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Abstract

Nicotinic acid (NA) has recently been shown to inhibit inflammatory response in cardiovascular disease. Sirtuin1 (SIRT1), a NAD*-dependent class III histone
deacetylase, participates in the regulation of cellular inflammation. We hypothesized that dietary supplementation of NA could attenuate vascular inflammation
via modulation of SIRT1 pathway. New Zealand White rabbits received chow or chow supplemented with 0.6% (wt/wt) NA for 2 weeks. Acute vascular
inflammation was induced in the animals by placing a non-occlusive silastic collar around the left common carotid artery. At 24 h after collar implantation, the
collar-induced production of C-reactive protein and monocyte chemotactic protein-1 was significantly suppressed in the NA-supplemented animals. Meanwhile,
NA also decreased the expression of cluster of differentiation 40 (CD40) and CD40 ligand, but up-regulated SIRT1 expression, both in rabbits and in
lipopolysaccharide-stimulated endothelial cells. Moreover, knockdown of SIRT1 reversed the inhibitory effect of NA on CD40 expression. Further study revealed
that NA also decreased the expression of CD40 partly through mammalian target of rapamycin. These results indicate that NA protects against vascular

inflammation via the SIRT1/CD40-dependent signaling pathway.
© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Nicotinic acid (NA), an essential pellagra-preventing nutrient, has
also been a widely used lipid-modifying agent to prevent atheroscle-
rotic cardiovascular disease [1]. In addition to regulating the plasma
lipid metabolism, recent evidences suggest that NA possesses anti-
inflammatory [2] and antioxidant [3] properties independent of their
lipid-lowering action. Some studies indicate that NA was able to
decrease the production of pro-inflammatory cytokines interleukin-6
(IL-6) and tumor necrosis factor-a (TNF-at) in stimulated human
monocytes/macrophage [4,5]. Moreover, similar effect of NA was also
observed in a guinea pigs vascular inflammation model induced by
high fat diet [6]. In our previous study, we found that fenofibrate can
protect endothelial cells from C-reactive protein (CRP)-induced injury
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by decreasing the expression of cluster of differentiation 40 (CD40)
[7], the key regulator of inflammatory response [8]. In a further study
we also showed that lovastatin significantly diminished CD40
expression involved in cardiovascular diseases [9]. While extensive
research is dedicated to the effect of an inflammatory reaction of lipid
regulating drugs, little is known about the effect of NA on CD40 and the
triggering pathway of inflammation.

Sirtuin 1 (SIRT1), a NAD"-dependent deacetylase, plays a pivotal
role in a wide variety of cellular processes such as senescence,
differentiation and metabolism [10]. There is mounting evidence that
SIRT1 has proven to be an important mediator in inflammation during
cardiovascular diseases [11,12]. Up-regulation of SIRT1 attenuated the
cigarette smoke extract-induced IL-6 and TNF-a in endothelial cells
[13]. In addition, SIRT1 knockdown resulted in enhanced endothelial
expression of intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) in ApoE~/~ mice [14]. In our
previous study, we found that SIRT1 exerted anti-inflammatory
property by regulating TNF-a-induced expression of CD40 in
adipocytes [15]. Moreover, a recent report demonstrated that
administration of NA up-regulated SIRT1 activity in livers of high-fat
fed OLETF rats [16]. However, whether SIRT1 is involved in the
regulation of NA on inflammation response by blockade of the CD40
pathway and the associated mechanisms remains unknown.
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Thus, in this study, we investigated the effect of NA on the
expression of SIRT1 and CD40 both in New Zealand White (NZW)
rabbits with a periarterial carotid collar and lipopolysaccharide (LPS)-
stimulated endothelial cells. We then examined whether NA was able to
inhibit acute vascular inflammation via the SIRT1/CD40-dependent
signaling pathway so as to elucidate its anti-inflammatory mechanisms.

2. Materials and methods
2.1. Materials

NA, LPS and resveratrol (RSV) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). Rabbit polyclonal anti-human SIRT1, CD40 and P-actin antibodies were
supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-
rabbit CD40 as well as mouse monoclonal anti-rabbit B-actin antibodies were
purchased from Abcam (Cambridge, MA, UK). Rabbit polyclonal anti-rabbit SIRT1
antibody was obtained from Biosynthesis Biotechnology (Beijing, China). Anti-rabbit or
anti-mouse immunoglobulin G horseradish peroxidase (Abcam, Cambridge, UK) were
used as secondary antibodies. Lipofectamine 2000 transfection reagent was ordered
from Invitrogen (Life Technologies, NY, USA). Protease inhibitor cocktail was purchased
from Roche (Mannheim, Germany). Envision HRP system was provided by Dako
Cytomation (Glostrup, Denmark). Rabbit interleukin-1f (IL-13) and human IL-1(3 ELISA
assay kits were products of RapidBio Lab (Calabasas, CA, USA) and R&D Systems
(Minneapolis, MN, USA), respectively.

2.2. Animal care

Male NZW rabbits (2.0-2.5 kg) were provided by Medical Experimental Animal Center
of the Xi'an Jiaotong University (Xi'an, China). The experimental protocol was in accordance
with the National Institutes of Health Guide for Care and Use of Laboratory Animals and was
approved by the Institutional Animal Care Committee of Xi'an Jiaotong University.

Four groups of NZW rabbits were maintained on a regular chow diet (Groups 1 and
2) or chow supplemented with 0.6% (wt/wt) NA (Groups 3 and 4). The animals were
treated with the SIRT1 pharmacological activator RSV (80 mg/kg, p.o.) (Groups 2 and 4)
or a vehicle daily (Groups 1 and 3) for 14 days before and for 24 h after inserting a non-
occlusive silastic collar (total length 20 mm; internal diameter along bore, 4 mm;
internal diameter at ends, 1 mm) around the left common carotid artery as described
[2]. The contralateral right carotid artery was sham-operated. RSV has been reported as
a potent activator of SIRT1 [17,18]. The animals were euthanized 24 h after the insertion
of the collar. The collared section of the left common carotid artery and the
corresponding section of the non-collared right common carotid artery, as well as
liver, heart, spleen and kidney, were placed in ice-cold sterile saline and cleaned of fat
and connective tissue. Three rings were cut from each collar-wrapped segment: one
was formalin-fixed for 24 h, and the other two used for RNA and protein isolation as
described [19].

2.3. Immunohistochemicals detection of CD40

Immunostaining was performed on deparaffinized sections of formalin-fixed,
paraffin-embedded rabbit collared and non-collared carotid arteries. The fixed sections
were de-waxed, rehydrated and incubated overnight at 4°C with anti-rabbit CD40
antibody (1: 100). Negative control was performed by omitting the primary antibody
during the first incubation. Staining was visualized using Dako Cytomation Envision
HRP system, followed by counter staining with haematoxylin. The sections were imaged
using an upright light microscope (Olympus, Tokyo, Japan) at 20x magnification and
analysed using Image] software (National Institutes of Health, Bethesda, Maryland). The
threshold for positive staining was defined by a pathologist who was unaware of the
identity of the samples. Positively stained areas were quantified by de-convolution. The
results were expressed as the average positively stained area above the threshold for
each section and the number of pixels representing endothelial CD40 positive staining
was divided by the circumference of the lumen. The resulting values were presented as
image units.

2.4. Cell culture

Human umbilical vein endothelial cells (HUVECs) were cultured in medium M199
supplemented with 15% fetal bovine serum, 3 ng/ml 3-EC growth factor, 4 U/ml heparin,
and 100 U/ml penicillin-streptomycin as described [20]. To determine whether the
effect of NA on CD40 expression was mediated by SIRT1 in endothelial cells, the SIRT1
activator RSV and SIRT1 RNA interference were used in our study. In some experiments,
HUVECs were pre-incubated for 1 h with the mammalian target of rapamycin (mTOR)
pharmacological inhibitor rapamycin (100 nM, Houston, TX, USA), then incubated in
the presence of 1 mM NA for a further 24 h without or with LPS (100 ng/ml).

2.5. Gene silencing

To silence SIRT1 expression, HUVECs were transfected at 37°C for 48 h with 20 M
synthesized specific siRNA targeting human small interfering RNA (siRNA) and

scrambled siRNA control (Shanghai GenePharma Corporation, Shanghai, China). Briefly,
the siRNA and lipofectamine 2000 were separately diluted in serum-free medium
according to the manufacturer’s instructions. Then the two solutions were softly mixed
and incubated for a further 20 min to form siRNA-lipofectamine complexes. The
HUVECs (2x10° cells/six-well plate) were transfected with the complexes for 48 h and
then were used in the experiments as described above.

2.6. Western blotting analysis

The arteries and HUVECs were washed with ice-cold phosphate-buffered saline and
lysed in RIPA lysis buffer containing protease inhibitor cocktail. Cellular proteins were
separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The
membranes were incubated overnight at 4°C using an anti-human SIRT1 (1:200), CD40
(1:100), B-actin (1:400) and anti-rabbit SIRT1 (1:100), CD40 (1:100), B-actin (1:200)
antibody. As secondary antibody, anti-mouse IgG HRP (1:10000) or anti-rabbit [gG HRP
(1:5000 or 1:10000) was used. Immunoreactive proteins were detected by chemilu-
minescent substrate and analyzed using Quantity One 1-D Analysis Software (BioRad,
Hercules, CA, USA).

2.7. Real-time polymerase chain reaction (PCR)

Heart, liver, spleen, kidney and carotid artery segments of rabbits were incubated at
4°C for 24 h in RNAlater solution (Ambion, Austin, TX, USA) then stored at —80°C until
use. Total RNA was isolated from the RNAlater-treated frozen tissues TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and extracted from HUVECs using RNAiso Plus reagent
(TaKaRa Bio, Otsu, Japan). cDNAs were synthesized from 2 pg sample of total RNA using
PrimeScript™ RT Master Mix kit (TaKaRa) following the manufacturer’s instructions.
Real-time PCR was performed with the SYBR Premix Ex Taq™ II (TaKaRa) by using an
iQ5 real-time PCR detection system (BioRad, CA, USA). Relative changes in mRNA levels
were analyzed by the AACT method, using GAPDH level as control. Primer pair
sequences are shown in Table 1.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Blood was collected at the commencement of the study and prior to euthanasia of the
rabbits. The level of IL-1(3 in serum was detected using ELISA as described [21]. In addition,
the concentration of IL-1@ in cell culture supernatants was also measured by ELISA assay.
All the assay kits were commercially available and the kit instructions were followed.
2.9. Statistical analysis

The results are expressed as mean4S.E.M. Statistical analysis was carried out using

one-way analysis of variance and the Newman-Keul’s test, as appropriate. P<.05 was
considered statistically significant.

3. Results
3.1. Effects of NA on plasma lipid levels in rabbits
To examine the effect of NA on plasma lipid levels in rabbits,

plasma lipid and lipoprotein levels of the rabbits were evaluated
before NA treatment and when euthanized. There were no significant

Table 1
Primer sequences used in real-time PCR

Gene Primer Sequence (5’-3")
Rabbit SIRT1 F TGACTGTGAAGCTGTACGAGGAG

R GGAAGACCCAATAACAATGAGGAG
Rabbit CD40 F GCAGGGAAAATCAGTACCAAGTG

R CGCCATTAGAGCAAGGAAGG
Rabbit CD40L F CCCGCAGTTCCTCCAAAA

R ACATTCACAAACACCGAAGCA
Rabbit MCP-1 F GCAGAAGTGGGTCCAGGATG

R TAGTCGTGTGTTCTTGGGTTGTG
Rabbit CRP F CCTTTTCCTCCACTCCCACA

R TCTTCTCCATCTCCCTCCACA
Rabbit GAPDH F CCACTTTGTGAAGCTCATTTCCT

R TCGTCCTCCTCTGGTGCTCT
Human SIRT1 F GGACTCCAAGGCCACGGATA

R GTTCGAGGATCTGTGCCAATCA
Human CD40 F CACTGTACGAGTGAGGCCTGTGA

R TTGCACAACCAGGTCTTTGGTC
Human GAPDH F GCACCGTCAAGGCTGAGAAC

R TGGTGAAGACGCCAGTGGA
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differences in plasma total cholesterol, high-density lipoprotein
cholesterol, triglyceride, non-esterified fatty acid, and apolipoprotein
A-I levels between the groups (data not shown). The results indicate
that treatment with NA has no effect on plasma lipid levels in rabbits.

3.2. NA increases the expression of SIRT1 in rabbits

Our previous study has shown that SIRT1 is decreased in TNF--treated
endothelial cells [22]. To investigate whether SIRT1 expression could be
regulated by collar implantation in NZW rabbit carotid artery, the
expression of SIRT1 was determined by western blotting analysis and
quantitative real-time PCR. The results showed that SIRT1 protein and
mRNA expressions were reduced in collared arteries, as compared with
the non-collared arteries in the control animals (P<.05, Fig. 1A and B).

To confirm whether SIRT1 expression could be regulated by NA in
vivo, the rabbits were treated with NA (chow supplemented with 0.6%
NA) for 14 days. Relative to the control animals, dietary supplemen-
tation with NA increased SIRT1 protein and mRNA expression both in
the non-collared and collared carotid arteries (Fig. 1A and B). In
addition, we also observed the effects of NA on mRNA levels of SIRT1 in
organ systems of the control animals. As shown in Fig. 1C and D,
dietary supplementation with NA also increased liver, heart and
spleen SIRT1 mRNA levels, respectively. However, NA supplementa-
tion showed little effect on SIRT1 expression in kidney (Fig. 1D).

3.3. NA protects against vascular inflammation and reduces serum IL-173
in rabbits

The implantation of a periarterial carotid collar or treatment with
NA did not affect the intimal cross-sectional area or intimal/medial
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area ratio (data not shown). We further observed the effects of NA on
the expressions of CD40, CD40 ligand (CD40L), CRP and monocyte
chemotactic protein-1 (MCP-1) in the arteries of rabbits. Relative to
the control animals, dietary supplementation with 0.6% NA decreased
the endothelial expression of CD40 both in the non-collared and
collared carotid arteries (Fig. 2A and B). Under suggestion of the
results with the immunohistochemistry method, we further evaluated
the effects of NA on protein and mRNA expressions of CD40 in the
carotid arteries of rabbits. As shown in Fig. 2C and D, NA inhibited the
collar-mediated increase in CD40 protein and mRNA expression.
Moreover, dietary supplementation with NA also decreased the mRNA
levels of CD40L, CRP and MCP-1 (Fig. 2E, F, G). In addition, we also
observed a notable reduction of serum level of IL-1f3 in rabbits with NA
supplementation (P<.01, Fig. 2H). These results indicate that NA has
ability to reduce expressions of CD40 and CD40L, and to repress CRP
and MCP-1 production in the arteries of rabbits, as well as serum IL-1p3
in the animals.

3.4. Relationship between effects of NA on vascular inflammation and
SIRT1 in rabbits

Given the above results, it is important to determine whether SIRT1
is involved in the inhibitory effect of NA on collar-induced vascular
inflammation. Therefore, an additional study was carried out in which
SIRT1 was activated by RSV, a well-known SIRT1 activator. Four groups
of NZW rabbits (n=6/group) received regular chow or chow
supplemented with 0.6% (wt/wt) NA for 14 days preceding carotid
collar implantation, meanwhile, SIRT1 activator was conducted daily.
As shown in Fig. 3A and B, treatment of SIRT1 activator increased
arterial SIRT1 protein and mRNA expression. Moreover, relative to the
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Fig. 1. NA up-regulates SIRT1 expression in NZW rabbits. NZW rabbits were maintained for 14 days on a regular chow diet (Control) or chow supplemented with 0.6% (wt/wt) NA before
the implantation of a non-occlusive collar around the left carotid artery. The animals were euthanized 24 h after collar insertion. (A and B) The expression of SIRT1 protein and mRNA in
the non-collared and collared carotid arteries was determined by western blotting and real-time PCR, respectively. Data are expressed as mean+S.E.M., n=9. (C and D) Liver, heart,
spleen and kidney SIRT1 mRNA levels in animals that received regular chow or chow supplemented with 0.6% (wt/wt) NA. Data are expressed as mean=+S.E.M., n=6. "P<.05 and “"P<.01

vs. control; #P<.05 and #*#P<.01 vs. non-collared artery without NA treatment.
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Fig. 2. NAinhibits acute vascular inflammation in NZW rabbit collared carotid arteries and IL-1(3 level in serum. Periarterial collars were inserted into NZW rabbits receiving regular chow
(Control) or chow supplemented with 0.6% NA (wt/wt) for 14 days as described in the legend to Fig. 1. (A and B) Representative carotid artery sections immunostained for CD40 (bar=
50 um). Quantification of CD40 staining in non-collared arteries and collared arteries. “P<.05 and **P<.01 vs. control; **P<.01 vs. non-collared artery without NA treatment. (C and D) The
expression of CD40 protein and mRNA in the non-collared and collared carotid arteries was determined by western blotting and real-time PCR, respectively. “P<.05 and “*P<.01 vs. non-
collared artery; #*P<.05 and ##P<.01 vs. collared artery. (E, F and G) CD40L, CRP and MCP-1 mRNA levels in non-collared arteries and collared arteries are shown. **P<.01 vs. non-collared
artery; *P<.05 and *#P<.01 vs. collared artery. (H) Blood was collected at the commencement of the study (Baseline) and at 24 h after collar insertion (Collar). Serum IL-1(3 was detected
by ELISA analysis. “*P<.01 vs. control; **P<.01 vs. baseline. Data are expressed as mean-S.E.M., n=6.
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NA supplementation alone, treatment of NA with RSV increased SIRT1
protein and mRNA levels by 1.354+ 0.05 and 2.45+0.45 fold,
respectively (Fig. 3A and B). In contrast, treatment of the animals
with a combination of the SIRT1 activator and NA synergistically
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inhibited CD40, CRP and MCP-1 expression in comparison with
treatment of NA alone (Fig. 3C, F, G). These data suggest that the
modulatory effects of NA on vascular inflammation may be associated
with up-regulation the expression of SIRT1.

=

3

CD40 mRNA level
(fold of control)

NA - - + - +

RSV - - - + +
Collar — + + + +
E 20 ~

£

=
n

CD40L mRNA level
(fold of control)
-

»n =

—_ 2
th =

(fold of control)
S

MCP-1 mRNA level

2

NA - — + = +
RSV - - - + +
Collar — + + + +

Fig. 3. Activation of SIRT1 synergistically protects against vascular inflammation in NZW rabbit collared carotid arteries. NZW rabbits were maintained on regular chow or chow
supplemented with 0.6% (wt/wt) NA for 14 days preceding periarterial collars insertion. Vehicle or SIRT1 activator RSV was administrated daily. (A and B) The expression of SIRT1
protein and mRNA in the non-collared and collared carotid arteries was determined by western blotting and real-time PCR, respectively. (C and D) CD40 protein and mRNA levels in the
collared carotid arteries are shown. (E, F and G) The expression of CD40L, CRP and MCP-1 was determined by real-time PCR. *P<.05 and “*P<.01 vs. non-collared artery; #P<.05 and
##P<,01 vs. collared artery without treatment; *P<.05 and * *P<.01 vs. treatment of NA alone. Data are expressed as mean=S.E.M., n=6.
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Fig. 4. NA up-regulates SIRT1 expression in LPS-stimulated HUVECs. (A and B) Endothelial cells were pretreated with NA at different concentrations (0.25,0.5 and 1 mM) for 1 h, and then
stimulated with LPS (100 ng/ml) for 24 h. The expression of SIRT1 protein and mRNA was determined by western blotting and real-time PCR, respectively. “P<.05 and **P<.01 vs. control;

#P<,05 and ##P<.01 vs. LPS group. Data are expressed as mean=+S.E.M., n=3.

3.5. NA increases the expression of SIRT1 in LPS-stimulated HUVECs

In light of the above-mentioned results in vivo, effects of NA on
SIRT1 expression in LPS-stimulated HUVECs were further determined.
HUVECs were pretreated with NA at different concentrations (0.25,
0.5,and 1 mM) for 1 h and then treated with LPS (100 ng/ml) for 24 h.
The protein and mRNA expression of SIRT1 was determined by
western blotting and real-time PCR analysis, respectively. As shown in
Fig. 4A and B, treatment of endothelial cells with LPS decreased the
protein and mRNA expression of SIRT1, whereas NA up-regulated
SIRT1 expression in LPS-stimulated endothelial cells in a concentra-
tion-dependent manner.

3.6. NA inhibits LPS-induced CD40 expression in HUVECs

To further determine the effect of NA on the expression of CD40 in
HUVECs, the cells were pretreated with different concentrations of NA
(0.25,0.5,1 mM) for 1 h and then stimulated with LPS (100 ng/ml) for
24 h. The protein and mRNA expression of CD40 was determined by
western blotting and real-time PCR analysis, respectively. As shown in
Fig. 5A and B, LPS increased CD40 expression at protein and mRNA
levels in endothelial cells, as compared with the control group (P<.05
for protein and P<.01 for mRNA). However, pretreatment of the cells
with NA significantly concentration-dependently inhibited the ex-
pression of CD40 in endothelial cells stimulated with LPS. This
suggests that the anti-inflammatory effects that were observed in
the NA-treated NZW rabbits were also observed in vitro.

It has been demonstrated that transfection of dendritic cells with
recombinant adenovirus AdV-CD40L up-regulated IL-13 expres-
sion [23]. Therefore, we also observed the effect of NA on IL-1p
secretion in LPS-stimulated HUVECs by ELISA. As shown in Fig. 5C, NA
treatment significantly reduced the secretion of IL-1p in the cell
culture supernatants, suggesting that the inhibitory effect of NA on the
IL-1P production may be related with CD40.

3.7. NA inhibits LPS-induced CD40 expression via SIRT1-dependent
pathway in HUVECs

Given our findings that NA could increase SIRT1 expression and
inhibit CD40 expression in vivo and in vitro, we further evaluated
whether SIRT1 is involved in the inhibitory effect of NA on LPS-
induced CD40 expression. SIRT1 pharmacological activator RSV and
SIRT1 RNA interference were used in our experiment. As expected,

RSV increased the expression of SIRT1, but attenuated CD40
expression in LPS-stimulated endothelial cells (Fig. 6A and B).
Furthermore, HUVECs were pretreated with RSV (20 pM) for 1 h,
subsequently treated with NA (1 mM) for 1 h, and then stimulated
with LPS (100 ng/ml) for 24 h. The results showed that SIRT1 activator
increased SIRT1 protein expression by 1.37+0.10 fold (P<.01, Fig. 6C).
Moreover, relative to treatment of the cells with NA alone, a
combination of the SIRT1 activator and NA synergistically reversed
LPS-induced changes of CD40 protein expression in endothelial cells
(P<.01, Fig. 6D).

To determine whether the inhibition of NA on CD40 expression is
mediated by SIRT1-dependent pathway, HUVECs were transfected
with SIRT1 siRNA or scrambled siRNA (NC siRNA). Then endothelial
cells transfected with SIRT1-specific sSiRNA were pretreated with NA
(1 mM) prior to stimulation with LPS (100 ng/ml). As expected,
endothelial cells transfected with SIRT1-specific siRNA showed
decreased expression of SIRT1. Knockdown efficiency of SIRT1 was
~74% by western blotting analysis (Fig. 6E). In contrast to activated
HUVECs with LPS and NA, pre-incubation of the SIRT1 siRNA-
transfected endothelial cells with NA attenuated the increase effect
of NA on SIRT1 expression (P<.01, Fig. 6F). Moreover, the inhibitory
effect of NA on CD40 expression was abolished by knockdown of SIRT1
(P<.01, Fig. 6G). Taken together, our findings suggest that the
inhibitory effect of NA on CD40 expression in endothelial cells is
mediated via SIRT1-dependent pathway.

3.8. The mTOR pathway is involved in the protection effect of NA against
LPS-induced CD40 expression in HUVECs

To examine whether mTOR pathway was involved in the inhibition
of NA on LPS-induced CD40 expression, the endothelial cells were
pretreated with mTOR inhibitor rapamycin (100 nM) for 1 h, followed
by the addition of NA (1 mM) for 1 h, and then stimulated with LPS
(100 ng/ml) for 24 h. The expression of CD40 protein and mRNA
expression was determined by western blotting and real-time PCR
analysis, respectively. As shown in Fig. 7A, rapamycin pretreatment
augmented the inhibitory effect of NA on LPS-induced CD40 protein
expression in endothelial cells (P<.05, Fig. 7A). Furthermore, the effect
of mTOR was further confirmed by real-time PCR (P<.01, Fig. 7B).
These preliminary results indicate that the inhibitory effect on CD40
that is observed in the NA-treated HUVECs may have been partly
mediated by mTOR pathway.
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Fig. 5. NA inhibits LPS-induced CD40 expression and IL-1f3 level in HUVECs. Endothelial cells were pre-incubated with NA at different concentrations (0.25, 0.5 and 1 mM) for 1 h, then
stimulated for 24 h with LPS (100 ng/ml). (A and B) The expression of CD40 protein and mRNA was determined by western blotting and real-time PCR, respectively. (C) The level of IL-13
in culture medium was measured by ELISA analysis. “P<.05 and “*P<.01 vs. control; ¥P<.05 and #*#P<.01 vs. LPS group. Data are expressed as mean+S.E.M., n=3.

4. Discussion

Accumulating evidences suggest that the CD40/CD40L system
plays a crucial role in the onset of the inflammatory reaction in
cardiovascular disease [24,25]. Our previous studies have showed that
fenofibrate [7] and lovastatin [9] suppress the inflammation by
decreasing the CD40 expression in cardiovascular disease. In the
present study, we found that NA partially antagonized the CD40 and
CD40L expression in the arteries, which were triggered by placing a
non-occlusive silastic collar around the carotid artery in the NZW
rabbits. Meanwhile, NA inhibited the endothelial expression of CD40
in the vessel of the rabbits. In addition to in vivo experiment, our in
vitro study has also revealed that NA evidently suppressed LPS-
induced mRNA and protein expression of CD40. It has been
demonstrated that CD40 deficiency inhibited the expression of IL-13
in the carotid arteries of mice after ligation injury [26]. Our study also
showed that the inhibitory effect of NA in IL-1 production was
accompanied by a decrease in the expression of CD40. Furthermore, it
has been reported that a combination of NA and simvastatin decreased
soluble CD40L in patients with coronary artery stenosis [27]. In
combination, the present results indicate that NA exerts a potential
role in the inhibition of the CD40 and CD40L expression.

In the past few years, the beneficial effects of NA have historically been
regarded as a result of its lipid-modifying activity [28,29]. However, a
growing number of studies suggested that NA has the anti-inflammatory
potential in cardiovascular disease. A previous study showed that NA
can reduce the generations of MCP-1 in TNF-a-stimulated human
aortic endothelial cells [3]. Another report indicated that NA
decreased Lp-PLA, level in the coronary artery disease patients

[30]. Our results also demonstrated that treatment with NA
repressed the increase in serum IL-1p of the rabbits. In addition,
we found that the expression of MCP-1 and CRP in arteries was
significantly increased in the rabbits with a periarterial carotid collar.
When NA was given to the animals, the MCP-1 and CRP expression
were significantly decreased. These results imply that NA may also have
a potential to protect against carotid collar-induced vascular inflam-
mation. In our previous study, we found that fenofibrate and lovastatin
possess anti-inflammatory effects independent of their lipid-lowering
action [7]. Importantly, our present study showed that there were no
significant differences in plasma lipid levels of rabbits after NA
treatment. Meanwhile, NA inhibited the expression of CD40 both in
the animal study and LPS-stimulated endothelial cells. Wu et al. [31]
also observed that NA protected against TNF-a-induced VCAM-1 and
ICAM-1 expression in aortic rings from rabbits. In light of these findings,
we speculate that NA exerts an inhibitory effect on vascular inflamma-
tion that is independent of changes in plasma lipids.

It has been well accepted that SIRT1 regulates the inflammatory
response in cardiovascular disease [14,32,33]. Therefore, we won-
dered whether the potential mechanisms of NA were related to the
expression of SIRT1. A recent report revealed that aspirin attenuated
IL-6 secretion via up-regulating SIRT1 expression in vinorelbine-
treated endothelial cells [34]. Our present study showed that the
stimulation of collar placement leaded to the decrease of SIRT1
expression in the arteries of rabbits. After the administration of NA, the
protein and mRNA expression of SIRT1 in arteries significantly
increased. In addition, Yang et al. [16] reported that SIRT1 activity in
livers of high-fat fed OLETF rats was up-regulated after administration
of NA. Interestingly, our results also indicated that NA increased SIRT1
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Fig. 6. NA inhibits LPS-induced CD40 expression through SIRT1 in HUVECs. (A and B) Endothelial cells were pretreated with SIRT1 activator RSV (20 uM), and subsequently stimulated
with LPS (100 ng/ml) for 24 h. The expression of SIRT1 and CD40 was determined by western blotting. “P<.05 and “*P<.01 vs. control; **P<.01 vs. LPS group. (C and D) Endothelial cells
were pretreated with RSV (20 uM), and then incubated with NA (1 mM) for 1 h, followed by stimulation with LPS (100 ng/ml) for 24 h. “P<.05 and **P<.01 vs. control; **P<.01 vs. LPS
group; " P<.01 vs. NA+ LPS group. (E) Endothelial cells were transfected with SIRT1 siRNA or negative control siRNA (NC siRNA) for 48h, and the SIRT1 expression was determined by
western blotting. “*P<.01 vs. NC siRNA. (F and G) Endothelial cells transfected with SIRT1-specific siRNA or NC siRNA were pretreated with NA (1 mM) for 1 h, and then stimulated with
LPS (100 ng/ml) for 24 h. The expression of SIRT1 and CD40 was determined by western blotting. “P<.05 and “*P<.01 vs. NC siRNA group; *#P<.01 vs. NC siRNA+ LPS group; © "P<.01 vs.

NC siRNA+ NA+ LPS group. Data are expressed as mean+S.EM., n=3.

expression in livers, hearts, and spleens of rabbits. These accumulating
data reveal that NA significantly increases SIRT1 levels, not only in the
arteries but also in various other organs, e.g., liver, heart, and spleen.
Moreover, our earlier studies suggested that fenofibrate was able to
increase the SIRT1 expression in 3T3-L1 adipocytes [35]. Here, we also
found that NA could up-regulate SIRT1 expression in a concentration-
dependent manner in LPS-stimulated endothelial cells. The present in

vivo and in vitro studies indicate that the ability of NA to inhibit
vascular inflammation may be related to the increased expression
of SIRT1.

On the basis of the results mentioned above, we further
investigated whether the anti-inflammation effect of NA was
mediated via SIRT1-dependent pathway. In our previous report, we
found that SIRT1 exerted anti-inflammatory property by regulating
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TNF-a-induced expression of CD40 in adipocytes [15]. Our present
study showed that SIRT1 activator obviously reduced the expression of
CD40 and CD40L, and inhibited collar-induced changes of MCP-1 and
CRP in the arteries of rabbits. In an in vitro study, we also found that
SIRT1 activation obviously decreased LPS-induced CD40 expression.
These results suggest that SIRT1 exerts anti-inflammatory property by
regulating the expression of CD40. In addition, treatment of the
animals with both the SIRT1 activator and NA synergistically
suppressed CD40 and CD40L expression, which enriched the inhibi-
tory effect of NA on MCP-1 and CRP expression in the arteries of
rabbits. In light of the above-mentioned results in vivo, further study
was determined in LPS-stimulated endothelial cells. Our results
showed that the activation of SIRT1 augmented the inhibitory effect
of NA on LPS-mediated CD40 expression in endothelia cells. This
seems to be consistent with the fact observed in the collar-induced
vascular inflammation of rabbits. However, there is still much to learn
about the relationship between the inhibitory effects of NA on CD40
expression and SIRT1. Accordingly, SIRT1 siRNA was applied to
endothelial cells to clarify whether SIRT1 was involved in the CD40
inhibitory effects of NA. We found that the up-regulation effect of NA
on SIRT1 expression could be attenuated by SIRT1 siRNA. Furthermore,
knockdown of SIRT1 abolished the inhibitory effect of NA on LPS-
induced the expression of CD40 in endothelial cells, further suggesting
that SIRT1 is associated with the inhibitory effects of NA on LPS-
induced CD40 expression. These findings support the notion that NA
protects against vascular inflammatory responses through SIRT1/
CD40-dependent signaling pathway.

Recently, great interest exists in the critical role of mTOR in the
inflammatory process in various cell types, including monocytes [36],
macrophages [37] and adipocytes [38]. Wang et al. [39] reported that
the mTOR inhibition decreased VCAM-1 expression in arteries in TNF-
treated mice. Moreover, the inhibition of mTOR antagonized the
expression of CD40 and ICAM-1 in TNF-a and IFN-vy stimulated-
human islet endothelial cells [40]. In the present study, treatment of
the cells with both the mTOR blocker and NA synergistically
suppressed LPS-induced changes of CD40 expression. These prelim-
inary findings show that the inhibitory effect of NA on CD40
expression in endothelial cells may be partly mediated by mTOR.

In conclusion, our data provides the evidence that NA can inhibit
vascular inflammation in rabbits triggered by collar implantation.
Moreover, NA exerts its anti-inflammatory effect via the SIRT1/CD40-

dependent signaling pathway. Another preliminary finding is the
capability of NA to inhibit inflammation response partly via mTOR.
These findings provide new mechanisms to beneficial effects of NA in
the prevention and treatment of cardiovascular disease.
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