15] possessed from the parent cell which makes them potent inducers of EC dysfunction
by facilitating the adhesion of circulating cells such as macrophages to the EC. In the cultured EC,
it is reported that the production of NO is controlled by Akt-dependent phosphorylation of eNOS.
EC-derived NO helps to maintain vascular homeostasis. Therefore, the inhibition of the Akt pathway
or mutation of Akt site on eNOS protein could prevent activation of eNOS leading to altered vascular
tone and endothelial function [48].
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The detailed mechanism of vascular inflammation induced by various microparticles is shown
in Figure 9. In our study, EC-MP induced most of the markers of EC dysfunction when treated
with EC. The overexpression of ICAM and reduced expression of pAkt by EC-MP was reversed by
baicalin treatment. Furthermore, the production of ROS and senescence of EC was also inhibited by
baicalin. Collectively, our results support the fact that bacalin lowers the vascular inflammation by
targeting abnormalities in three key cell types (EC, VSMC, and MØ) involved in the pathogenesis of
vascular inflammation/atherosclerosis. The concept of microparticles inducing disease progression is
considered new. Recently, researchers have been studying the various herbal interventions and synthetic
compounds to explore the activity of these promising drug candidates to target microparticle-mediated
pathological conditions.
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Figure 9. Mechanism of vascular inflammation mediated by microparticles and target of baicalin.
Endothelial cell (EC), vascular smooth muscle cell (VSMC), and macrophage cell activation in response to
various stimuli such as ROS, LPS, tumor necrosis factor (TNF)-α, interleukin (IL) lead to the production
of endothelial microparticle (EC-MP), smooth muscle cell-microparticles (VSMC-MP) and macrophage
microparticles (MØ-MP) respectively. EC-MP increases the ROS production in EC, thereby reduce
phosphorylated ENOS and Akt expression followed by a decrease in nitric oxide (NO) production (a
potent vasorelaxant). VSMC-MP stimulates VSMC to express matrix metalloproteinase-9 (MMP-9),
leading to the degradation of the elastic lamina barrier and ease VSMC migration to the site of the
atherosclerotic lesion. Furthermore, VSMC-MP also upregulates the mitogen-activated protein kinase
pathway (MAPK) (ERK, JNK, P38) pathway and PCNA protein expression leading to proliferation
and migration of VSMC to develop vascular inflammation. EC-MP and platelet microparticles (PMPs)
possesses cell adhesion molecules that support the adhesion of various circulating cell the endothelial
cell followed by altered intimal permeability and vascular lesion at a later stage. MØ-MP activated
macrophage to uptake oxidized LDL and change in foam cell. This activated form of macrophage is
responsible for the overexpression of nitric oxide (NO) and the procoagulant factor causing vascular
inflammation. As a whole, all of this pathway leads to atherosclerosis. The target of baicalin to inhibit
vascular inflammation is shown by the red line.

A recent study has shown that dietary flavanol intervention lowers endothelial microparticles with
an improvement in endothelial function in coronary artery patients [49]. However, this study could
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not reveal the specific mechanism followed by flavonol to improve endothelial function. Kam et al.
showed that curcumin reduced microparticle release from endothelial cells. However, there was no
clear indication that endothelial microparticles can act like TNF-α to cause the overexpression of cell
adhesion molecules, which is an important parameter during vascular inflammation [50]. Another
study by Schwarz et al. stated that red wine prevents the acute negative vascular effect of smoking.
This clinical study concludes that smoking leads to elevation of endothelial-, platelet-, monocyte-,
and leukocyte-derived microparticles while consumption of red wine lowers the microparticle levels.
However, this study’s limitation was a lack of evidence to prove the exact molecular mechanism of
how the levels of microparticles were lowered by the beneficial activity of red wine [51]. Nevertheless,
these herbal candidates can be a potential option for preventing disease caused by the overproduction
of microparticles. Our study showed the molecular mechanism followed by baicalin to target various
pathways in cell types (EC, VSMC and MØ) involved in vascular inflammation. Taken together, our
finding suggests baicalin as a promising compound with the potential to ameliorate the features of
vascular inflammatory disease. However, our study has few limitations, and it opens the platform for
further studies and guidance for researchers working with microparticles. First, all our evidence is
experimental data from in vitro studies from various cell lines. It would be more interesting to study
and validate the in vitro finding with the clinical setting of vascular inflammation/atherosclerosis by
carrying out experiments in primary cells isolated from the healthy controls and patients with acute
coronary studies. Second, the levels of microparticles are high in the diseased state but not the same in
all individuals. Therefore, it is difficult to find the exact clinically relevant dose of microparticles that
can induce the features of vascular inflammation in in vitro experiments. It is essential to carry out the
dose–titration study to investigate the clinical relevance dose of microparticles in various disease states
before carrying out the in vitro and animal model studies.

5. Conclusions

Baicalin possesses potent antioxidant activity, inhibiting VSMC-MP-induced VSMC proliferation
via the PCNA and MAPK signaling pathways, and migration via the inhibition of MMP-9. Baicalin also
attenuated the MØ-MP-induced vascular inflammation by the downregulation of potent inflammatory
mediators; NO, ROS, iNOS, COX-2, and foam cell formation in RAW264.7. Baicalin inhibits endothelial
dysfunction by downregulating ROS production and ICAM expression while upregulating pENOS
and pAkt in endothelial cells. These signify that baicalin can be a potential therapeutic option for the
prevention of vascular inflammatory disorders such as atherosclerosis.

Author Contributions: Conceptualization, K.R.P. and D.-W.K.; methodology, analysis, investigation, writing
K.R.P., supervision, D.-W.K. All authors have read and agreed to the published version of the manuscript

Acknowledgments: We would like to acknowledge research support provided by Mokpo National University.
We thank Kushal Sharma and Rudra Pangeni, College of Pharmacy and Natural Medicine Research Institute,
Mokpo National University for the technical support during confocal and fluorescence microscope imaging.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. VanWijk, M.J.; VanBavel, E.; Sturk, A.; Nieuwland, R. Microparticles in cardiovascular diseases. Cardiovasc. Res.
2003, 59, 277–287. [CrossRef]

2. Franca, C.N.; Izar, M.C.; Amaral, J.B.; Tegani, D.M.; Fonseca, F.A. Microparticles as potential biomarkers of
cardiovascular disease. Arq. Bras. Cardiol. 2015, 104, 169–174. [CrossRef] [PubMed]

3. Patz, S.; Trattnig, C.; Grunbacher, G.; Ebner, B.; Gully, C.; Novak, A.; Rinner, B.; Leitinger, G.; Absenger, M.;
Tomescu, O.A.; et al. More than cell dust: Microparticles isolated from cerebrospinal fluid of brain injured
patients are messengers carrying mRNAs, miRNAs, and proteins. J. Neurotrauma 2013, 30, 1232–1242.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0008-6363(03)00367-5
http://dx.doi.org/10.5935/abc.20140210
http://www.ncbi.nlm.nih.gov/pubmed/25626759
http://dx.doi.org/10.1089/neu.2012.2596
http://www.ncbi.nlm.nih.gov/pubmed/23360174


Antioxidants 2020, 9, 890 21 of 23

4. Connor, D.E.; Exner, T.; Ma, D.D.; Joseph, J.E. The majority of circulating platelet-derived microparticles fail
to bind annexin V, lack phospholipid-dependent procoagulant activity and demonstrate greater expression
of glycoprotein Ib. Thromb Haemost 2010, 103, 1044–1052. [CrossRef] [PubMed]

5. Schindler, S.M.; Little, J.P.; Klegeris, A. Microparticles: A new perspective in central nervous system disorders.
Biomed Res. Int. 2014, 2014, 756327. [CrossRef]

6. Tramontano, A.F.; Lyubarova, R.; Tsiakos, J.; Palaia, T.; Deleon, J.R.; Ragolia, L. Circulating endothelial
microparticles in diabetes mellitus. Mediat. Inflamm. 2010, 2010, 250476. [CrossRef]

7. Roos, M.A.; Gennero, L.; Denysenko, T.; Reguzzi, S.; Cavallo, G.; Pescarmona, G.P.; Ponzetto, A. Microparticles
in physiological and in pathological conditions. Cell Biochem. Funct. 2010, 28, 539–548. [CrossRef]

8. Distler, J.H.; Pisetsky, D.S.; Huber, L.C.; Kalden, J.R.; Gay, S.; Distler, O. Microparticles as regulators of
inflammation: novel players of cellular crosstalk in the rheumatic diseases. Arthritis Rheum 2005, 52,
3337–3348. [CrossRef]

9. Perez-Hernandez, J.; Cortes, R. Extracellular vesicles as biomarkers of systemic lupus erythematosus.
Dis. Markers 2015, 2015, 613536. [CrossRef]

10. Pitanga, T.N.; de Aragao Franca, L.; Rocha, V.C.; Meirelles, T.; Borges, V.M.; Goncalves, M.S.;
Pontes-de-Carvalho, L.C.; Noronha-Dutra, A.A.; dos-Santos, W.L. Neutrophil-derived microparticles induce
myeloperoxidase-mediated damage of vascular endothelial cells. BMC Cell Biol. 2014, 15, 21. [CrossRef]

11. Mallat, Z.; Hugel, B.; Ohan, J.; Leseche, G.; Freyssinet, J.M.; Tedgui, A. Shed membrane microparticles with
procoagulant potential in human atherosclerotic plaques: a role for apoptosis in plaque thrombogenicity.
Circulation 1999, 99, 348–353. [CrossRef] [PubMed]

12. Mezentsev, A.; Merks, R.M.; O’Riordan, E.; Chen, J.; Mendelev, N.; Goligorsky, M.S.; Brodsky, S.V. Endothelial
microparticles affect angiogenesis in vitro: role of oxidative stress. Am. J. Physiol. Heart Circ. Physiol. 2005,
289, H1106–H1114. [CrossRef] [PubMed]

13. Koga, H.; Sugiyama, S.; Kugiyama, K.; Watanabe, K.; Fukushima, H.; Tanaka, T.; Sakamoto, T.; Yoshimura, M.;
Jinnouchi, H.; Ogawa, H. Elevated levels of VE-cadherin-positive endothelial microparticles in patients with
type 2 diabetes mellitus and coronary artery disease. J. Am. Coll Cardiol. 2005, 45, 1622–1630. [CrossRef]
[PubMed]

14. Gauley, J.; Pisetsky, D.S. The release of microparticles by RAW 264.7 macrophage cells stimulated with TLR
ligands. J. Leukoc. Biol. 2010, 87, 1115–1123. [CrossRef] [PubMed]

15. Milbank, E.; Soleti, R.; Martinez, E.; Lahouel, B.; Hilairet, G.; Martinez, M.C.; Andriantsitohaina, R.;
Noireaud, J. Microparticles from apoptotic RAW 264.7 macrophage cells carry tumour necrosis factor-alpha
functionally active on cardiomyocytes from adult mice. J. Extracell Vesicles 2015, 4, 28621. [CrossRef]
[PubMed]

16. Serrano-Pertierra, E.; Benavente, L.; Blanco-Gelaz, M.Á.; Fernández-Martín, J.L.; Lahoz, C.H.; Calleja, S.;
López-Larrea, C.; Cernuda-Morollón, E.J.J. Lysophosphatidylcholine Induces vascular smooth muscle cell
membrane vesiculation: Potential role in atherosclerosis through Caveolin-1 Regulation. JPB 2014, 7, 332.

17. Chiva-Blanch, G.; Suades, R.; Padró, T.; Vilahur, G.; Peña, E.; Ybarra, J.; Pou, J.M.; Badimon, L.J.R.E.d.C.
Microparticle shedding by erythrocytes, monocytes and vascular smooth muscular cells is reduced by aspirin
in diabetic patients. Rev. Española Cardiol. 2016, 69, 672–680. [CrossRef]

18. Essayagh, S.; Brisset, A.C.; Terrisse, A.D.; Dupouy, D.; Tellier, L.; Navarro, C.; Arnal, J.F.; Sie, P. Microparticles
from apoptotic vascular smooth muscle cells induce endothelial dysfunction, a phenomenon prevented by
beta3-integrin antagonists. Thromb. Haemost. 2005, 94, 853–858. [CrossRef]

19. Paudel, K.R.; Oak, M.H.; Kim, D.W. Smooth muscle cell derived microparticles acts as autocrine activation of
smooth muscle cell proliferation by mitogen associated protein kinase upregulation. J. Nanosci. Nanotechnol.
2020, 20, 5746–5750. [CrossRef]

20. Paudel, K.R.; Panth, N.; Kim, D.W. Circulating endothelial microparticles: A key hallmark of atherosclerosis
progression. Scientifica (Cairo) 2016, 2016, 8514056. [CrossRef]

21. Dinda, B.; Dinda, S.; DasSharma, S.; Banik, R.; Chakraborty, A.; Dinda, M. Therapeutic potentials of baicalin
and its aglycone, baicalein against inflammatory disorders. Eur. J. Med. Chem. 2017, 131, 68–80. [CrossRef]
[PubMed]

22. Li, Y.D.; Guan, J.P.; Tang, R.C.; Qiao, Y.F. Application of natural flavonoids to impart antioxidant and
antibacterial activities to polyamide fiber for health care applications. Antioxidants (Basel) 2019, 8, 301.
[CrossRef]

http://dx.doi.org/10.1160/TH09-09-0644
http://www.ncbi.nlm.nih.gov/pubmed/20390225
http://dx.doi.org/10.1155/2014/756327
http://dx.doi.org/10.1155/2010/250476
http://dx.doi.org/10.1002/cbf.1695
http://dx.doi.org/10.1002/art.21350
http://dx.doi.org/10.1155/2015/613536
http://dx.doi.org/10.1186/1471-2121-15-21
http://dx.doi.org/10.1161/01.CIR.99.3.348
http://www.ncbi.nlm.nih.gov/pubmed/9918520
http://dx.doi.org/10.1152/ajpheart.00265.2005
http://www.ncbi.nlm.nih.gov/pubmed/15879485
http://dx.doi.org/10.1016/j.jacc.2005.02.047
http://www.ncbi.nlm.nih.gov/pubmed/15893178
http://dx.doi.org/10.1189/jlb.0709465
http://www.ncbi.nlm.nih.gov/pubmed/20335312
http://dx.doi.org/10.3402/jev.v4.28621
http://www.ncbi.nlm.nih.gov/pubmed/26498917
http://dx.doi.org/10.1016/j.recesp.2015.12.034
http://dx.doi.org/10.1160/TH04-12-0786
http://dx.doi.org/10.1166/jnn.2020.17661
http://dx.doi.org/10.1155/2016/8514056
http://dx.doi.org/10.1016/j.ejmech.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28288320
http://dx.doi.org/10.3390/antiox8080301


Antioxidants 2020, 9, 890 22 of 23

23. Jun, M.Y.; Karki, R.; Paudel, K.R.; Sharma, B.R.; Adhikari, D.; Kim, D.W. Alkaloid rich fraction from Nelumbo
nucifera targets VSMC proliferation and migration to suppress restenosis in balloon-injured rat carotid artery.
Atherosclerosis 2016, 248, 179–189. [CrossRef]

24. Paudel, K.R.; Karki, R.; Kim, D.W. Cepharanthine inhibits in vitro VSMC proliferation and migration and
vascular inflammatory responses mediated by RAW264.7. Toxicol In Vitro 2016, 34, 16–25. [CrossRef]

25. Park, S.H.; Shim, B.S.; Yoon, J.S.; Lee, H.H.; Lee, H.W.; Yoo, S.B.; Wi, A.J.; Park, W.S.; Kim, H.J.; Kim, D.W.;
et al. Vascular protective effect of an ethanol extract of camellia japonica fruit: Endothelium-Dependent
relaxation of coronary artery and reduction of smooth muscle cell migration. Oxid Med. Cell. Longev. 2015,
2015, 6309565. [CrossRef] [PubMed]

26. Boulanger, C.M.; Scoazec, A.; Ebrahimian, T.; Henry, P.; Mathieu, E.; Tedgui, A.; Mallat, Z. Circulating
microparticles from patients with myocardial infarction cause endothelial dysfunction. Circulation 2001, 104,
2649–2652. [CrossRef] [PubMed]

27. Jansen, F.; Yang, X.; Baumann, K.; Przybilla, D.; Schmitz, T.; Flender, A.; Paul, K.; Alhusseiny, A.; Nickenig, G.;
Werner, N. Endothelial microparticles reduce ICAM-1 expression in a microRNA-222-dependent mechanism.
J. Cell. Mol. Med. 2015, 19, 2202–2214. [CrossRef]

28. Lee, S.H.; Kim, J.K.; Jang, H.D. Genistein inhibits osteoclastic differentiation of RAW 264.7 cells via regulation
of ROS production and scavenging. Int. J. Mol. Sci. 2014, 15, 10605–10621. [CrossRef]

29. Li, A.E.; Ito, H.; Rovira, I.I.; Kim, K.S.; Takeda, K.; Yu, Z.Y.; Ferrans, V.J.; Finkel, T. A role for reactive oxygen
species in endothelial cell anoikis. Circ. Res. 1999, 85, 304–310. [CrossRef]

30. Burger, D.; Montezano, A.C.; Nishigaki, N.; He, Y.; Carter, A.; Touyz, R.M. Endothelial microparticle
formation by angiotensin II is mediated via Ang II receptor type I/NADPH oxidase/ Rho kinase pathways
targeted to lipid rafts. Arter. Thromb. Vasc. Biol. 2011, 31, 1898–1907. [CrossRef]

31. Abbas, M.; Jesel, L.; Auger, C.; Amoura, L.; Messas, N.; Manin, G.; Rumig, C.; Leon-Gonzalez, A.J.; Ribeiro, T.P.;
Silva, G.C.; et al. Endothelial microparticles from acute coronary syndrome patients induce premature
coronary artery endothelial cell aging and thrombogenicity: Role of the ang II/AT1 receptor/NADPH
oxidase-mediated activation of MAPKs and PI3-Kinase pathways. Circulation 2017, 135, 280–296. [CrossRef]
[PubMed]

32. Ashino, T.; Yamamoto, M.; Numazawa, S. Nrf2/Keap1 system regulates vascular smooth muscle cell
apoptosis for vascular homeostasis: role in neointimal formation after vascular injury. Sci. Rep. 2016, 6,
26291. [CrossRef] [PubMed]

33. Zhu, L.H.; Huang, L.; Zhang, X.; Zhang, P.; Zhang, S.M.; Guan, H.; Zhang, Y.; Zhu, X.Y.; Tian, S.; Deng, K.;
et al. Mindin regulates vascular smooth muscle cell phenotype and prevents neointima formation. Clin. Sci.
(Lond.) 2015, 129, 129–145. [CrossRef] [PubMed]

34. Sharma, K.; Lee, H.H.; Gong, D.S.; Park, S.H.; Yi, E.; Schini-Kerth, V.; Oak, M.H. Fine air pollution particles
induce endothelial senescence via redox-sensitive activation of local angiotensin system. Environ. Pollut.
2019, 252, 317–329. [CrossRef] [PubMed]

35. Seo, K.W.; Lee, S.J.; Kim, Y.H.; Bae, J.U.; Park, S.Y.; Bae, S.S.; Kim, C.D. Mechanical stretch increases MMP-2
production in vascular smooth muscle cells via activation of PDGFR-beta/Akt signaling pathway. PLoS ONE
2013, 8, e70437. [CrossRef]

36. Lee, H.H.; Paudel, K.R.; Kim, D.W. Terminalia chebula Fructus Inhibits Migration and Proliferation of
Vascular Smooth Muscle Cells and Production of Inflammatory Mediators in RAW 264.7. Evid. Based
Complement. Altern. Med. 2015, 2015, 502182. [CrossRef]

37. Karki, R.; Kim, S.B.; Kim, D.W. Magnolol inhibits migration of vascular smooth muscle cells via cytoskeletal
remodeling pathway to attenuate neointima formation. Exp. Cell Res. 2013, 319, 3238–3250. [CrossRef]

38. Paudel, K.R.; Lee, U.W.; Kim, D.W. Chungtaejeon, a Korean fermented tea, prevents the risk of atherosclerosis
in rats fed a high-fat atherogenic diet. J. Integr. Med. 2016, 14, 134–142. [CrossRef]

39. Karki, R.; Sahi, N.; Jeon, E.R.; Park, Y.S.; Kim, D.W. Chungtaejeon, a Korean fermented tea, scavenges
oxidation and inhibits cytokine induced proliferation and migration of human aortic smooth muscle cells.
Plant Foods Hum. Nutr. 2011, 66, 27–33. [CrossRef]

40. Karki, R.; Jeon, E.R.; Kim, D.W. Magnoliae Cortex inhibits intimal thickening of carotid artery through
modulation of proliferation and migration of vascular smooth muscle cells. Food Chem. Toxicol. 2012, 50,
634–640. [CrossRef]

http://dx.doi.org/10.1016/j.atherosclerosis.2016.03.020
http://dx.doi.org/10.1016/j.tiv.2016.03.010
http://dx.doi.org/10.1155/2016/6309565
http://www.ncbi.nlm.nih.gov/pubmed/26697138
http://dx.doi.org/10.1161/hc4701.100516
http://www.ncbi.nlm.nih.gov/pubmed/11723013
http://dx.doi.org/10.1111/jcmm.12607
http://dx.doi.org/10.3390/ijms150610605
http://dx.doi.org/10.1161/01.RES.85.4.304
http://dx.doi.org/10.1161/ATVBAHA.110.222703
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.017513
http://www.ncbi.nlm.nih.gov/pubmed/27821539
http://dx.doi.org/10.1038/srep26291
http://www.ncbi.nlm.nih.gov/pubmed/27198574
http://dx.doi.org/10.1042/CS20140679
http://www.ncbi.nlm.nih.gov/pubmed/25751394
http://dx.doi.org/10.1016/j.envpol.2019.05.066
http://www.ncbi.nlm.nih.gov/pubmed/31158660
http://dx.doi.org/10.1371/journal.pone.0070437
http://dx.doi.org/10.1155/2015/502182
http://dx.doi.org/10.1016/j.yexcr.2013.07.016
http://dx.doi.org/10.1016/S2095-4964(16)60249-2
http://dx.doi.org/10.1007/s11130-011-0211-y
http://dx.doi.org/10.1016/j.fct.2011.11.043


Antioxidants 2020, 9, 890 23 of 23

41. Karki, R.; Jeon, E.R.; Kim, D.W. Nelumbo nucifera leaf extract inhibits neointimal hyperplasia through
modulation of smooth muscle cell proliferation and migration. Nutrition 2013, 29, 268–275. [CrossRef]
[PubMed]

42. Panth, N.; Paudel, K.R.; Gong, D.S.; Oak, M.H. Vascular protection by ethanol extract of morus alba root
bark: Endothelium-Dependent relaxation of rat aorta and decrease of smooth muscle cell migration and
proliferation. Evid. Based Complement. Altern. Med. 2018, 2018, 7905763. [CrossRef] [PubMed]

43. Kim, S.B.; Paudel, K.R.; Kim, D.W. Preventive Effect of traditional korean formulations on intimal thickening
of rat carotid artery injured by balloon catheter. Korean J. Plant Resour. 2013, 26, 678–685. [CrossRef]

44. Gao, C.; Huang, Q.; Liu, C.; Kwong, C.H.T.; Yue, L.; Wan, J.B.; Lee, S.M.Y.; Wang, R. Treatment of
atherosclerosis by macrophage-biomimetic nanoparticles via targeted pharmacotherapy and sequestration
of proinflammatory cytokines. Nat. Commun. 2020, 11, 2622. [CrossRef]

45. Lee, H.H.; Paudel, K.R.; Jeong, J.; Wi, A.J.; Park, W.S.; Kim, D.W.; Oak, M.H. Antiatherogenic effect of camellia
japonica fruit extract in high fat diet-fed rats. Evid. Based Complement. Altern. Med. 2016, 2016, 9679867.
[CrossRef]

46. Panth, N.; Paudel, K.R.; Parajuli, K. Reactive oxygen species: A key hallmark of cardiovascular disease.
Adv. Med. 2016, 2016, 9152732. [CrossRef]

47. Panth, N.; Park, S.H.; Kim, H.J.; Kim, D.H.; Oak, M.H. Protective effect of salicornia europaea extracts on
high salt intake-induced vascular dysfunction and hypertension. Int. J. Mol. Sci. 2016, 17, 1176. [CrossRef]

48. Dimmeler, S.; Fleming, I.; Fisslthaler, B.; Hermann, C.; Busse, R.; Zeiher, A.M. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999, 399, 601–605. [CrossRef]

49. Horn, P.; Amabile, N.; Angeli, F.S.; Sansone, R.; Stegemann, B.; Kelm, M.; Springer, M.L.; Yeghiazarians, Y.;
Schroeter, H.; Heiss, C. Dietary flavanol intervention lowers the levels of endothelial microparticles in
coronary artery disease patients. Br. J. Nutr. 2014, 111, 1245–1252. [CrossRef]

50. Kam, A.; Li, K.M.; Razmovski-Naumovski, V.; Nammi, S.; Chan, K.; Grau, G.E.; Li, G.Q. Curcumin reduces
tumour necrosis factor-enhanced annexin V-Positive microparticle release in human vascular endothelial
cells. J. Pharm. Pharm. Sci. 2015, 18, 424–433. [CrossRef]

51. Schwarz, V.; Bachelier, K.; Schirmer, S.H.; Werner, C.; Laufs, U.; Bohm, M. Red wine prevents the acute
negative vascular effects of smoking. Am. J. Med. 2017, 130, 95–100. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.nut.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22959632
http://dx.doi.org/10.1155/2018/7905763
http://www.ncbi.nlm.nih.gov/pubmed/30515235
http://dx.doi.org/10.7732/kjpr.2013.26.6.678
http://dx.doi.org/10.1038/s41467-020-16439-7
http://dx.doi.org/10.1155/2016/9679867
http://dx.doi.org/10.1155/2016/9152732
http://dx.doi.org/10.3390/ijms17071176
http://dx.doi.org/10.1038/21224
http://dx.doi.org/10.1017/S0007114513003693
http://dx.doi.org/10.18433/J3ZC8G
http://dx.doi.org/10.1016/j.amjmed.2016.08.025
http://www.ncbi.nlm.nih.gov/pubmed/27633722
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell-Free In Vitro Experiments 
	Chemicals and Reagents 
	Antioxidant Assay 

	Cell-Based In Vitro Experiments 
	Cell Culture and Reagents 
	Isolation, Characterization, and Quantification of Microparticles. 
	Cell Viability Assay 
	NO Production 
	Foam Cell Assay 
	Western Blot 
	ROS Formation 
	Apoptosis Assay 
	VSMC Proliferation Assay 
	Immunocytochemistry (PCNA Expression in VSMC and -Galactosidase Staining in EC) 
	Gelatin Zymography 
	Boyden Chamber Assay 
	Wound Healing Assay 

	Statistical Analysis 

	Results 
	Characterization of Microparticles 
	Baicalin Inhibits NO Production, iNOS, and COX-2 Protein Expression in MØ-MP Induced RAW264.7 Cell 
	Baicalin Inhibits MØ-MP Induced ROS Production, Apoptosis and Foam Cell Formation in RAW264.7 Cell 
	Baicalin Target the Endothelial Dysfunction Marker to Restore EC Function 
	Baicalin Inhibits Proliferation of VSMC Induced by VSMC-MP 
	Baicalin Inhibits VSMC Migration Induced by EC-MP and VSMC-MP 
	Baicalin Inhibits ROS Production and Apoptosis in VSMC-MP Induced VSMC 
	Antioxidant Activity of Baicalin 

	Discussion 
	Conclusions 
	References

