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Objective: Inflammation is an important molecular
basis of atherosclerosis. Recent studies have shown
that dihydropyridine calcium channel blockers (CCBs)
can exert potent anti-inflammatory effects in models
of vascular dysfunction. The purpose of the present
study was to evaluate anti-inflammatory effects and
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mechanisms of lercanidipine and labedipinedilol-A,
new generation dihydropyridine CCBs, in rat vascular
smooth muscle cells (VSMCs) exposed to
lipopolysaccharide (LPS) and interferon-y (IFN-1v).
Methods and results: MTT, Griess reagent, RT-PCR,
ELISA, gelatin zymography, immunocytochemistry and
Western blotting were employed. We found that
lercanidipine and labedipinedilol-A attenuated
production of NO, ROS, TNF-« and IL-1/ i{l from
LPS/IFN- v -stimulated VSMCs. In addition, they both
diminished the LPS/IFN-9 -induced expression of 1NOS
protein and mRNA, with attenuation of HMGB1 cytosolic
translocation and subsequent extracellular release.
Furthermore, they down-regulated MMP-2/MMP-9
activities, while expression of tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1), an inhibitor of
MMP-9, was up-regulated. Finally, we found that
lercanidipine and labedipinedilol-A inhibited the
nuclear translocation of NF-x B and suppressed the
phosphorylation of JNK, p38 MAPK and Akt.
Conclusion: Lercanidipine and labedipinedilol-A can
exert their anti-inflammatory effects through
suppression of NO, ROS, TNF-a and IL-1p8 {l{ through
down-regulation of iNOS, MMP-2/MMP-9, and HMGB1, with
inhibition of signaling transduction of MAPKs,
Akt/TkB-a and NF- kB pathways. These findings
implicate a valuable role of new generation
dihydropyridine CCBs lercanidipine and
labedipinedilol-A in the treatment of inflammatory
vascular diseases.

dihydropyridine calcium channel blockers, vascular
smooth muscle cells, lipopolysaccharide/interferon-
v, high mobility group box-1, matrix
metalloproteinase, nuclear factor-xB
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Abstract

Objective: Inflammation is an important molecular basis of atherosclerosis. Recent
studies have shown that dihydropyridine calcium channel blockers (CCBs) can exert
potent anti-inflammatory effects in models of vascular dysfunction. The purpose of
the present study was to evaluate anti-inflammatory effects and mechanisms of
lercanidipine and labedipinedilol-A, new generation dihydropyridine CCBs, in rat
vascular smooth muscle cells (VSMCs) exposed to lipopolysaccharide (LPS) and
interferon-y (IFN-y).

Methods and results: MTT, Griess reagent, RT-PCR, ELISA, gelatin zymography,
immunocytochemistry and Western blotting were employed. We found that
lercanidipine and labedipinedilol-A attenuated production of NO, ROS, TNF-o and
IL-1p from LPS/IFN-y-stimulated VSMCs. In addition, they both diminished the
LPS/IFN-y-induced expression of iNOS protein and mRNA, with attenuation of
HMGB1 cytosolic translocation and subsequent extracellular release. Furthermore,
they down-regulated MMP-2/MMP-9 activities, while expression of tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1), an inhibitor of MMP-9, was up-regulated.
Finally, we found that lercanidipine and labedipinedilol-A inhibited the nuclear
translocation of NF-xB and suppressed the phosphorylation of JNK, p38 MAPK and
Akt.

Conclusion: Lercanidipine and labedipinedilol-A can exert their anti-inflammatory
effects through suppression of NO, ROS, TNF-a and IL-1p through down-regulation
of INOS, MMP-2/MMP-9, and HMGBL1, with inhibition of signaling transduction of
MAPKS, Akt/IkB-a and NF-kB pathways. These findings implicate a valuable role of
new generation dihydropyridine CCBs lercanidipine and labedipinedilol-A in the
treatment of inflammatory vascular diseases.

Key words: dihydropyridine calcium channel blockers, vascular smooth muscle cells,
lipopolysaccharide/interferon-y, high mobility group box-1, matrix metalloproteinase,
nuclear factor-xB
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Inflammation is thought to be one of the major processes that accelerate the
progression of atherosclerosis. The inflammatory response involves complicated
interactions among immunomodulatory cells, endothelial cells, and vascular smooth
muscle cells (VSMCs). In atherosclerosis, the vascular endothelium barrier function
become damage and is lost. The underlying vascular smooth muscle is thus exposed
and activated by pathogens, resulting in the induction of inducible nitric oxide
synthase (iNOS) and other inflammatory genes, leading to vascular collapse [1,2].
Previous studies demonstrated that iINOS expression is increased in VSMCs after
exposure to lipopolysaccharide (LPS) or cytokines. Furthermore, the effect of LPS on
INOS expression is strengthened by cytokines [3].

Activation of the transcription factor nuclear factor (NF)-«B is an important step
in the development of vascular damage, because it controls the expression of
inducible genes, including many inflammatory mediators such as INOS and
cyclooxygenases-2 (COX-2). NF-kB activation is mediated by phosphorylation and
subsequent degradation of inhibitory protein kappa B (IkB). NF-xB can then
translocate to the nucleus where it facilitates the transcription of many genes,
including proinflammatory cytokines, chemokines, and anti-apoptotic factors [4].
Inflammatory mediators stimulate the activation of NF-«B in all vascular cells
involved in the development of atherosclerosis, including VSMCs, endothelial cells,
and monocyte/macrophages. Therefore, inhibition of NF-xB has potential as a
pharmaceutical target for the prevention of vascular events.

Several dihydropyridine calcium channel blockers (CCBs), including amlodipine,
benidipine, nicardipine and nifedipine, have been reported to suppress the progression
of atherosclerotic lesion formation in atherosclerotic model animals and in
hypertension clinical studies [5,6]. CCBs also suppressed neointima thickening in
vascular injury model animals [5,7]. Interestingly, most of these studies showed that
dihydropyridine CCBs did not affect blood pressure. Based on evidences, in our
previous studies, have demonstrated that lercanidipine and labedipinedilol-A, new
generation 1,4-dihydropyridine-type CCBs, induce NO production in endothelial cells
[8-10] and inhibit VSMCs migration, proliferation and reactive oxygen species
generation in in vitro studies [11-13]. Wu et al. [11] reported that lercanidipine
suppressed neointima thicking in the injured carotid artery of Wistar rats. Taken
together, these findings support that lercanidipine and labedipinedilol-A may possess
anti-inflammatory activities and the therapeutic potential to prevent atherosclerosis.
However, whether these new generation dihydropyridine CCBs possess protective
effects on LPS/interferon-y (IFN-y)-induced vascular inflammation is unknown.

In the present study, we investigated the protective effects of two new generation
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dihydropyridine CCBs (lercanidipine and labedipinedilol-A) on rat aortic VSMCs
stimulated by LPS/IFN-y. The anti-inflammatory effects of lercanidipine and
labedipinedilol-A were examined and compared with conventional CCB nifedipine,
by investigating production of inflammatory mediators (NO, TNF-a, IL-1p and high
mobility group box-1 (HMGBL1)), protein expression of regulatory enzymes (iNOS,
matrix metalloproteinase (MMP)-2 and MMP-9), and activation of transcription factor
NF-kB, and related signaling molecules (MAPKs and Akt).
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2.1. Cell culture

VSMCs were isolated from the thoracic aorta of 10-12-week-old male Wistar
rats as previously described [12,13]. Culture media were changed every 3 days and
passage numbers from 3 to 6 were used for the experiments. To examine the effects of
three CCBs, VSMCs were treated with LPS (100 ug/ml) and IFN-y (100 U/ml) for 24
h in the presence or absence of nifedipine, labedipinedilol-A and lercanidipine (1 and
10 uM).

2.2. Cell viability assay (MTT)

Cell viability was assessed by MTT assay. The assay was performed according
to the manufacturer’s instructions. The amount of MTT formazan was quantified by
determining the absorbance at 540 nm and 630 nm, using an ELISA reader (DYNEX
Technologies, Germany).

2.3. Measurement of NO

The accumulation of nitrite, a metabolite of NO as an indirect indicator of NO
production, was determined in the cell culture media by Griess reagent (1%
sulfanilamide and 0.1% N-(1-naphthyl) ethylenediamide in 5% phosphoric acid). The
culture supernatants were collected and mixed with an equal volume of Griess reagent
and incubated at room temperature for 10 min. The absorbance was measured at 540
nmM (ODsa).

2.4. Measurement of TNF-a and IL-1f3

VSMCs (10°/ml) were seeded in 24 well plates. The cells were pretreated with
three CCBs at the indicated concentrations for 30 min, followed by co-treatment with
LPS/IFN-y for 12 h. Then the cell media were collected, and the concentrations of
TNF-a and IL-1B were measured using enzyme-linked immunosorbent assay (ELISA)
kit according to the manufacturer’s protocol.

2.5. Gelatin zymography

MMP-2 and MMP-9 activities were detected by gelatin zymography on
pre-made 8% polyacrylamide gels containing 0.1% gelatin using 10 pl serum-free
media from treated cultures. After electrophoresis, the gel was removed and incubated
in 1x Zymogram Renaturing Buffer for 30 min at room temperature with gentle
agitation. The gel was equilibrated for 30 min with 1x Zymogram Developing Buffer,
and then incubated with fresh 1x Zymogram Developing Buffer overnight. The bands
were visualized by staining for 30-60 min with a solution containing 0.1% Coomassie
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R-250 in 40% ethanol and 10% acetic acid; followed by destaining for 2 h at room
temperature in a solution containing 10% ethanol and 7.5% acetic acid. The images
were taken by using UVP Biochemi EC3 imaging system.

2.6. Reverse-transcriptase polymerase chain reaction (RT-PCR)

Total RNA was extracted with Trizol reagent by a standard protocol (Invitrogen,
Carlsbad, Calif). Reverse transcription was performed with 5 pg mRNA and the
random primer at 65°C for 5 min, then mixed with Moloney murine leukemia virus
reverse transcriptase (RT) to react at 37°C for 1 h to obtain cDNA. Gene
amplification was followed with RT-polymerase chain reaction (PCR). Primer
sequences were as described: iNOS sense, 5’-CAGGAACCTACCAGCTCACTCT-3;
INOS antisense, 5’-ACAAGATCAGGAGGGATTTCAA-3’; GAPDH sense,
5’-AACTTTGGCATTGTGGAAGG-3’; and GAPDH antisense,
5’-CCCTGTTGCTGTAGCCGTAT-3". Reaction cycles for iNOS and GAPDH
included 30 cycles of 94°C for 30 s, 61.4°C for 30 s, 72°C for 1 min, and a final
incubation at 72°C for 7 min. Polymerase chain reaction products were analyzed on
1.5% agarose gel in the presence of 1 pg/ml of ethidium bromide.

2.7. Preparation of cytosolic and nuclear protein extracts

Separation and preparation of cytoplasmic (CE) and nuclear extracts (NE) were
performed using NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce
Biotechnology, Rockford, IL) according to the manufacturer’s instructions. All of the
fractionated protein solutions were stored at -80°C until analysis.

2.8. Western blot analysis

Cells were treated with three CCBs at the indicated concentrations for the
indicated times and then stimulated with LPS/IFN-y. The reactions were then
terminated by washing with cold PBS for twice. The cells were then harvested and
Western analyses were performed as we previously described [13].

2.10. Immunocytochemistry

VSMCs were pretreated with three CCBs (10 uM) for 30 min and then co-treated
with LPS/IFN-y for 2 h or 24 h to detect translocation of NF-xB and HMGBI,
respectively. Fixation was performed in 10% formaldehyde for 30 min in 4°C.
Preparations were rinsed and incubated with mouse anti-NF-xB and rabbit
anti-HMGB1 overnight at 4°C. This was followed by incubation with
rhodamine-conjugated secondary antibody and images were collected by confocal
laser-scanning microscope (Olympus Fluoview FVV1000, Olympus Optical Co, Tokyo,
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Japan).

2.11. ROS production

Reactive oxygen species (ROS) generated by VSMCs was assayed using the
ROS-sensitive fluorescent dye, 2°,7’-dichlorodihydrofluorescin diacetate (DCFH-DA),
following a previously described method (13).

2.12. Statistical analyses

Data were expressed as mean * S.E.M. from at least three independent
experiments. Student's t-test was used for determining the significance of differences
between two groups, whereas one-way ANOVA was used for multiple comparisons.
P<0.05 was accepted as the level of statistical significance.
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3.1. Effects of dihydropyridine CCBs on LPS/IFN-y-induced production of NO and
ROS, and expression of INOS

As shown in Fig. 1A, treatment of rat VSMCs with LPS/IFN-y for 24 h increased
NO production from 1.08 * 0.14 uM to 2426 = 0.47 pM. Nifedipine,
labedipinedilol-A and lercanidipine at the concentration of 10 puM significantly
inhibited LPS/IFN-y-induced NO production in VSMCs by 52.37 = 6.1%, 79.86 *
2.3% and 83.13 + 4.5%, respectively. The potential cytotoxicity of three CCBs was
evaluated by the MTT assay after incubating cells for 24 h in the absence or presence
of LPS/IFN-y (Supplemental Fig. 1). We found that cell viabilities were not affected
by all these CCBs at the concentrations of 1 uM or 10 pM.

As shown in Fig. 1B, LPS/IFN-y induced ROS production to 1.9-fold higher than
vehicle. In addition, all three CCBs attenuated LPS/IFN-y-induced ROS production.
However, only the ROS reducing effect of nifedipine was PPAR-y-dependent (Fig.
1B).

We next examined whether the LPS/IFN-y-induced protein expression and
MRNA levels of iINOS were affected by three CCBs. We found that
LPS/IFN-y-induced iNOS protein and mRNA expressions were suppressed by all
three CCBs (Fig. 1C). In addition, nifedipine, labedipinedilol-A and lercanidipine at
the concentration of 10 uM significantly reduced LPS/IFN-y-induced iNOS mRNA
expression by 61 + 4.09%, 89 + 5.93% and 95 + 6.56%, respectively, indicating that
lercanidipine was the most potent inhibitor of NO pathway, followed by
labedipinedilol-A and nifedipine.

3.2. Effects of dihydropyridine CCBs on TNF-a and IL-1f3

As shown in Table 1, LPS/IFN-y induced significant production of TNF-o and
IL-18.  Nifedipine, labedipinedilol-A  or lercanidipine  all  attenuated
LPS/IFN-y-induced TNF-a production even at the low concentration of 1 uM. The
potency of these effects was similar to that on the NO system (lercanidipine >
labedipinedilol-A > nifedipine). However, only lercanidipine could suppress
LPS/IFN-y-induced IL-1p production.

3.3. Effects of dihydropyridine CCBs on MMP-1/2/9 and TIMP-1 expressions

MMPs can damage the vascular extracellular matrix and result in a weakening
and dilatation of the aortic wall, a hallmark of vascular inflammatory diseases [14,15].
Our results demonstrated that labedipinedilol-A and lercanidipine both inhibited
LPS/IFN-y-induced MMP-2/-9 activity and protein expression, whereas nifedipine
only has inhibitory effect on MMP-2 (Fig. 2A and 2B). In addition, we found that all
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three CCBs did not affect not MMP-1 expression induced by LPS/IFN-y (Fig. 2C).
We further examined the role of tissue inhibitor of matrix metalloproteinase-1
(TIMP-1), a Kkey inhibitor of MMP-9. We found that lecarnidipine and
labedipinedilol-A (10 pM) could enhance LPS/IFN-y-induced TIMP-1 protein
expression, while nifedipine could not (Fig. 2C).

3.4. Effects of dihydropyridine CCBs on HMGB1 release and trafficking

Beside its canonical DNA transactions with the nucleus, HMGB1 was recently
recognized as an inflammatory mediator of atherosclerosis [16,17]. Given that all
three CCBs could inhibit the release of classical cytokines including TNF-a and/or
IL-1B, we further investigated whether they could also interferer in the secretion of
HMGB1 by LPS/IFN-y-activated VSMCs. We found that labedipinedilol-A and
lercanidipine not only inhibited LPS/IFN-y-induced HMGB1 cytosolic translocation
as shown by Western blotting (Fig. 3A) and immunocytochemistry (Fig. 3B), and but
also attenuated extracellular release of HMGBL1 (Fig. 3C). However, nifedipine had
no such effects.

3.5. Effects of dihydropyridine CCBs on the nuclear translocation of NF-xB and
phosphorylation of 1xkB-a

We further investigate the role of the IkB-o/NF-kB pathway in mechanisms for
anti-inflammatory effects of dihydropyridine CCBs. As shown in Fig. 4A, all three
CCBs (10 uM) attenuated LPS/IFN-y-induced activation of p65, a subunit of NF-kB.
In addition, by immunofluorescence microscopy we demonstrated that they all
inhibited LPS/IFN-y-induced nuclear translocation of p65 (Fig. 4B). Similarly,
LPS/IFN-y induced IkB-a phosphorylation was attenuated by all three CCBs at 10
uM (Fig. 4C).

3.6. Effects of dihydropyridine CCBs on the activation of PPAR-y, MAPKs and Akt

Given with our results that ROS-reducing effect of nifedipine is mediated, at
least in part, by PPAR-y (Fig. 1B), we further validated effects on PPAR-y exerted by
dihydropyridine CCBs. As expected, our results demonstrated that only nifedipine
could inhibit LPS/IFN-y-induced down-regulation of PPAR-y (Fig. 5A).

We finally examined the roles of MAPK and Akt signal transduction in the
present study. Our results demonstrated that labedipinedilol-A and lercanidipine could
attenuate LPS/IFN-y-induced phosphorylation of JNK and p38 MAPK, but not ERK
1/2, while nifedipine only inhibited phosphorylation of JINK (Fig. 5B). In addition, we
found that all of them reduced the LPS/IFN-y-elicited Akt phosphorylation.
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Legends for figures

Fig. 1. Effects of nifedipine, labedipinedilol-A and lercanidipine on NO, ROS, and
INOS expression. VSMCs were pretreated with three calcium channel blockers for 30
min and then co-stimulated with LPS/IFN-y for 24 h. (A) All three CCBs attenuated
LPS/IFN-y-induced NO production. (B) The LPS/IFN-y-induced ROS production was
inhibited by all three CCBs, but only the effect of nifedipine was reversed by PPAR-y
inhibitor, GW-9662. (C) All three CCBs down-regulated LPS/IFN-y-induced iINOS
protein expression. In addition, nifedipine, labedipinedilol-A and lercanidipine at the
concentration of 10 uM reduced LPS/IFN-y-induced iINOS mRNA expression by 61 +
4.09%, 89 = 5.93% and 95 + 6.56%, respectively, indicating that lercanidipine as the
most potent inhibitor of NO pathway. Each value represents the mean £+ S.E.M. of
three independent experiments, with triplicate determinations in each experiment. * P
< 0.05 compared with the vehicle; * P <0.05 compared with LPS + IFN-y alone.

Fig. 2. Effects of nifedipine, labedipinedilol-A and lercanidipine on MMP-2, MMP-9,
MMP-1 and TIMP-1. (A and B) Labedipinedilol-A and lercanidipine both inhibited
LPS/IFN-y-induced MMP-2/-9 activity (A) and protein expression (B), whereas
nifedipine only has inhibitory effect on MMP-2. (C) All three CCBs did not affect
MMP-1 expression induced by LPS/IFN-y. However, lecarnidipine and
labedipinedilol-A (10 puM) but not nifedipine could enhance LPS/IFN-y-induced
TIMP-1 protein expression. Each value represents the mean + S.E.M. of three
independent experiments, with triplicate determinations in each experiment. * P < 0.01
compared with the vehicle; * P <0.05 compared with LPS + IFN-y alone.

Fig. 3. Effects of nifedipine, labedipinedilol-A and lercanidipine on nuclear
translocation of HMGB1. (A) Cells were subjected to nuclear (NE)/cytosol extracts
(CE) and immunoblotted against HMGB1 antibody. Western blotting shows that
labedipinedilol-A  and lercanidipine but not nifiedipine could inhibit
LPS/IFN-y-induced HMGB1 cytosolic translocation as shown by decreased cytosolic
fraction and increased nuclear fraction. (B) Consistent results were validated by
confocal microscope showing that labedipinedilol-A and lercanidipine could result in
nuclear translocation of HMGBL. Scale bar: 50uM. (C) Western blotting shows that
labedipinedilol-A and lercanidipine also attenuated extracellular release of HMGB1
induced by LPS/IFN-y. Each value represents the mean + S.E.M. of three independent
experiments, with triplicate determinations in each experiment. * P<0.01 compared
with the vehicle; * P <0.05 compared with LPS + IFN-y alone.

Fig. 4. Effects of nifedipine, labedipinedilol-A and lercanidipine on NF-xB
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translocation and phosphorylation of 1kB-a. (A) The nuclear fractions were used to
analyze the content of NF-xB. Western blotting shows that all three CCBs attenuated
LPS/IFN-y-induced NF-kB activation at 10 uM. (B) Confocal microscopy
demonstrates that they all inhibited LPS/IFN-y-induced nuclear translocation of p65, a
subunit of NF-xB, as shown by the location of anti-p65 stain within the nucleus
stained with DAPI. Scale bar: 50uM. (C) The cytosolic fractions were used to analyze
the content of IkB-a and phosphorylated IkB-o. Western blotting shows that
LPS/IFN-y induced IkB-o phosphorylation was attenuated by all three CCBs at 10
uM. Each value represents the mean + S.E.M. of three independent experiments, with
triplicate determinations in each experiment. * P < 0.01 compared with the vehicle ; *
P <0.05 compared with LPS + IFN-y alone.

Fig. 5. Effects of nifedipine, labedipinedilol-A and lercanidipine on activations of.
PPAR-y, MAPKs and Akt. (A) Western blotting shows that only nifedipine could
inhibit LPS/IFN-y-induced down-regulation of PPAR-y. (B) Labedipinedilol-A and
lercanidipine both attenuated LPS/IFN-y-induced phosphorylation of JNK and p38
MAPK, but not ERK 1/2. Nifedipine only inhibited phosphorylation of JNK.
However, they all reduced LPS/IFN-y-elicited Akt phosphorylation. The total MAPK
levels were used as internal controls. Similar results are obtained from three
independent experiments. * P < 0.01 compared with the vehicle ; * P <0.05 compared
with LPS + IFN-y alone.
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An expanding body of literature has demonstrated that dihydropyridine CCBs
have the pleiotropic ability to protect against endothelial injury, inactivate
macrophages and improve VSMCs dysfunction to prevent the progression of
atherosclerosis [5], making dihydropyridine CCBs unique and intriguing targets of
investigations in cardiovascular pharmacology.

Common molecular signatures of inflammatory responses include production of
early and late proinflammatory cytokines such as TNF-a, IL-1p, IL-6 and HMGBL1.
HMGBL1 is a nuclear protein secreted from activated monocytes/macrophage and
epithelial cells after proinflammatory stimuli such as LPS and TNF-o [18,19]. In
atherosclerotic lesions, HMGBL1 protein is expressed in endothelial cells, VSMCs and
macrophages and may play a crucial role in the progression of atherosclerosis [16,17].
HMGBL interacts with specific receptors including RAGE (receptor for advanced
glycation end products), toll-like receptor (TLR)-2, and TLR-4. The binding of
HMGBL to its receptors results in the activation of several kinases such as ERK 1/2,
JNK and p38 MAPK, which ultimately leads to the activation of NF-xB-dependent
genes [20]. The present study indicates that lercanidipine possesses anti-inflammatory
properties by inhibiting the production of NO, TNF-a and IL-1p. Moreover, our data
also suggest that lercanidipine can act as an anti-inflammatory agent through the
inhibition of HMGBL translocation and subsequent secretion by VSMCs. The effects
of nifedipine and labedipinedilol-A were similar, but differential effects were
observed in HMGB1 translocation. The exact mechanism by which lercanidipine and
labedipinedilol-A inhibited the HMGB1 translocation and release is not clear.
Nevertheless, previous studies have shown that the inhibitory effects of lercanidipine
and labedipinedilol-A on HMGB1 release may be mediated through different
mechanisms, e.g. inhibition of TNF-a and IL-1p or iNOS/NO [21,22].

NO is an important regulator of vascular function. In addition, MMPs also play
important role in vascular remodeling and subsequent pathological events in the
progression of coronary arterial diseases and atherosclerosis [14]. Increased
expression/activity of MMPs, especially MMP-2, plays a role in the vascular
alterations induced by hypertension, and increased oxidative stress is a major factor
activating MMPs. MMP-9 is also important for the development of arterial lesions by
promoting VSMC migration and proliferation [15]. Therefore, the inhibition of
MMP-2 and MMP-9 appear to be the appropriate target for the development of
anti-atherogenic agents. Our results demonstrated that the activities and expressions
of both MMP-2 and MMP-9 were inhibited by lercanidipine and labedipinedilol-A,
whereas nifedipine only decreased MMP-9 activity and protein expression. An
important extracellular mechanism for the control of MMP activity is via the binding
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to TIMP and forming a 1:1 enzyme-inhibitor complex. Our results that TIMP-1, as the
major inhibitor for MMP-9, was enhanced by lercanidipine and labedipinedilol-A,
provides potential mechanisms for the decreased MMP-9 activity and synergistic
effect on MMP-9 inhibition. Furthermore, the over-expression of TIMP-1 has been
shown to reduce the neointimal formation in human saphenous veins and to prevent
atherosclerotic lesions in apolipoprotein E-deficient mice [23,24]. Therefore, our
results implicate a novel mechanism for the anti-atherosclerotic effect of
dihydropyridine CCBs by increasing the expression of TIMP-1.

Because NF-kB is a critical transcription factor in transactivating inflammatory
genes, including iNOS and MMP-9 [25,26], it appears to be a promising molecular
target in treating inflammatory vascular diseases. Another key element to the
regulation of cytokine production is the MAPKS, which are strictly related with the
activation of NF-kB [27]. Accordingly, inhibitors of p38 MAPK and NF-«B block the
production of IL-1, TNF-o and HMGBL1 at the transcriptional and translational levels,
being effective in the treatment of chronic inflammatory diseases [28]. Additionally, it
has been reported that 1B kinase can be a substrate of Akt and thus activation of Akt
may stimulate NF-«B activity [29]. Our data demonstrated that labedipinedilol-A and
lercanidipine attenuated LPS/IFN-y-activated JNK, p38 MAPK and Akt
phosphorylation, whereas nifedipine inhibited the activation of JNK and Akt pathway.
In addition, they all inhibited LPS/IFN-y-induced activation of the downstream
IxB-0/NF-xkB pathway. These data strengthen the notion that anti-inflammatory
effects of dihydropyridine CCBs are potentially mediated through the MAPKs/Akt
and IxB-o/NF-«B signaling pathways.

Oxidative stress and the production of ROS have been implicated in the
pathogenesis of atherosclerosis. Our results showed that nifedipine, labedipinedilol-A
and lercanidipine significantly inhibited the ROS production, which is similar with
other CCBs such as azelnidipine, felodipine, benidipine, and manidipine [5]. We have
recently reported that the anti-oxidative effects of labedipinedilol-A may be mediated
through down-regulation of the NAD(P)H oxidase subunits (Nox1 and Rac1) [13]. On
the other hand, lercanidipine suppressed the proliferation of VSMCs via inhibiting
ROS production [11]. In the present study we further elucidated that in
LPS/IFN-y-treated VSMCs, nifedipine could up-regulate PPAR-y and its
ROS-reducing effect is PPAR-y dependent. This finding is in line with a recent study
showing that nifedipine can reduce oxidative stress through PPAR-y activation in
macrophages and suppress atherogenesis in apoE”" mice [31].

Differential effects were detected among nifedipine, lecarnidipine and
labedipinedilol-A in the present study but the mechanisms is not completely
understood. We found that the anti-inflammatory effects of labedipinedilol-A and
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lecarnidipine were similar, but lecarnidipine seems to possess more potent inhibitory
effects against the production of pro-inflammatory mediators including NO, ROS,
INOS, TNF-a, IL-1p and HMGBL. These effects are potentially mediated through
attenuation of the MMP pathway, MAPKs/Akt transduction and NF-«kB signaling.
Intriguingly, nifedipine has no effect on IL-1p production, MMP-2, TIMP-1
expression and HMGBL translocation, but may convey anti-oxidative ability through
up-regulation of PPAR-y. On the basis of the present results, we cannot draw any
definite conclusion on the mechanisms underlying differential effects of these three
CCBs. However, we speculate that the lipophilicity may play a key role in explaining
the differences. Comparisons of anti-inflammatory effects between the
dihydropyridines and other L-type CCBs have not been well addressed. Diltiazem has
been shown to exert anti-atherosclerotic effects mediated through the inhibition of
dendritic cell-endothelial cell interaction by inhibiting NF-xB activity and IL-12
expression [32]. Verapamil has been reported to reduce lipopolysaccharide-induced
PYK2 phosphorylation, nuclear translocation of AP-1 and TNF-a production in
macrophage [33]. Our results suggest that in VSMCs dihydropyridines CCBs have
anti-inflammatory effects though a wide array of pathways and whether these effects
can be extrapolated into inflammatory cells may warrant further investigations.

In conclusion, our findings provide new insights of anti-inflammatory effects of
new generation dihydropyridine CCBs and suggest their potential roles in the
treatment of vascular inflammatory diseases such as atherosclerosis. Further studies
are warranted to validate their in vivo and clinical effects.
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Ohjective: Inflammation is an important molecular basis of atherosclerosis. Recent studies have shown
that dihydropyridine calcium channel blockers (CCBs) can exert potent anti-inflammatory effects in
models of vascular dysfunction. The purpose of the present study was to evaluate anti-inflammatory
effects and mechanisms of lercanidipine and labedipinedilol-A, new generation dihydropyridine
CCBs, in rat vascular smooth muscle cells (VSMCs) exposed to lipopolysaccharide (LPS) and interferon-y
(IFN-7).
Methods and results: MTT, Griess reagent, RT-PCR, ELISA, gelatin zymography, immunocytochemistry and
Western blotting were employed. We found that lercanidipine and labedipinedilol-A attenuated
production of NO, ROS and TNF-z from LPS/IFN-y-stimulated VSMCs. In addition, they both diminished
the LPS|{IFN-y-induced expression of iNOS protein and mRNA, with attenuation of HMGB1 cytosolic
translocation and subsequent extracellular release. Furthermore, they down-regulated MMP-2/MMP-9
activities, whereas expression of tissue inhibitor of matrix metalloproteinase-1 (TIMP-1), an inhibitor of
MMP-9, was up-regulated. Finally, we found that lercanidipine and labedipinedilol-A inhibited the
nuclear translocation of NF-kB and suppressed the phosphorylation of [NK, p38 MAPK and Akt.
Conclusion: Lercanidipine and labedipinedilol-A can exert their anti-inflammatory effects through
suppression of NO, ROS and TNF-o through down-regulation of iNOS, MMP-2/MMP-9, and HMGB1, with
inhibition of signaling transduction of MAPKs, Akt/lIkB-o and NF-kB pathways. These findings implicate
a valuable role of new generation dihydropyridine CCBs lercanidipine and labedipinedilol-A for the
treatment of inflammatory vascular diseases.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

inducible nitric oxide synthase (iNOS) and other inflammatory
genes, with subsequent vascular remodeling and obliteration [1,2].

Inflammation is thought to be one of the major processes that
accelerate the progression of atherosclerosis. The inflammatory
response involves complicated interactions among immunomodu-
latory cells, endothelial cells, and vascular smooth muscle cells
(VSMCs). Endothelial damage is one of the hallmark features of
atherosclerosis. The underlying vascular smooth muscle is thus
exposed and activated by pathogens, resulting in the induction of

* Corresponding author. . Fax: +886 6 2667318.
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Previous studies demonstrated that iNOS expression is increased in
VSMCs after exposure to lipopolysaccharide (LPS) or cytokines.
Furthermore, the effect of LPS on iNOS expression is strengthened
by cytokines [3].

Activation of the transcription factor nuclear factor (NF)-kB
is an important step in the development of vascular damage,
because it controls the expression of inducible genes, including
many inflammatory mediators such as iNOS and cyclooxygenases-2
(COX-2). NF-kB can be then translocated to the nucleus where
it facilitates the transcription of many genes, including proin-
flammatory cytokines, chemokines, and anti-apoptotic factors [4].
Inflammatory mediators stimulate the activation of NF-xB in all
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appears to be the appropriate target for the development of anti-
atherogenic agents. Our results demonstrated that the activites
and expressions of both MMP-2 and MMP-9 were inhibited by
lercanidipine and labedipinedilol-A, whereas nifedipine only
decreased MMP-9 activity and protein expression. An important
extracellular mechanism to control the activity of MMP is to bind
TIMP and form a 1:1 enzyme—inhibitor complex. Thus, the over-
expression of TIMP-1 has been shown to reduce the necintimal
formation in human saphenous veins and to prevent atheroscle-
rotic lesions in apolipoprotein E-deficient mice [23,24]. Our results
showed that TIMP-1, the major inhibitor for MMP-9, was enhanced
by lercanidipine and labedipinedilol-A. Therefore, these data
implicate a novel mechanism for the anti-atherosclerotic effect of
dihydropyridine CCBs by increasing the expression of TIMP-1.

MF-kB is a critical transcription factor in fransactivating
inflammatory genes, which include iNOS and MMP-9 [25.26]. It
then appears to be a promising molecular target for the treatment
of inflammatory vascular diseases. Being strictly related with the
activation of NF-kB, MAPK is another key element to regulate the
production of cytokine [27]. Accordingly, inhibitors of p38 MAPK
and NF-«B block the production of IL-1, TNF-o and HMGB1 at the
transcriptional and translational levels, indicating their effective-
ness to treat chronic inflammatory diseases [28]. Beside, activation
of Akt may stimulate NF-xB activity since [kB kinase is a substrate of
Akt [29]. Our data demonstrated that labedipinedilol-A and lerca-
nidipine attenuated LPS/IFN-y-activated JNK, p38 MAPK and Akt
phosphorylation, whereas nifedipine inhibited the activation of JNK
and Akt pathway. In addition, they all inhibited LPS/IFN-y-induced
activation of the downstream IkB-z/NF-kB pathway. These data
strengthen the notion that anti-inflammatory effects of dihy-
dropyridine CCBs are potentially mediated through the MAPKs/Akt
and IkB-o/NF-kB signaling pathways.

Oxidative stress and the production of ROS have been implicated
in the pathogenesis of atherosclerosis. Our results showed that
nifedipine, labedipinedilol-A and lercanidipine significantly
inhibited the ROS production, indicating a similarity of lercanidi-
pine and labedipinedilol-A to other dihydropyridine CCBs such as
azelnidipine, felodipine, benidipine, and manidipine [5]. We have
recently reported that the anti-oxidative effects of labedipinedilol-
A may be mediated through down-regulation of the NAD{P)H
axidase subunits (Nox1 and Rac1) [13]. On the other hand, lerca-
nidipine suppressed the proliferation of VSMGCs via inhibiting ROS
production [11]. In the present study we further elucidated that in
LPSIFN-y-treated VSMCs, nifedipine could up-regulate PPAR-y and
its ROS-reducing effect is PPAR-y dependent This finding is in line
with a recent study showing that nifedipine reduces oxidative
stress through PPAR-y activation in macrophages and suppresses
atherogenesis in apoE~/~ mice [30].

Differential effects were detected among nifedipine, lercanidi-
pine and labedipinedilol-A in the present study. We found that the
anti-inflammatory effects of labedipinedilol-A and lercanidipine
were similar, but lercanidipine seems to possess more potent
inhibitory effects against the production of pro-inflammatory
mediators including NO, ROS, iINOS, TNF-z, IL-1p and HMGBEL
These effects are potentially mediated through attenuation of the
MMP pathway, MAPKs/Akt transduction and NF-kB signaling.
Intriguingly, nifedipine has no effect on IL-1f production, MMP-2,
TIMP-1 expression and HMGE1 wanslocation, but may convey
anti-oxidative ability through up-regulation of PPAR-y. On the basis
of the present results, we cannot draw any definite conclusion on
the mechanisms underlying differential effects of these three CCBs.
However, we speculate that the lipophilicity may play a key role in
explaining the differences.

Comparisons of anti-inflammatory effects between the dihy-
dropyridines and other L-type CCBs have not been well addressed.
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Diltiazem has been shown to exert anti-atherosclerotic effects
mediated through the inhibition of dendritic cell-endothelial cell
interaction by inhibiting NF-kB activity and IL-12 expression [31].
Verapamil has been reported to reduce LPS-induced PYK2 phos-
phorylation, nuclear translocation of AP-1 and TNF- production in
macrophage [32]). Our results suggest that in VSMCs dihydropyr-
idines CCBs demonstrate anti-inflammatory effects though a wide
array of pathways. However, whether these effects can be extrap-
olated into inflammatory cells may warrant further investigations.

In conclusion, our findings provide new insights of anti-
inflammatory effects of new generation dihydropyridine CCBs and
suggest their potential roles in the treatment of vascular inflam-
matory diseases such as atherosderosis. Further studies are war-
ranted to validate their in vivo and clinical effects.
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and HMGB1, with inhibition of signaling transduction of MAPKs, Akt/IlkB-a and NF-‘KB
pathways. These findings implicate a valuable role of new gerjeration dihydropyridine
CCBs lercanidipine and labedipinedilol-A for the treatment of inflammatory vascular
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