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KEYWORDS Aims Perivascular adipose tissue (PVAT) inhibits vascular smooth muscle cell (VSMC) contraction and

Nicotinamide stimulates VSMC proliferation by releasing protein factors. The present study was to determine
mononucleotide; whether visfatin is involved in these paracrine actions of PVAT, and if so, to explore the underlying

Perivascular adipose tissue; mechanisms.

Proliferation; Methods and results Visfatin was preferentially expressed in Sprague-Dawley rat and monkey aortic

Vascular smooth muscle cell; PVAT, compared with subcutaneous and visceral adipose tissues. The PVAT-derived visfatin was found

Visfatin to be a VSMC growth factor rather than a VSMC relaxing factor, which was proved by visfatin-specific

antibody/inhibitor and direct observation of recombinant visfatin. Exogenous visfatin stimulated
VSMC proliferation in a dose- and time-dependent manner via extracellular signal-regulated kinase
(ERK 1/2) and p38 signalling pathways. This proliferative effect was further confirmed by enhancement
of DNA synthesis and upregulation of proliferative marker Ki-67. Visfatin had no anti-apoptotic effect on
normal cultured VSMCs, and it exerted an anti-apoptotic effect only during cell apoptosis induced by
H,0,, excluding a role of anti-apoptosis in the visfatin-induced VSMC proliferation. Insulin receptor
knockdown did not show any action on the visfatin effect. However, visfatin acted as a nicotinamide
phosphoribosyltransferase to biosynthesize nicotinamide mononucleotide (NMN), which mediated
proliferative signalling pathways and cell proliferation similar to the visfatin effect.

Conclusion Visfatin stimulates VSMC proliferation via NMN-mediated ERK1/2 and p38 signalling. The
present study provides a molecular link of visfatin to the paracrine action of PVAT, demonstrates a
novel function of visfatin in promoting VSMC proliferation, and reveals NMN as a novel signalling
molecule that triggers the proliferative process.

1. Introduction suggested that PVAT may inhibit vascular smooth muscle
cell (VSMC) contraction by releasing a relaxing factor(s),>
and may stimulate VSMC proliferation by releasing a
growth factor(s).* These factors are thought to be proteins
and remain to be identified.?*

Visfatin is a protein of interest. It was originally cloned
from a cDNA library of activated human peripheral blood
lymphocytes, and is known as pre-B cell colony-enhancing
factor according to its function.’ Later, it was identified
as nicotinamide phosphoribosyltransferase (Nampt), bio-
synthesizing nicotinamide mononucleotide (NMN) from
nicotinamide.® Interestingly and strikingly, it was found to
be a new adipokine, as its name visfatin implies, mainly
expressed in and secreted from visceral fat as opposed to
* Corresponding author. Tel: +86 21 25074374; fax: +86 21 65493951. subcutaneous fat. In this regard, visfatin exerted insulin-

E-mail address: chaoyumiao@yahoo.com.cn mimetic effects in cultured adipocytes, myocytes, and

Adipose tissue has now been recognized as the largest endo-
crine organ. It weighs ~15 kg in an average adult human'
and releases a large number of adipokines, such as leptin,
adiponectin, resistin, interleukin-6, and tumor necrosis
factor-a..™2 This concept has emerged from the increasing
evidence obtained in subcutaneous and visceral adipose
tissue. However, few studies have focused on the perivas-
cular adipose tissue (PVAT), an adipose depot found in
close proximity to the vascular wall and present in virtually
all blood vessels. The function of PVAT is usually ignored
in vascular biology, since PVAT is routinely removed in iso-
lated blood vessel experiments. Recently, several reports

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2008.
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Figure 1 Expression and secretion of visfatin in perivascular, subcutaneous, and visceral adipose tissue. (A) Photographs of rat thoracic aortas with and without
perivascular adipose tissue (PVAT). (B) Real-time RT-PCR showing the highest expression of visfatin mRNA in perivascular adipose tissue. **P < 0.01 vs. Subcu-
taneous, 7P < 0.01 vs. Visceral. n= 8. (C and D) Western blotting showing the highest expression of visfatin in perivascular adipose tissue. **P < 0.01 vs. Sub-
cutaneous, P < 0.01 vs. Visceral. n = 3. (E) Western blotting showing the presence of visfatin in concentrated perivascular adipose tissue-conditioned medium
(PVATCM). Standard recombinant visfatin (1 w.g) is as a reference. (F) Visfatin levels in rat serum and perivascular adipose tissue-conditioned medium determined

by enzyme immunoassay.

hepatocytes and lowered plasma glucose levels in mice
by binding to and activating the insulin receptor (IR).
However, the relationship between visfatin and IR was
unable to be reproduced in a recent study,” which reported
a new function of visfatin in regulating insulin secretion in
B-cells as systemic Nampt. It was also proposed that visfa-
tin may act on its own unidentified receptor to exert
certain biological functions.?

Intracellular visfatin has been reported to be implicated
in VSMC differentiation and survival.”'® Both studies
focused on the function of intracellular visfatin and demon-
strated it as an intracellular Nampt. However, the role of
extracellular visfatin in VSMC proliferation, as opposed to
VSMC differentiation, has not been investigated. Further-
more, no attention has been given to the potential role of
visfatin in the paracrine effects of PVAT on VSMCs.

In the present study, we sought to determine whether vis-
fatin acts as a relaxing factor and/or a growth factor
secreted from PVAT and is involved in the regulation of
VSMC function, and if so, to explore the underlying mechan-
isms. Here, we provide a molecular link of visfatin to the
paracrine action of PVAT and demonstrate a novel function
of visfatin in stimulating VSMC proliferation via extracellular
signal-regulated kinase (ERK) 1/2 and p38 signalling path-
ways, in which NMN acts as a key mediator.

2. Materials and methods

A supplementary methods section is available at Cardiovascular
Research online.

2.1 Reagents

NMN, bromodeoxyuridine (BrdU), and 5-hydroxytryptamine (5-HT)
were obtained from Sigma. Visfatin inhibitor FK866 was donated

by Apoxis SA, Switzerland. LipofectAMINE 2000, Dulbecco modified
Eagle medium (DMEM), Ham’s F-12 medium, and fetal bovine
serum (FBS) were purchased from Gibco. Anti-BrdU monoclonal anti-
body was obtained from Chemicon. Ki-67 rabbit-monoclonal anti-
body and IR B-subunit monoclonal antibody were obtained from
LabVision. U0126, SB203580, LY294002, SP600125, and antibodies
of Phospho-ERK1/2 (thr202/thr204), total ERK1/2, phosphor-p38
(thy180/thy182), total p38, phospho-JNK (Thr183/Tyr185), total
JNK, phospho-Akt (ser 473), and total Akt were purchased from
Cell Signaling Technology. Smooth myosin heavy chain and caldes-
mon antibodies were purchased from Santa-Cruz. Cell counting
kit-8 (CCK-8) was obtained from Dojindo Laboratories, Japan.
Cy3-conjugated goat anti-rabbit, Cy3-conjugated rabbit anti-mouse
IgG, and FITC-conjugated goat anti-mouse IgG were purchased from
Jackson ImmunoResearch. Terminal-deoxynucleotidyl-transferase-
mediated nick end labelling (TUNEL) staining kit was purchased
from Roche. Visfatin polyclonal antibody, visfatin C-terminal
enzyme immunoassay kit, recombinant visfatin, and recombinant
leptin were obtained from Phoenix, Belmont, CA, USA.

2.2 Tissue and blood sampling

Male Sprague-Dawley rats, monkeys, and ICR mice were used in
accordance with our institutional guidelines for animal care and
the Guide for Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH publication no. 85-23,
revised 1996). Subcutaneous, visceral, and perivascular adipose
tissues, and blood were taken from the animals as described pre-
viously.""'? Figure 1A showed the rat descending thoracic aorta
before and after dissection of PVAT.

2.3 Preparation of perivascular adipose
tissue-conditioned medium

PVAT-conditioned medium (PVATCM) was prepared and concentrated
as described previously.*
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2.4 Visfatin detection by RNA quantification,
western blotting, and enzyme immunoassay

Visfatin mRNA was quantified by real-time RT-PCR. Visfatin protein
was determined by western blotting and enzyme immunoassay.

2.5 Vasomotor study and cell proliferation study

Vascular tension was measured in rat aortic rings in which PVAT or
endothelium was either removed or left intact.'?'® The effects of
visfatin antibody, visfatin inhibitor FK866, and recombinant human
visfatin were observed.

Rat VSMCs were isolated from rat descending thoracic aortas and
cultured as reported previously.'* Cells were cultured in DMEM with
10% FBS. Experiments were performed using cells between passages
3 and 8. Cells were grown to 60% confluence, and switched to
serum-starved medium (0.2% FBS) 24 h before further treatments.
The effects of PVATCM, recombinant human visfatin, visfatin anti-
body, signal protein inhibitors, and NMN were observed. Cell viabi-
lity was evaluated by a non-radioactive CCK-8 assay'® and direct
cell counting with haemocytometer. Absorbance of the dye with a
wavelength of 450 nm was obtained in CCK-8 assay, which was pro-
portional to the number of live cells. The phosphorylation of signal
proteins was detected by western blotting.

The recombinant human visfatin was produced in E. coli. Amino
acid sequence similarity between human and rat visfatin exceeded
95%. Endotoxin (lipopolysaccharide) levels in all visfatin-treated
experiments were <50pg/mL (limulus amebocyte lysate test),
similar to the previous studies.®

2.6 Immunofluorescence

Immunofluorescent assay was used to examine the nuclear BrdU
incorporation and Ki-67 expression for further evaluating cell pro-
liferation, and to examine TUNEL staining for evaluating cell
apoptosis.

2.7 RNA interference to insulin receptor

Cultured VSMCs were transfected with small interfering RNA (siRNA)
using LipofectAMINE 2000. Knockdown of IR was accomplished by
transfecting a pool of three different siRNAs targeted to rat IR
(IR-siRNAs 100 nM).

2.8 Effect of visfatin on mouse serum glucose level

Male ICR mice were divided into three groups and fasted overnight.
Blood samples were taken from the retrobulbar venous plexus
before and after drug treatment under transient anaesthesia with
ether. Vehicle, insulin (100 pmol), or visfatin (100 pmol) were
injected intravenously through tail vein. Serum was separated
for determination of glucose by the hexokinase method with a
commercial kit.

2.9 Nicotinamide mononucleotide detection by
high-performance liquid chromatography and
ion-trap tandem mass spectrometry

NMN was detected by high-performance liquid chromatography
(HPLC) and the NMN peak fraction was confirmed by ion-trap
tandem mass spectrometry.7

2.10 Statistical analysis

Data are expressed as mean+ SEM. Comparisons were made by
Student’s t-test or the analysis of variance followed by Turkey
HSD test. Statistical significance was set at P < 0.05.

3. Results

3.1 Expression and secretion of visfatin
in perivascular adipose tissue

Real-time RT-PCR demonstrated that visfatin mRNA was
more abundantly expressed in rat descending thoracic
aortic PVAT, 7.0-fold and 2.8-fold higher than that in inguinal
subcutaneous adipose tissue and mesenteric visceral adipose
tissue, respectively (Figure 1B). The specific expression of
visfatin was further confirmed by western blotting; visfatin
protein expression was the highest in PVAT, 3.7-fold and
1.8-fold higher than that in subcutaneous and visceral
adipose tissue, respectively (Figure 1C and D). Similar
results were obtained in monkey adipose tissues (see Sup-
plementary material online, Figure S7).

Western blotting showed the existence of visfatin in con-
centrated PVATCM (Figure 1E). Enzyme immunoassay
demonstrated that the visfatin level averaged 76.6 ng/mL
(1.42nM) in PVATCM and 52.4ng/mL (0.97 nM) in rat
serum (Figure 1F). Visfatin was not detected in control
medium without PVAT.

3.2 Visfatin is not involved in the regulation of
vascular tone by perivascular adipose tissue but
contributes to perivascular adipose tissue-induced
vascular smooth muscle cell proliferation

In vasomotor study, concentration-response curve of 5-
hydroxytryptamine (5-HT)-induced contraction was right
shifted in aortas with PVAT, compared with that in aortas
without PVAT, indicating PVAT has an anticontractile effect
on vascular tone (Figure 2A and B). The anticontractile
effect of PVAT was not affected by visfatin-specific antibody
or visfatin-specific inhibitor FK866 (1, 100, and 10 000 nM).
Furthermore, visfatin in cumulative concentrations
(0.0001-10 nM) had neither relaxation nor contraction in
aortas with and without endothelium, in which PVAT was
removed (n = 6). A higher concentration of visfatin (50 nM)
did not produce aortic relaxation and contraction (n = 2).
These results exclude the possibility of the PVAT-secreted
visfatin as a VSMC relaxing factor.

However, visfatin was found to contribute to PVAT-induced
VSMC proliferation. Both CCK-8 cell viability assay and direct
cell counting showed that PVATCM stimulated VSMC prolifer-
ation and this proliferative effect was significantly inhibited
by visfatin specific antibody (Figure 2C and D).

3.3 Visfatin stimulates vascular smooth
muscle cell proliferation

In CCK-8 cell viability assay, the cultured VSMCs were
treated with increasing concentrations (0.01-10 nM) of
recombinant visfatin for 24 h. It was found that visfatin
stimulated VSMC proliferation in a dose-dependent manner
(Figure 2E). The visfatin (1 nM)-induced VSMC proliferation
was 1.3-1.8-fold higher than the corresponding controls in
several independent experiments (Figures 2E, 3C, 4A, and
5E). This proliferative effect was totally blocked by visfatin
antibody (Figure 2E). Similar results for visfatin-induced
VSMC proliferation and its blockade by visfatin antibody
were observed using another method of direct cell counting
(Figure 2F). We tested the specificity of visfatin antibody
and found that visfatin antibody itself did not affect VSMC

970z ‘ST Jaqwardas uo 1sanb Aq woly papeojumoq


http://cardiovascres.oxfordjournals.org/cgi/content/full/cvn288/DC1
http://cardiovascres.oxfordjournals.org/cgi/content/full/cvn288/DC1

Page 4 of 11 P. Wang et al.
8.0 4 8o ——PVAT+
—— PVAT+
— —— PVAT+AD i —— PVAT+(FKBEG 1nM
E 6.0 1 —a— PVAT- E 6.0 1 —o— PVAT4+/FKBEE 100 nb
c c
=} —o— PVAT-/Ab o] —6— PVAT+/FKEG6 10000 nM :|**
E = -
QO 4.0 - o 401 —+—PVAT-
[ ] T
] o
- =
6 5
. 2.0 1 1
O 2.0 o
0.0 % * 0.0 ¥ * T T T 1
9 8 7 5 4 3 9 8 7 6 5 4 3
5-HT (-log M) 5-HT (-log M)
C 25 - - %9 7]
) T 50 . -
S 20 4 ettt = 20
: : i—*#
£ 15 - 5 15 -
— Kl
=}
s 10 - E 10-
> c
% 0.5 A 3 05 -
(&) (&)
0.0 0.0
Control PVATCM PVATCM+ADb Control PVATCM PVATCM+Ab
T M) S . O g ) =i B
-E P °
— 1.2 - : 1.2 =
2 &
o o8 ‘E 0.8
) =S
> c
- 04 = 04
e ] @
o (&
0
Control  0.01 0.1 1 10 (nM) Control  0.01 0.1 1 10 (nM)

Visfatin

Visfatin

Figure 2 Role of visfatin in the paracrine action of perivascular adipose tissue. (A and B) 5-Hydroxytryptamine (5-HT)-induced aortic contractions are smaller in
aortas with perivascular adipose tissue than without perivascular adipose tissue, indicating perivascular adipose tissue has an anticontractile effect. This anti-
contractile effect of perivascular adipose tissue is not affected by visfatin antibody (Ab) and inhibitor FK866 (1, 100, and 10 000 nM). **P < 0.01. n=6-7.
(C and D) CCK-8 cell viability assay and direct cell counting showing perivascular adipose tissue-conditioned medium-induced vascular smooth muscle cell prolifer-
ation. This proliferative effect is inhibited by visfatin antibody. **P < 0.01 vs. Control, #p < 0.05, P < 0.01 vs. PVATCM. n = 6. (E and F) Visfatin stimulates vascular
smooth muscle cell proliferation in a dose-dependent manner. This proliferative effect is blocked by visfatin antibody. *P < 0.05, **P < 0.01 vs. Control. n = 6.

proliferation (see Supplementary material online, Figure
S2A and B), and visfatin antibody did not inhibit VSMC pro-
liferation induced by another adipokine, leptin (see Sup-
plementary material online, Figure S2C and D). These
indicate that visfatin antibody blocks extracellular visfatin
specifically. We also used FK866, a specific enzymatic inhibi-
tor of visfatin, to study the effect of visfatin on VSMC pro-
liferation. It was found that FK866 itself inhibited VSMC
proliferation and exogenous visfatin did not show any prolif-
erative effect on VSMCs under co-incubation with FK866 (see
Supplementary material online, Figure S3A and B). Next, we

chose a single concentration of visfatin 1 nM, which was
close to the visfatin levels in both PVATCM and serum, for
time course study. Visfatin stimulated VSMC proliferation
in a time-dependent manner at 6, 24, and 48 h after treat-
ment (Figure 3C).

Furthermore, the nuclear incorporation of BrdU was
examined at three time points (6, 24 and, 48 h after visfatin
treatment) to directly evaluate the DNA synthesis in VSMCs.
In visfatin-treated cells, the fractions of BrdU-positive
cells were significantly higher than those in control cells
(Figure 3A and B).
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Figure 3 Effect of visfatin on BrdU incorporation, Ki-67 expression, and cell apoptosis in cultured vascular smooth muscle cells. (A and B) BrdU incorporation
analysis showing visfatin (1 nM) enhances DNA synthesis of vascular smooth muscle cells in a time-dependent manner. Vascular smooth muscle cells were
immunochemically stained with anti-BrdU monoclonal antibody and then Cy3-conjugated goat anti-mouse IgG (red). Nuclei were counterstained with DAPI
(blue). **P < 0.01 vs. Control. (C) CCK-8 cell viability assay showing visfatin (1 nM) stimulates vascular smooth muscle cell proliferation in a time-dependent
manner. **P < 0.01 vs. Control. (D and E) Expression of Ki-67, a proliferative marker, is upregulated by incubation with visfatin (1 nM) for 24 h. Vascular
smooth muscle cells were immunochemically stained with anti-Ki-67 rabbit-monoclonal antibody and then Cy3-conjugated goat anti-rabbit IgG (red). Nuclei
were counterstained with DAPI (blue). Vascular smooth muscle cells were also stained with anti-a-actin monoclonal antibody and then FITC-conjugated goat
anti-mouse IgG (green). **P < 0.01 vs. Control. (F and G) The fractions of TUNEL positive cells (green) are very low in both control and visfatin-treated vascular
smooth muscle cells, having no difference between these two groups. The fraction of TUNEL positive cells is markedly increased in vascular smooth muscle cell
apoptosis induced by H,0, (150 uM), which can be reduced by co-incubation with visfatin. ** P < 0.01 vs. H,0,. Scale bars, 20 pm.
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Figure 4 Signalling pathways involved in visfatin-induced vascular smooth muscle cell proliferation. (4) Visfatin-induced vascular smooth muscle cell prolifer-
ation is inhibited by ERK1/2 inhibitor U0126 and p38 inhibitor SB203580, but not by PI3K inhibitor LY294002 and JNK inhibitor SP600125. **P < 0.01 vs. Control (no
treatment), *P < 0.05 with U0126 vs. without U0126, or with SB203580 vs. without 5B203580. n = 6. (B and D) Time course for visfatin (1 nM)-induced phosphoryl-
ation of ERK1/2 and p38. *P < 0.05, **P < 0.01 vs. Control. n = 3. (C and E) Dose-dependent response for phosphorylation of ERK1/2 and p38 after incubation
with visfatin for 10 min. *P < 0.05, **P < 0.01 vs. Control. n = 3. (F and G) Visfatin-induced phosphorylation of ERK1/2 and p38 is inhibited by their respective

inhibitors, U0126 and SB203580.

Also, the cell proliferation was evaluated by measuring
protein expression of Ki-67, a proliferative marker, at 24 h
after visfatin incubation. Visfatin markedly increased
the Ki-67 expression in nuclei of VSMCs (Figure 3D and E),
indicating that visfatin activates the proliferative state
of VSMCs. However, exogenous visfatin (0.1, 1, and 10 nM)
did not increase the expressions of two different VSMC
differentiation markers, smooth myosin heavy chain
and h-caldesmon (see Supplementary material online,
Figure S4A and B).

To exclude a possibility that exogenous visfatin inhibits
apoptotic response of VSMCs and contributes to VSMC pro-
liferation, we examined the effect of visfatin on cell apop-
tosis using TUNEL staining (Figure 3F and G). The fractions
of TUNEL positive cells were very low in both control and
visfatin-treated VSMCs under normal cell culture, and
no difference was found. However, visfatin exerted
anti-apoptotic effect under cell apoptotic state induced
by HzOz.

3.4 Role of ERK1/2 and p38 in visfatin-induced
vascular smooth muscle cell proliferation

To determine whether ERK1/2, p38, c-Jun N-terminal kinase
(JNK) and phosphatidylinositol 3 kinase (PI3K)/Akt signalling
pathways are involved in visfatin-induced VSMC prolifer-
ation, their inhibitors were used for the study. Pre-
treatment of cells with ERK1/2 inhibitor U0126 and p38
inhibitor SB203580 blocked visfatin-induced VSMC prolifer-
ation (Figure 4A). In contrast, PI3K inhibitor LY294002 and

JNK inhibitor SP600125 did not affect the visfatin-induced
VSMC proliferation.

To further study the molecular mechanisms involved in
visfatin-induced proliferation, the phosphorylation of
ERK1/2, p38, JNK, and Akt was evaluated by western blot-
ting. In time course experiments, visfatin (1 nM) activated
the ERK1/2 phosphorylation at 5, 10, and 15min
(Figure 4B), and the p38 phosphorylation at 5, 10, 15, 20,
and 30 min (Figure 4D), but failed to increase the JNK and
Akt phosphorylation within 60 min (see Supplementary
material online, Figure S5A and C). The effects at 10 min
seemed maximal for visfatin-induced phosphorylation of
both ERK1/2 and p38. Thus, incubation for 10 min was
used in dose-response experiments. The results showed
increasing concentrations of visfatin (0.01-10 nM) activated
the ERK1/2 and p38 phosphorylation in a dose-dependent
manner (Figure 4C and E), but did not enhance the JNK
and Akt phosphorylation (see Supplementary material
online, Figure S5B and D). Additional experiments demon-
strated that visfatin-induced phosphorylation of ERK1/2
and p38 could be abolished by their respective inhibitors,
U0126 and SB203580 (Figure 4F and G). All abovementioned
results indicate visfatin-induced VSMC proliferation is
through ERK1/2 and p38 signalling pathways, rather than
JNK and PI3K/Akt signalling pathways.

3.5 Visfatin-induced vascular smooth muscle cell
proliferation is not mediated by insulin receptor

To investigate whether visfatin-induced VSMC proliferation is
mediated by IR, RNA interference was used. The transfection
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showing a pool of three different siRNAs targeted to rat insulin receptor (IR-siRNAs) reduces markedly the insulin receptor expression. **P < 0.01 vs. Control and
siNS (non-silencing siRNA). n = 3. (C) Western blotting showing insulin (10 nM)-induced Akt phosphorylation is inhibited by insulin receptor-siRNAs. (D) CCK-8 cell
viability assay showing insulin (10 nM)-induced vascular smooth muscle cell proliferation is abolished by insulin receptor-siRNAs. **P < 0.01 vs. Control and siNS.
##p < 0.01 vs. Insulin. n = 6. (E) CCK-8 cell viability assay showing insulin receptor-siRNAs has no significant effect on visfatin (1 nM)-induced vascular smooth
muscle cell proliferation. **P < 0.01 vs. Control and siNS. NS, no significance. n = 6. (F) Western blotting showing visfatin (1 nM)-induced phosphorylation of
ERK1/2 and p38 is not affected by insulin receptor-siRNAs. (G) The effect of intravenous injection of vehicle (PBS as vehicle control), insulin (100 pmol, as posi-
tive control), and visfatin (100 pmol) on serum glucose levels in mice. **P < 0.01 vs. Control. n=5.

of siRNA in VSMCs was successful, as demonstrated by posi-
tive control GAPDH-siRNA (Figure 5A). IR-siRNAs reduced IR
protein expression to 14 + 2% (Figure 5B). The knockdown
of IR abolished insulin-induced Akt phosphorylation and
VSMC proliferation (Figure 5C and D). However, it did not
significantly affect visfatin-induced VSMC proliferation
(Figure 5E). Furthermore, Akt, the downstream signalling
kinase of IR, was not activated by visfatin (see Supplemen-
tary material online, Figure S5C and D), and the
visfatin-induced phosphorylation of ERK1/2 and p38 was
not inhibited by the IR knockdown (Figure 5F). Thus, in con-
trast with insulin, visfatin-induced VSMC proliferation is not
mediated by IR. Further support is from in vivo study.

Visfatin, unlike insulin, failed to decrease the serum
glucose level in mice (Figure 5G).

3.6 Visfatin acts as Nampt to synthesize
nicotinamide mononucleotide that promotes
vascular smooth muscle cell proliferation

We checked the composition of the culture medium, and
found the Nampt substrate nicotinamide in it. To test
whether visfatin acts as Nampt to exert the proliferative
effect in cultured VSMCs, the enzymatic product NMN
was measured in cultured medium and VSMCs. NMN was
detected by HPLC and confirmed by ion-trap tandem mass
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spectrometry (see Supplementary material online, Figure
$6). NMN levels were significantly increased in both cultured
medium and cultured VSMCs 24 h after visfatin incubation
(Figure 6A and B).

We further investigated the effect of exogenous NMN on
VSMC proliferation. Surprisingly, NMN itself could promote
VSMC proliferation (Figure 6C), enhance the nuclear incor-
poration of BrdU (Figure 6D and E), and activate ERK1/2
and p38 but not JNK and Akt (Figure 6F and G). In addition,
NMN had no anti-apoptotic effect under normal cell culture
(data not shown), whereas it exerted anti-apoptotic effect
under cell apoptotic state induced by H,0, (see Supplemen-
tary material online, Figure S7). All these effects of NMN are
mimetic to those of visfatin, suggesting that visfatin may act
as Nampt to produce NMN which stimulates VSMC prolifer-
ation through ERK1/2 and p38 signalling pathways.

4. Discussion

4.1 Visfatin is a secreted protein highly expressed
in perivascular adipose tissue

We demonstrated for the first time the adipokine expression
and secretion in aortic PVAT. Visfatin expression was com-
pared in three different adipose tissues using real-time
RT-PCR and western blotting. To our surprise, the highest
expression was found in PVAT, far more than the expression
in subcutaneous and visceral adipose tissues. The similar
results were confirmed in rodent rat and primate monkey.
Meanwhile, both western blotting and enzyme immunoassay
showed the presence of visfatin in PVAT-conditioned
medium, suggesting visfatin can be released from PVAT.
The high expression and secretory property of visfatin in
PVAT indicate that visfatin may have a potential role in
local regulation of blood vessels.

A recent study reported that visfatin was expressed more
abundantly in brown adipose tissue than in white adipose
tissue in mice.” In the present study, rat aortic PVAT is
brown adipose tissue as demonstrated in Figure 1A and
described in a previous study,'” while rat subcutaneous
and visceral adipose tissues are white adipose tissue. There-
fore, it is reasonable that the highest expression of visfatin
is in rat PVAT. Besides adipocytes (the most abundant cell
type), adipose tissue also contains pre-adipocytes, endo-
thelial cells, fibroblasts, leukocytes and, most importantly,
macrophages. Visfatin is expressed not only in adipocytes
but also in non-adipocytes, especially in macrophages.'®'®
So the detected visfatin in PVAT-conditioned medium is
perhaps released from both adipocytes and non-adipocytes,
e.g. macrophages.

4.2 Visfatin is not involved in the regulation of
vascular tone by perivascular adipose tissue

PVAT inhibits vascular contraction and produces vascular
relaxation in rat and human arteries.®'” The effects are
caused by a relaxing factor(s) released from PVAT and recog-
nized as a protein(s). To determine whether visfatin plays a
role in this paracrine action of PVAT, visfatin antibody and
visfatin inhibitor FK866 were used in aortas with and
without PVAT. Our data did not show any effect on the
anticontractile action of PVAT after blockade of visfatin
with antibody or inhibitor FK866 (1, 100, and 10 000 nM).
Furthermore, no relaxation was produced by the cumulative

concentrations of visfatin (0.0001-10 nM) or a single higher
concentration of visfatin (50 nM). In addition, visfatin
(0.0001-10 nM) did not produce vasoconstriction. These
negative results were not due to insufficient concentrations
of the reagents used, since the ICsy of FK866 is between 1
and 3nM,?° and the plasma concentration of visfatin is
between 0.005 and 0.25nM in human and mouse. In the
present study, visfatin levels in rat serum and PVAT-
conditioned medium are around 1nM. Taken together,
these results suggest that PVAT-secreted visfatin does not
act as a relaxing factor.

4.3 Visfatin plays a role in the perivascular adipose
tissue-induced vascular smooth muscle cell
proliferation

PVAT stimulates VSMC proliferation. The adipocyte-derived
growth factor(s) has been proposed and considered as a pro-
tein(s).* To determine whether visfatin plays a role in this
paracrine action of PVAT, visfatin antibody was used in cul-
tured VSMCs stimulated with PVAT-conditioned medium.
The results demonstrated PVAT-conditioned medium
induced VSMC proliferation, which is consistent with the
previous data.* Interestingly, this proliferative action of
PVAT-conditioned medium was significantly attenuated by
visfatin antibody. Furthermore, direct observation revealed
that exogenous visfatin itself stimulated VSMC proliferation,
which could be totally blocked by visfatin antibody. And,
visfatin did not show any proliferative effect on VSMCs
during co-incubation with FK866, a visfatin-specific inhibi-
tor. These proliferative effects were demonstrated by the
two different approaches of CCK-8 assay and direct cell
counting. The dose-response and time-course of the visfatic
effect were studied in detail. The visfatin concentrations
used in the present study overlap with the physiological
visfatin levels in human, mouse, and rat. This visfatin-
induced VSMC proliferation was further confirmed by
enhancement of DNA synthesis (nuclear incorporation of
BrdU) and by upregulation of a proliferative marker (Ki-67
protein). All these results suggest that PVAT-secreted
visfatin may act as a growth factor involved in PVAT-induced
VSMC proliferation.

It was reported that intracellular visfatin, acting as Nampt,
converted VSMCs from a proliferative state to a non-
proliferative, contractile state, and promoted the expression
of several differentiation proteins in VSMCs.” Differently from
the previous report that implicated intracellular visfatin in
VSMC differentiation,” the current study focused on the func-
tion of extracellular visfatin, i.e. the circulating plasma visfa-
tin and local visfatin secreted from PVAT, and implicated
extracellular visfatin in VSMC proliferation. In addition, it is
impossible for an anti-apoptotic effect to have contributed
to the visfatin-induced VSMC proliferation, since visfatin
had no anti-apoptotic effect under normal cell culture, and
it exerted an anti-apoptotic effect only during apoptosis
induced by H,0,.

4.4 Visfatin-induced vascular smooth muscle cell

proliferation is through ERK1/2 and p38 signalling
pathways, rather than JNK and PI3K/Akt signalling
pathways

VSMC proliferation is regulated by several signalling path-
ways, especially PI3K/Akt and mitogen-activated protein
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kinase pathways.?! Mitogen-activated protein kinase path-
ways mainly include ERK1/2, p38, and JNK pathways.
Previous studies have demonstrated visfatin promotes
angiogenesis by activation of ERK1/2 and PI3K/Akt in endo-
thelial cells,?? and induces cytokine production via p38
pathway in osteoblasts.? In the present study, we found
visfatin-induced VSMC proliferation could be blocked by
ERK1/2 and p38 inhibitors, but not by JNK and PI3K inhibi-
tors. In accordance with these data, visfatin activated
ERK1/2 and p38 in a dose- and time-dependent manner,
but failed to enhance the phosphorylation of JNK and Akt.
In addition, visfatin-induced phosphorylation of ERK1/2
and p38 could be abolished by their respective inhibitors.
These results suggest that visfatin-induced VSMC prolifer-
ation is through ERK1/2 and p38 signalling pathways,
rather than JNK and PI3K/Akt signalling pathways.

The proliferation of VSMCs and the activation of ERK1/2
and p38 are not due to the very low levels of lipopolysac-
charide contained in recombinant visfatin. In our visfatin-
treated experiments, the lipopolysaccharide levels were
<50 pg/mL, similar to the previous studies.®'® However,
the lipopolysaccharide levels for proliferation of VSMCs
and activation of ERK1/2 and p38 were, respectively, 25
and 100 ng/mL as described in the previous studies,?*?°
above 500-fold higher than that in the present study.

4.5 Unlike insulin, visfatin-induced vascular
smooth muscle cell proliferation is not
mediated by insulin receptor

Fukuhara et al. have reported that visfatin exerts insulin-
mimetic actions in cultured cells and lowers plasma glucose
levels in mice by binding to and activating IR. Two studies
in monocytes and in osteoblasts have also indicated that IR
may be involved in visfatin function; both studies demon-
strated that visfatin effects could be blocked by IR tyrosine
kinase inhibitor, HNMPA-(AM);."%2 However, recent studies
indicated that visfatin cannot activate IR,” and proposed
that visfatin may act on its own unidentified receptor.® To
determine whether visfatin-induced VSMC proliferation is
mediated by IR, we first used more specific method of IR
knockdown to elucidate this question, with insulin as a com-
parison. A pool of siRNAs was used to obtain the efficient
knockdown, according to a previous report.?® The IR
protein expression was reduced by ~86% with IR-siRNAs.
The knockdown of IR abolished insulin-induced VSMC prolifer-
ation and insulin-induced Akt phosphorylation. However, it
did not significantly affect the visfatin-induced VSMC pro-
liferation and visfatin-induced phosphorylation of ERK1/2
and p38. These results suggest that unlike insulin,
visfatin-induced VSMC proliferation is not mediated by IR.
Further supporting evidence is that in contrast to insulin,
visfatin-induced VSMC proliferation was not through PI3K/
Akt pathway, and visfatin did not reduce the blood glucose
levels in mice. Therefore, we propose that visfatin stimulates
VSMC proliferation via a non-IR signalling pathway.

4.6 Nicotinamide mononucleotide is a key mediator
for visfatin-induced vascular smooth muscle
cell proliferation

The other receptor or non-receptor mechanism needs to be
explored for visfatin-induced VSMC proliferation. We
checked the composition of the cultured medium, and

found nicotinamide, the substrate of Nampt for synthesizing
NMN, in it. Thus, we tested whether visfatin-induced VSMC
proliferation is mediated by its Nampt enzymatic activity.

Our observation demonstrated that recombinant visfatin
was enzymatically active and synthesized NMN in the
cultured medium. The synthesized NMN in the cultured
medium could enter into the cultured cells, since the intra-
cellular NMN level increased with the extracellular NMN bio-
synthesis under visfatin stimulation. Exogenous NMN itself
could produce visfatin-mimetic effects in VSMCs, including
activating ERK1/2 and p38, enhancing the nuclear BrdU
incorporation and stimulating cell proliferation. Therefore,
we propose a mechanism framework for visfatin-induced
VSMC proliferation; visfatin acts as Nampt to promote
VSMC proliferation through NMN-mediated activation of
ERK1/2 and p38 signalling pathways. Our data, in combi-
nation with the reported evidence that adipocyte-secreted
visfatin has Nampt enzymatic activity,” indicate that
PVAT-derived visfatin stimulates VSMC proliferation via
NMN-mediated ERK1/2 and p38 signalling pathways
(Figure 6H). This is also the first demonstration for NMN as
a signal molecule to activate cell proliferative process.

The possibility of visfatin receptor-mediated mechanism
were not further studied in the present study, since the
extent of the proliferative effect (1.3-1.8-fold,
Figures 2E, 3C, 4A, and 5E) produced by visfatin (1 nM)
was similar to that (1.4-1.6-fold, Figure 6C) produced by
NMN 100 and 300 pM (close to the extracelluar NMN levels
292 + 20 uM produced by visfatin 1 nM, Figure 6A). These
indicate that the cytokine-like effect of visfatin-induced
VSMC proliferation is due to its enzyme activity rather
than unknown receptor. Perhaps, the so-called unidentified
visfatin receptor does not exist.

Recently, it was reported that visfatin was correlated with
atherosclerosis in patients.'®?’ Local visfatin was increased
in macrophages of human unstable carotid and coronary
atherosclerosis, indicating a possible role in plaque destabi-
lization.'® Serum visfatin was increased in patients with
metabolic syndrome, especially in those with carotid
plaques.?” It is reasonable to suppose that like serum
visfatin, PVAT-derived visfatin may also contribute to VSMC
proliferation in progression of atherosclerosis. This
hypothesis remains to be tested in the future study.

In summary, the present study demonstrates for the first
time that visfatin is highly and preferentially expressed in
aortic PVAT, and may act as a VSMC growth factor rather
than a VSMC relaxing factor involved in the paracrine
action of PVAT (Figure 6H). Unlike insulin, visfatin stimulates
VSMC proliferation via its Nampt enzymatic activity. The bio-
synthesized NMN seems to be a signalling molecule leading
to activation of the proliferative ERK1/2 and p38 signalling
pathways. Both sources of visfatin from PVAT and the blood-
stream may act on VSMCs. This paracrine and endocrine
action of visfatin provides a novel insight into the molecular
links between adipose tissue and blood vessels, and may be
of particular importance in certain vascular diseases with
altered visfatin levels in local PVAT and/or the systemic
circulation.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.

970z ‘ST Jaqwardas uo 1sanb Aq woly papeojumoq



Visfatin and VSMC proliferation

Page 11 of 11

Acknowledgements

We sincerely thank Apoxis SA, a Swiss corporation, for donating
visfatin inhibitor FK866 (also known as APO866).

Conflict of interest: none declared.

Funding

This work was supported by grants from the National
Natural Science Foundation of China for Distinguished
Young Scholar (30525045 to C.-Y.M.), the Foundation for
National Excellent Doctoral Thesis Author (200369 to
C.-Y.M.), the National Basic Research Program of China
(2009CB521902 to C.-Y.M.), and the Foundation of Shanghai
Pujiang Program (05PJ14002 to C.-Y.M.).

References

1.

2.

10.

1"

12.

Halvorsen YD, Wilkison WO, Briggs MR. Human adipocyte proteomics-a
complementary way of looking at fat. Pharmacogenomics 2000;1:179-185.
Wang P, Mariman E, Renes J, Keijer J. The secretory function of adipocytes in
the physiology of white adipose tissue. J Cell Physiol 2008;216:3-13.

. Lohn M, Dubrovska G, Lauterbach B, Luft FC, Gollasch M, Sharma AM.

Periadventitial fat releases a vascular relaxing factor. FASEB J 2002;16:
1057-1063.

. Barandier C, Montani JP, Yang Z. Mature adipocytes and perivascular

adipose tissue stimulate vascular smooth muscle cell proliferation:
effects of aging and obesity. Am J Physiol Heart Circ Physiol 2005;289:
H1807-H1813.

. Samal B, Sun Y, Stearns G, Xie C, Suggs S, McNiece I. Cloning and

characterization of the cDNA encoding a novel human pre-B-cell
colony-enhancing factor. Mol Cell Biol 1994;14:1431-1437.

. Rongvaux A, Shea RJ, Mulks MH, Gigot D, Urbain J, Leo O et al. Pre-B-cell

colony-enhancing factor, whose expression is up-regulated in activated
lymphocytes, is a nicotinamide phosphoribosyltransferase, a cytosolic
enzyme involved in NAD biosynthesis. Eur J Immunol 2002;32:3225-3234.

. Revollo JR, Korner A, Mills KF, Satoh A, Wang T, Garten A et al. Nampt/

PBEF/Visfatin regulates insulin secretion in beta cells as a systemic
NAD biosynthetic enzyme. Cell Metab 2007;6:363-375.

. Kim SR, Bae YH, Bae SK, Choi KS, Yoon KH, Koo TH et al. Visfatin enhances

ICAM-1 and VCAM-1 expression through ROS-dependent NF-kappaB acti-
vation in endothelial cells. Biochim Biophys Acta 2008;1783:886-895.

. van der Veer E, Nong Z, O’Neil C, Urquhart B, Freeman D, Pickering JG.

Pre-B-cell colony-enhancing factor regulates NAD-+-dependent protein
deacetylase activity and promotes vascular smooth muscle cell matu-
ration. Circ Res 2005;97:25-34.

van der Veer E, Ho C, O’Neil C, Barbosa N, Scott R, Cregan SP et al.
Extension of human cell lifespan by nicotinamide phosphoribosyl-
transferase. J Biol Chem 2007;282:10841-10845.

. Miao CY, Su DF. The importance of blood pressure variability in rat aortic

and left ventricular hypertrophy produced by sinoaortic denervation.
J Hypertens 2002;20:1865-1872.

Miao CY, Villeneuve N, Brunel-Jacquemin C, Petit C, Guillaumin JP,
Gransagne D et al. Chronic mild hyperhomocysteinemia induces aortic

20.

21.

22.

23.

24.

25.

26.

27.

endothelial dysfunction but does not elevate arterial pressure in rats.
J Vasc Res 2005;42:148-156.

. Guan YF, Chen RH, Wang P, Qin Y, Su DF, Miao CY. Hypertonic and isotonic

potassium solutions have different effects on vessel contractility result-
ing in differences in optimal resting tension in rat aorta. Acta Pharmacol
Sin 2007;28:643-650.

. Min LJ, Mogi M, Iwanami J, Li JM, Sakata A, Fujita T et al. Cross-talk

between aldosterone and angiotensin Il in vascular smooth muscle cell
senescence. Cardiovasc Res 2007;76:506-516.

. Fukuda T, Yamagata K, Fujiyama S, Matsumoto T, Koshida I, Yoshimura K

et al. DEAD-box RNA helicase subunits of the Drosha complex are
required for processing of rRNA and a subset of microRNAs. Nat Cell
Biol 2007;9:604-611.

. Dahl TB, Yndestad A, Skjelland M, Oie E, Dahl A, Michelsen A et al.

Increased expression of visfatin in macrophages of human unstable
carotid and coronary atherosclerosis: possible role in inflammation and
plaque destabilization. Circulation 2007;115:972-980.

. Gao YJ, Zeng ZH, Teoh K, Sharma AM, Abouzahr L, Cybulsky | et al.

Perivascular adipose tissue modulates vascular function in the human
internal thoracic artery. J Thorac Cardiovasc Surg 2005;130:1130-1136.

. Curat CA, Wegner V, Sengenes C, Miranville A, Tonus C, Busse R et al.

Macrophages in human visceral adipose tissue: increased accumulation
in obesity and a source of resistin and visfatin. Diabetologia 2006;49:
744-747.

. Fain JN, Sacks HS, Buehrer B, Bahouth SW, Garrett E, Wolf RY et al.

Identification of omentin mRNA in human epicardial adipose tissue: com-
parison to omentin in subcutaneous, internal mammary artery periadven-
titial and visceral abdominal depots. Int J Obes (Lond) 2008;32:810-815.
Hasmann M, Schemainda I. FK866, a highly specific noncompetitive
inhibitor of nicotinamide phosphoribosyltransferase, represents a novel
mechanism for induction of tumor cell apoptosis. Cancer Res 2003;63:
7436-7442.

Walcher D, Babiak C, Poletek P, Rosenkranz S, Bach H, Betz S et al.
C-Peptide induces vascular smooth muscle cell proliferation: involvement
of SRC-kinase, phosphatidylinositol 3-kinase, and extracellular signal-
regulated kinase 1/2. Circ Res 2006;99:1181-1187.

Adya R, Tan BK, Punn A, Chen J, Randeva HS. Visfatin induces human
endothelial VEGF and MMP-2/9 production via MAPK and PI3K/Akt
signalling pathways: novel insights into visfatin-induced angiogenesis.
Cardiovasc Res 2008;78:356-365.

Xie H, Tang SY, Luo XH, Huang J, Cui RR, Yuan LQ et al. Insulin-like
effects of visfatin on human osteoblasts. Calcif Tissue Int 2007;80:
201-210.

Lin FY, Chen YH, Chen YL, Wu TC, Li CY, Chen JW et al. Ginkgo biloba
extract inhibits endotoxin-induced human aortic smooth muscle cell
proliferation via suppression of toll-like receptor 4 expression and
NADPH oxidase activation. J Agric Food Chem 2007;55:1977-1984.

Son YH, Jeong YT, Lee KA, Choi KH, Kim SM, Rhim BY et al. Roles of
MAPK and NF-kappaB in interleukin-6 induction by lipopolysaccharide in
vascular smooth muscle cells. J Cardiovasc Pharmacol 2008;51:71-77.
Birmingham A, Anderson E, Sullivan K, Reynolds A, Boese Q, Leake D
et al. A protocol for designing siRNAs with high functionality and
specificity. Nat Protoc 2007;2:2068-2078.

Zhong M, Tan HW, Gong HP, Wang SF, Zhang Y, Zhang W. Increased serum
visfatin in patients with metabolic syndrome and carotid atherosclerosis.
Clin Endocrinol (Oxf) 2008; Epub ahead of print 20 March 2008, doi:
10.1111/j.1365-2265.2008.03248.x.

970z ‘ST Jaqwardas uo 1sanb Aq woly papeojumoq



