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The objective of this study was to study the anti-inflammatory effect and possibly involved molecular mecha-
nisms of matrine on oxidized low-density lipoprotein (ox-LDL)-exposed macrophages.

Cultured human macrophages (THP-1 cell line) were exposed to ox-LDL at final concentrations of 0, 25, 50,
and 100 pg/mL. Several cells were then treated with matrine at serial diluted concentrations. 2,7-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA) staining was used to evaluate reactive oxygen species (ROS) production;
a colorimetric method was used to determine the cellular antioxidant capacity; production of pro-inflamma-
tory cytokines interleukin (IL)18 and tumor necrosis factor (TNF)a. were determined by enzyme-linked immu-
nosorbent assay (ELISA); and immunoblot assay was used to assess the relative protein phosphorylation and
expression.

ox-LDL exposure significantly elevated intracellular ROS level and supernatant IL18 and TNFo concentrations,
but impaired total antioxidant capacity (TAC) of macrophages. The relative phosphorylations of MAPK kinase
kinases (MKK)6, MKK3, and p38 mitogen-activated protein kinases (MAPK) were increased by ox-LDL expo-
sure. The expression levels of IL18 and TNFa were also increased in ox-LDL-treated macrophages. The matrine
treatment reduced intracellular ROS level and supernatant IL18 and TNFa concentrations and increased TAC in
a concentration- dependent manner. The relative phosphorylations of MKK6, MKK3, and p38 MAPK were re-
duced after matrine administration. Moreover, the expression levels of IL18 and TNFo were also decreased by
matrine treatment, in a concentration-dependent manner.

ox-LDL increases inflammatory response in macrophages by activating the ROS-mediated MKKs/p38 MAPK-
induced inflammatory signaling pathway. Matrine suppresses ox-LDL-induced inflammatory by inhibiting the
MKKs/p38 MAPK signaling pathway.
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Background
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Material and Methods

Atherosclerosis is a chronic inflammatory disease of the arte-
rial vascular wall and is one of the common pathophysiologi-
cal features of many cardiovascular diseases such as coronary
arterial disease and stroke. Many cell types were involved [1].
Macrophages are the dominant immune cell type in atheroscle-
rotic lesions, and it is believed that are critical for the initiation
and development of atherosclerosis [2]. The inflammatory re-
sponses in macrophages result in local pro-inflammatory cas-
cade activation, leading to foam cell formation, platelet acti-
vation, and plaque rupture [3].

It is well accepted that hyperlipidemia is an independent risk
factor of atherosclerosis. Low-density lipoprotein (LDL) infil-
trates into the vascular intima and turns into ox-LDL after oxi-
dative modification [4]. The characterized pathological changes
of atherosclerosis are highly associated with ox-LDL. Challenged
by certain harmful stimuli, macrophages are polarized and ex-
hibit 2 main phenotypes - M1 and M2. M1 macrophages are
related to inflammation due to their ability to produce pro-
inflammatory cytokines [5]. Activated by ox-LDL, the macro-
phages initiate and exacerbate inflammation response by pro-
ducing pro-inflammatory cytokines and further promoting the
destabilization of the atherosclerotic plaques [6].

Mitogen-activated protein kinases (MAPKs) are a protein fam-
ily characterized by a structure composed of p38 MAPK, c-Jun
N-terminal kinases, and extracellular signal-regulated protein
kinases. The p38 MAPK signaling pathway is activated when
encountering harmful stimuli such as reactive oxygen spe-
cies (ROS), leading to increasing inflammatory responses [7].
Activation of the up-stream kinase MAPK kinase kinases (MKKSs)
- MKK6 and MKK3 - leads to further activation of p38 MAPK [8].

Matrine is one of the active components extracted from the
natural herb Sophora flavescens, which has been utilized in the
treatments of cardiovascular diseases in Traditional Chinese
Medicine from ancient times [9]. Several previous investiga-
tions found that ox-LDL triggers excessive intracellular ROS
production [4,10,11]. The vascular protective effects of ma-
trine were reported by our group and others [7,12]. Moreover,
one of our recent studies indicated that matrine and its de-
rivatives affect activation the MKKs/MAPK signaling by re-
ducing intracellular ROS production [9]. In the present study,
we investigated the inhibitory effects of matrine on ox-LDL-
induced inflammatory response in macrophages. The involve-
ment of ROS- mediated MKKs/p38 MAPK inflammatory sig-
naling was also investigated.

Cell culture, grouping, and treatments

Human monocytic THP-1 cells (purchased from China Center
for Type Culture Collection, CCTCC) were used in this study.
Cells were maintained in RPMI 1640 medium (Hyclone) supple-
mented with fetal bovine serum (10%, FBS, Hyclone) in a hu-
midified incubator providing an atmosphere of 5%C0,/95%0,
at 37°C. Serially diluted ox-LDL (Solarbio) at final concentra-
tions of 0, 25, 50 and 100 pg/mL were used to treat the cells
for 48 h. Concentrations of matrine were chosen according to
the results from our pilot study. Cells exposed to ox-LDL at
100 pg/mL were also treated with serially diluted matrine at
final concentrations of 0.0, 0.5, 1.0, and 2.0 mmol/L for 48 h
after exposure to ox-LDL.

In situ ROS determination

The intracellular generation of ROS was evaluated by a fluores-
cent staining method using the ROS probe DCFH-DA (Beyotime).
Briefly, cells were harvested and washed with PBS. Then, the
DCFH-DA was loaded to cells by incubating the cells for 30 min
at 37°Cin the dark. An inverted microscope was used to observe
and capture the fluorescent images. The intracellular ROS level
was indicated with the mean fluorescent intensity of DCFH-DA,
which was calculated with Image-Pro Plus (version 5.0).

Antioxidant capability evaluation

The cell homogenates were prepared after the cells were col-
lected. At 4°C, the homogenates were centrifuged for 5 min
at 12 000 g. The total antioxidant capacity (TAC) was mea-
sured in the resulting supernatant by using the T-AOC Assay
Kit (Beyotime) according to the protocols provided by the man-
ufacturer. The absorbance of ABTS* at 734 nm was detected
by a plate reader.

ELISA

The resulting supernatants of collected cells were also used for
ELISA assay. The concentrations of IL-18 and TNF-o. were mea-
sured with the Quantkine human IL-18 kit (R&D) and Quantkine
human TNF-o kit (R&D) according to the protocols provided
by the manufacturer. The concentrations of IL-6 and TNF-o
were calculated with absorbance values and standard curves.

RT-PCR

The total RNA was extracted and isolated by using Beyozol total
RNA extraction kits (Beyotime) according to the protocols provided
by the manufacturer. SYBR green PCR master mix was used.
Primers for IL18 were forward 5’-AAGAAAGCCGCCTCAAACCT-3;
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reverse 5-TCTGACATGGCAGCCATTGT-3’. Primers for TNF
were forward 5’-ATCCGCGACGTGGAACTG-3’; reverse
5’-ACCGCCTGGAGTTCTGGAA-3". The Mastercycler RT-PCR de-
tection system (Eppendorf) was used to carry out the RT-PCR
assay. GAPDH was used as the internal reference to normal-
ize the mRNA expression levels of target genes by using the
formula ZACT(GAPDH-target).

Western blotting

Cultured macrophages were collected and further lysed in cell
lysis buffer for Western and IP (Beyotime), which was supple-
mented with PSMF (Beyotime). The total protein of the cells
was acquired with the Protein Extraction Kit (Beyotime). The
protein sample concentrations were detected with bicinchoninic
acid (BCA) assay with the BCA Assay Kit (Pierce). Then, sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was utilized to separate the proteins, and the separated pro-
teins were then electronically transferred to NC or PVDF mem-
branes. Specific primary antibodies of phosphor-MKK3 (1: 4000,
p-MKK3, Abcam), MKK3 (1: 4000, Abcam), p-MKK6 (1: 2000,
CST), MKK®6 (1: 2000, CST), p-p38 MAPK (1: 4000, Abcam), p38
MAPK (1: 1000, Abcam), IL-18 (1: 4000, Sigma), TNF-c. (1: 4000,
CST) and GAPDH (1: 4000, Santa Cruz) were used to incubate
the membranes at 4°C for 12 h. After TBST washing, the mem-
branes were then incubated with corresponding HRP-conjugated
secondary antibodies (Abcam) at 20°C for 2 h. After being de-
veloped with Signal West Pico Chemiluminescent Substrate
(Pierce), the membranes were exposed and the immunoblots
were visualized. Image-Pro Plus (version 5.0) software was
used to analyze the intensities of immunoblots.

Statistical analysis
Data are presented as mean +SD. SPSS software was used to
analyze the differences between groups with one-way analy-

sis of variance (ANOVA) and t tests. At p<0.05, the differences
were considered statistically significant.

Results

Matrine treatment reduced ROS production in ox-LDL-
incubated macrophages

The results are demonstrated in Figure 1. The produced intra-
cellular ROS was tagged by DCFH-DA fluorescent staining. The
captured images of DCFH-DA are demonstrated. ROS level was
dramatically increased after treatment with ox-LDL, in a con-
centration-dependent manner. The matrine administration
significantly decreased ROS levels in ox-LDL exposed macro-
phages in a concentration-dependent manner.
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Matrine incubation restored antioxidant capacity in ox-LDL
incubated macrophages

The antioxidant capacity of macrophages was indicated by
measured TAC. As demonstrated in Figure 2, ox-LDL exposure
significantly impaired TAC in macrophages in a concentration-
dependent manner. The matrine administration, however, re-
covered the TAC in ox-LDL-exposed macrophages in a concen-
tration-dependent manner.

Matrine treatment inhibited inflammatory cytokine
production in ox-LDL-incubated macrophages

The concentrations and mRNA expression levels of inflammatory
cytokines IL18 and TNFo were determined by ELSIA and RT-
PCR, respectively. As shown in Figure 3, ox-LDL significantly in-
creased the concentrations mRNA expression levels of IL18 and
TNFo in macrophages in a concentration-dependent manner.
However, the administration of matrine dramatically reduced
the concentrations as well as the mRNA expression levels of
IL18 and TNFa in a concentration-dependent manner.

Matrine incubation suppressed activation of MKKs/
p38 MAPK inflammation signaling in ox-LDL-incubated
macrophages

The immunoblots are demonstrated in Figure 4. The phos-
phorylation levels of MKK3, MKK6, and p38 MAPK and the
expression levels of IL18 and TNFo were found significantly
upregulated in ox-LDL-exposed macrophages. Treatment with
matrine, however, dramatically suppressed the phosphoryla-
tion levels of MKK3, MKK6, and p38 MAPK in ox-LDL-exposed
macrophages in a concentration-dependent manner. The ex-
pression levels of IL18 and TNFa were also suppressed by ma-
trine in ox-LDL- exposed cultured macrophages.

Discussion

Myocardial infarction and stroke are among the serious com-
plications of arterial atherosclerosis, contributing to the lead-
ing cause of death worldwide. The mechanisms underlying
the occurrence and development of atherosclerosis are very
complicated. LDL plays roles as initiator and accelerator in the
pathogenesis of atherosclerosis. Under condition of hyperlip-
idemia, accumulated LDL infiltrates into the arterial intima
through the dysfunctional endothelium, where it receives ox-
idation modification [12]. The resulting ox-LDL recruits circu-
lating monocytes, which further infiltrate into the arterial in-
tima and differentiate into macrophages [13].

Atherosclerosis is regarded as an inflammatory disease [14].
Many immune cells play roles in the inflammatory response [14].
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Figure 1. (A) The upper part demonstrates the captured fluorescent images of DCFH-DA staining of macrophages stimulated with
ox-LDL at 0, 25, 50, and 100 pg/mL. Several cells incubated with ox-LDL at 100 pg/mL were also treated with matrine at
0.5, 1.0, and 2.0 mmol/L. (B) Columns on the lower panel indicate the detected mean fluorescence intensities (MFI) of
DCFH-DA in each group. [* differences were significant when compared with macrophages incubated with ox-LDL at 0 pg/mL;
® differences were significant when compared with macrophages incubated with ox-LDL at 25 pg/mL; < differences were
significant when compared with macrophages incubated with ox-LDL at 50 pg/mL; ¢ differences were significant when
compared with macrophages incubated with ox-LDL at 100 pg/mL and matrine at 0.0 mmol/L; ¢ differences were significant
when compared with macrophages incubated with ox-LDL at 100 pg/mL and matrine at 0.5 mmol/L; f differences were
significant when compared with macrophages incubated with ox-LDL at 100 pg/ml and matrine at 1.0 mmol/L].
Figure 2. Columns in this figure indicate the calculated TAC of
154 cultured macrophages stimulated with ox-LDL at 0, 25,
50, and 100 pg/mL. Several cells incubated with ox-
LDL at 100 pg/mL were also administered matrine at
104 0.5, 1.0, and 2.0 mmol/L. [* differences were significant
= ’ when compared with macrophages incubated with ox-
= LDL at 0 pg/mL; ® differences were significant when
g compared with macrophages incubated with ox-
0.5+ LDL at 25 pg/mL; © differences were significant when
compared with macrophages incubated with ox-
LDL at 50 pg/mL; ¢ differences were significant when
0.0 compared with macrophages incubated with ox-LDL
ox-LoL 0 2% 50 100 100 100 100 pg/ml at 100.pg./r.nL and matrine at 0.0 m.mol/L; ¢ differences
Matrine 0 0 0 0 05 10 2.0 mmol/L were significant when compared with macrophages
incubated with ox-LDL at 100 pg/mL and matrine
at 0.5 mmol/L; f differences were significant when

compared with macrophages incubated with ox-LDL at
100 pg/ml and matrine at 1.0 mmol/L].

The immediate inflammatory response is derived from the in-
teraction between white blood cells and tissue damage, such
as ruptured plaques. Activated lymphocytes become inflamma-
tory cytokine-producing units, which further recruit more im-
mune cells and platelets [15]. Activated macrophages found in
atherosclerotic lesions, which are responsible for local vascular
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inflammation by producing pro-inflammatory cytokines. These
cytokines are believed to further promote the recruitment and
activation of immune cells [16]. In the present study, human
macrophages were exposed to ox-LDL. The results show that
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Figure 3. (A) Columns indicate the detected concentration of IL18 in supernatant from each group. (B) Columns indicate the
detected concentration of TNFa in supernatant from each group. (C) Columns indicate the relative expression level of IL18
mRNA in macrophages. (D) Columns indicate the relative expression levels of TNFoo mRNA in macrophages. [ differences
were significant when compared with macrophages incubated with ox-LDL at 0 pg/mL; ® differences were significant
when compared with macrophages incubated with ox-LDL at 25 pg/mL; © differences were significant when compared
with macrophages incubated with ox-LDL at 50 pg/mL; ¢ differences were significant when compared with macrophages
incubated with ox-LDL at 100 pg/mL and matrine at 0.0 mmol/L; ¢ differences were significant when compared with
macrophages incubated with ox-LDL at 100 pg/mL and matrine at 0.5 mmol/L; f differences were significant when compared
with macrophages incubated with ox-LDL at 100 pg/ml and matrine at 1.0 mmol/L].

ox-LDL exposure increased inflammatory cytokines TNFo and
IL-18 in a concentration- dependent manner.

The antioxidant system maintains the intracellular antioxi-
dant-oxidant balance, which is critical for normal physiologi-
cal functions. When encountering pathological stimuli such as
ox-LDL, excessive ROS is generated and overwhelms the anti-
oxidants [17]. In this study, dramatically increased ROS gener-
ation was found in ox-LDL-exposed human macrophages. As
shown by impaired TAC, the antioxidant capacities were signif-
icantly reduced by ox-LDL in a concentration-dependent man-
ner. In this situation, many signaling pathways are activated,
leading to cell injury, inflammation, and death.

The P38 MAPK signaling pathway was reported to induce inflam-
matory response in many cell types [18]. It was reported that
p38 MAPK activation increases inflammation by upregulating

This work is licensed under Creative Common Attribution-
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inflammatory cytokines [19]. According studies by our group
and others, the activation of p38 MAPK is dependent on phos-
phorylation of its up-stream kinases, MKK3 and MKK6 [9,20].
Previous investigations [21,22] found that TNFa and IL-18,
which are typical inflammatory cytokines produced by mac-
rophages, play a pro-atherogenic role. Disruption of TNFo im-
pedes the development of atherosclerosis. In this investiga-
tion, we found that ox-LDL exposure significantly facilitated
the phosphorylation of MKK3, MKK6, and p38, activating the
p38 MAPK inflammatory signaling pathway.

Matrine is one of the effective quinolizidine alkaloids extracted
from the Chinese medical herb S. flavesents. Matrine has been
reported to exhibit multiple biological activities including anti-
oxidative, anti-inflammatory, anti-viral, anti-cancer, and anti-fi-
brotic properties [23,24]. Our team has been focusing on study-
ing the mechanisms of its cardioprotective effects. According
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Figure 4. (A) The upper panel demonstrates the immunoblots of p-MKK3, MKK3, p-MKK6, MKK6, p-p38, p38, IL18, TNFa, and GAPDH
of cultured macrophages. (B) Columns indicate the phosphorylation level of MKK3 (p-MKK3/MKK3). (C) columns indicate the
phosphorylation level of MKK6 (p-MKK6/MKK6). (D) Columns indicate the phosphorylation level of p38 MAPK (p-p38/p38).
(E) Columns indicate the expression level of TNFo (TNFo/GAPDH). (F) Columns indicate the expression level of I1L18 (IL18/
GAPDH). [* differences were significant when compared with macrophages incubated with ox-LDL at 0 pg/mL; ® differences
were significant when compared with macrophages incubated with ox-LDL at 25 pg/mL; © differences were significant
when compared with macrophages incubated with ox-LDL at 50 pg/mL; ¢ differences were significant when compared with
macrophages incubated with ox-LDL at 100 pg/mL and matrine at 0.0 mmol/L; ¢ differences were significant when compared
with macrophages incubated with ox-LDL at 100 pg/mL and matrine at 0.5 mmol/L; f differences were significant when
compared with macrophages incubated with ox-LDL at 100 pg/ml and matrine at 1.0 mmol/L].
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to our previous investigations, matrine has potent anti-oxida-
tive activity [11]. Moreover, matrine administration affects ac-
tivation of the MKKs/p38 MAPK signaling pathway [9]. In this
study, matrine was used to treat human macrophages stim-
ulated by ox-LDL. The results showed that matrine treatment
significantly suppressed the ox-LDL-induced inflammatory re-
sponse in macrophages. We also observed that matrine admin-
istration dramatically reduced intracellular ROS generation by
strengthening the antioxidant capacity in macrophages. Our
further investigation indicated that matrine administration re-
duced activation of MKKs/p38 MAPK inflammatory signaling.

Conclusions

Results from this study indicate the ox-LDL exposure triggers
excessive ROS generation, which further induces inflammatory
response in macrophages by activating the MKKs/p38 MAPK
signaling pathway. The administration of matrine significantly
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