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Background: Visfatin regulates prostaglandin E, synthesis in chondrocytes, through unknown pathways.
Results: We characterized insulin and IGF receptor signaling and Nampt activity involved in this response.
Conclusion: Proinflammatory actions of visfatin in chondrocytes implicate IR pathways, possibly through control of Nampt

activity.

Significance: IR, IGF-1R, and other tyrosine kinase receptor pathways need to be considered to understand visfatin signaling.

Visfatin (also termed pre-B-cell colony-enhancing factor
(PBEF) or nicotinamide phosphoribosyltransferase (Nampt)) is
a pleiotropic mediator acting on many inflammatory processes
including osteoarthritis. Visfatin exhibits both an intracellular
enzymatic activity (nicotinamide phosphoribosyltransferase,
Nampt) leading to NAD synthesis and a cytokine function via
the binding to its hypothetical receptor. We recently reported
the role of visfatin in prostaglandin E, (PGE,) synthesis in chon-
drocytes. Here, our aim was to characterize the signaling path-
ways involved in this response in exploring both the insulin
receptor (IR) signaling pathway and Nampt activity. IR was
expressed in human and murine chondrocytes, and visfatin trig-
gered Akt phosphorylation in murine chondrocytes. Blocking
IR expression with siRNA or activity using the hydroxy-2-naph-
thalenyl methyl phosphonic acid tris acetoxymethyl ester
(HNMPA-(AM),) inhibitor diminished visfatin-induced PGE,
release in chondrocytes. Moreover, visfatin-induced IGF-1R™/~
chondrocytes released higher concentration of PGE, than IGF-
1R*'* cells, a finding confirmed with an antibody that blocked
IGF-1R. Using RT-PCR, we found that visfatin did not regulate
IR expression and that an increased insulin release was also
unlikely to be involved because insulin was unable to increase
PGE, release. Inhibition of Nampt activity using the APO866
inhibitor gradually decreased PGE, release, whereas the addi-
tion of exogenous nicotinamide increased it. We conclude that
the proinflammatory actions of visfatin in chondrocytes involve
regulation of IR signaling pathways, possibly through the con-
trol of Nampt enzymatic activity.

Visfatin, first described as an adipokine secreted by visceral
fat that mimics the effects of insulin (1), was originally identi-
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fied as a secreted growth factor that enhances B-cell precursor
maturation, called pre-B-cell colony-enhancing factor, or PBEF
(2). It was then demonstrated that this protein also has an enzy-
matic nicotinamide phosphoribosyltransferase (Nampt)? activ-
ity, critical for the synthesis of NAD, an essential cofactor for
cell metabolism (3). Thus, the terms visfatin, PBEF, and Nampt
refer to the same protein.

Visfatin has features of classical cytokines (4) and is ubiqui-
tously produced in several tissues (2) and in different cells such
as synovial fibroblasts (5), articular chondrocytes (6), or mono-
cytes (7), strengthening the hypothesis that visfatin plays key
roles in various pathophysiological processes. Visfatin is over-
expressed in several inflammatory diseases, such as atheroscle-
rosis, rheumatoid arthritis, or osteoarthritis (OA), and could be
involved in obesity-associated low grade inflammation state
and metabolic syndrome (5, 7, 8). It is also up-regulated in acute
lung injury (9), sepsis (10), and cancer (11). Visfatin expression
is regulated by proinflammatory cytokines such as tumor
necrosis factor (TNF)« or interleukin (IL)-1f, by lipopolysac-
charide (LPS), and by dexamethasone (10, 12, 13). Finally, vis-
fatin induces chemotaxis, the production of IL-13, TNF, IL-6,
and co-stimulatory molecules by CD14™ monocytes (8). Col-
lectively, visfatin appears to be a key cytokine involved in a large
panel of chronic inflammatory diseases and immune responses.
A better understanding of visfatin signaling and the pathways
involved would be a major step toward the development of
strategies that allow targeting this protein for anti-inflamma-
tory purposes (11, 14).

Visfatin relevance in immune, metabolic, and stress
responses depends on both extracellular (cytokine-like) and
intracellular (enzymatic) functions. Visfatin was initially
reported to mimic the effects of insulin by binding to the insulin

2The abbreviations used are: Nampt, nicotinamide phosphoribosyltrans-
ferase; NMN, nicotinamide mononucleotide; GH, growth hormone; GHR,
growth hormone receptor; HNMPA-(AM),, hydroxyl-2-naphtalenyl methyl
phosphonic acid tris acetoxymethyl ester; iMAC, immature murine articu-
lar chondrocyte; IR, insulin receptor; IRS, insulin-receptor substrate; OA,
osteoarthritis; Sirt, sirtuin; PGE,, prostaglandin E,; IGF-1R, insulin-like
growth factor-1 receptor; EIA, enzymatic immunoassay.
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receptor (IR) and by stimulating the phosphorylation of insulin-
receptor substrate-1 (IRS-1) and IRS-2 and the downstream
tyrosine protein kinase B (Akt) and mitogen-activated protein
kinase (MAPK) (1). However, the original work describing vis-
fatin binding to IR has been retracted (15). Therefore, IR is not
considered as a visfatin receptor anymore, although there is
evidence that regulation of insulin signaling pathways at the
level of IRSs, Akt, and MAPK is implicated in producing the
pathophysiological effects of visfatin (16 -19).

A main activity of visfatin is intracellular, and its functions
concentrate on NAD synthesis. NAD, an essential cofactor in a
number of fundamental cellular processes, is mainly produced
by salvage pathways; nicotinamide, resulting from intracellular
degradation of NAD, is converted to nicotinamide mononucle-
otide (NMN) by Nampt and then converted back into NAD by
nicotinamide mononucleotide adenylyltransferase (Nmnat)
(4). Recently, Nampt activity has been linked to inflammation
because its in vivo pharmacological inhibition, by using the
selective inhibitor APO866, diminished the severity of arthritis
in a collagen-induced arthritis model and reduced cytokine
secretion in affected joints (20).

We previously reported on the important role of visfatin in
matrix degradation and synthesis of the proinflammatory
mediator prostaglandin E, (PGE,) in chondrocytes (6). We
hypothesized that visfatin exerts an autocrine/paracrine action
on chondrocytes, supposedly through binding to its still
unknown receptor, which is linked to IR signaling pathways.
The original aim of this study was to confirm the role of IR
pathways in the effects of visfatin on chondrocytes and to ana-
lyze the implication of other related tyrosine kinase receptors
such as the insulin-like growth factor (IGF)-1 receptor. We
excluded the possibility that the effects of visfatin were due to a
regulation of insulin activity. We also demonstrated that
Nampt activity is involved, at least in part, in visfatin-induced
PGE, release in chondrocytes.

EXPERIMENTAL PROCEDURES

Materials—All reagents were purchased from Sigma-Aldrich
(Lyon, France), unless stated otherwise. Fetal calf serum (FCS)
was obtained from Invitrogen (Cergy-Pontoise, France). Colla-
genase A, trypsin, hyaluronidase, collagenase D, and Complete
protease inhibitor mixture were from Roche Diagnostics (Mey-
lan, France). Hydroxy-2-naphthalenyl methyl phosphonic acid
tris acetoxymethyl ester (HNMPA-(AM);) was from Biomol
(Tebu-Bio, Le Perray-en-Yvelines, France). Anti-IR polyclonal
antibody (sc-711), anti-IR monoclonal antibody (sc-57342),
and anti-type II collagen antibody were from Santa Cruz Bio-
technology (from Tebu-Bio, France). The anti-human IGF-1R-
blocking antibody and its isotype control were from R&D sys-
tems (Lille, France). The Western blot ECL system was from
Amersham Biosciences (Orsay, France). The immunoblot poly-
vinylidene difluoride (PVDF) membranes for Western blot and
Kaleidoscope prestained standards were from Bio-Rad
(Marnes-la-Coquette, France). Recombinant mouse visfatin
was from Alexis (Coger, Paris, France). APO866, a generous gift
from Astellas Pharma (Munich, Germany), was provided by
Alexander So.
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Primary Cultures of Human Articular Chondrocytes—Hu-
man cartilages were obtained from patients undergoing joint
replacement surgery for OA (21) or hip fracture at Saint-An-
toine Hospital (AP-HP, Paris, France). Informed consent was
obtained from each patient before surgery. The diagnosis of OA
was based on clinical and radiographic evaluation according to
the American College of Rheumatology criteria (22). The insti-
tutional ethics committee approved our study protocol.

Human chondrocytes were isolated by enzymatic digestion
of articular cartilage from human donors according to pub-
lished procedures (6). After 4 days of culture, cells were starved
for 24 h in serum-free Dulbecco’s modified Eagle’s medium
(DMEM) with 4.5 mg/liter glucose, supplemented with 100
IU/ml penicillin, 100 pg/ml streptomycin, 4 mMm L-glutamine,
and 0.3% BSA.

Protein Extraction and Western Blot—To analyze activity of
IR in murine articular chondrocytes stimulated by insulin, anti-
human phospho-IRB polyclonal (1/250), anti-mouse Akt, and
phospho-Akt polyclonal antibodies (1/1000, Cell Signaling,
Beverly, MA) were used. Signals were detected by enhanced
chemiluminescence using Fujifilm LAS-300 (Fujifilm Medical
Systems, Stamford, CT). For densitometric analysis, we used
the Image Gauge software (Science Lab 2004; Fujifilm) and nor-
malized to the density of B-actin or Akt.

Primary Cultures of Immature Murine Articular Chondro-
cytes (iMACs)—All experiments were performed according to
the protocols approved by the French and European ethics
committees. Immature mouse articular chondrocytes were iso-
lated by enzymatic digestion of articular cartilage from 6-day-
old newborns from one Swiss mouse litter according to the
procedure previously described (23, 24). After 6 or 7 days in
culture, cells were starved for 24 h in serum-free DMEM (1
mg/liter glucose) supplemented with penicillin, streptomycin,
L-glutamine, and 1% BSA. For the experiments performed on
chondrocytes from IGF-1R knock-out mice because IGE-
1R/~ mice are not viable after birth, chondrocytes were iso-
lated from articular cartilage of embryonic day 19.5 embryos, in
accord with the iMACs culture protocol.

RNA Extraction, Reverse Transcription, and Real-time Quan-
titative Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)—Total RNA was extracted from chondrocytes using
the RNeasy kit (Qiagen, Hilden, Germany), and concentrations
were determined spectrophotometrically. Reverse transcrip-
tion was performed on 1 ug of total RNA, using the Omniscript
RT kit (Qiagen). Messenger RNA (mRNA) for IR was quantified
using the LightCycler LC480 (Roche Diagnostics) as described
(25). Specific primers for complementary DNA (cDNA) were
chosen with the LightCycler Probe Design 2 program. Primers
for IR were forward, 5'-CAA-TGG-GAC-CAC-TGT-ATG-
CAT-CT-3', and reverse, 5'-GTC-CGG-CAC-GTA-CAC-
AGA-AGA-3' (58 °C) for mouse, and forward, 5'-CAG-CCC-
TGT-TCC-AGG-AG-3’, and reverse, 5-TAT-GAA-AGC-
AGC-AGC-TAT-TGG-TC-3" (60°C) for human. Insulin
receptor primers were compared with the entire genome to
ensure specificity.

Protein Extraction and Western Blot—Cell lysates and immu-
noblots were prepared as described (26). Protein extracts from
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3T3-L1 adipocytes were used as positive control of IR
expression.

Immunocytofluorescence—Murine articular chondrocytes
from newborns were seeded onto glass coverslips in 24-well
culture plates at a density of 2 X 10* cells/coverslip. At 70— 80%
of confluency, cells were rinsed twice with phosphate-buffered
saline (PBS), fixed with 4% paraformaldehyde in PBS for 10 min
at room temperature, and incubated with the primary antibody
overnight at 4 °C. After two washes in PBS, the cells were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibody (Invitrogen) diluted 1/1000 in PBS for 2 h at
room temperature and with 1 pug/ml Hoechst 33258 for 5 min.
After three washes in PBS, coverslips were mounted with
Mowiol 4-88 and observed with a Nikon Diaphot 300 micro-
scope equipped with a mercury lamp.

PGE, Assays—PGE, in culture medium was measured with
an enzymatic immunoassay (EIA) kit from Cayman Chemical
(detection limit 9 pg/ml; purchased from SPI-BIO, Montigny-
le-Bretonneux, France). The PGE, concentrations were ana-
lyzed at serial dilutions in duplicate.

Transfection of Small Interfering RNA (siRNA)—Two Flexi-
Tube siRNAs directed against mouse IR (siRNA1: Mm_Insr_1,
catalog number SI01076831 and siRNA2: Mm_Insr_2, catalog
number SI01076838) were purchased from Qiagen. Murine
articular chondrocytes were transfected, using the electropora-
tion device from Amaxa set to the human chondrocyte pro-
gram. Briefly, 3 X 10° cells were resuspended in 100 ul of
Amaxa electroporation transfection solution, and 10 ul of 10
uM IR siRNA1 or 10 um IR siRNA2, 5 ul of 20 um AllStars
negative control (Qiagen), or 20 um MAPKI positive control
(Qiagen) were added. AllStars negative control siRNA has no
homology to mammalian genes and has been validated using
Affymetrix GeneChip arrays and a variety of cell-based assays.
MAPK]1 positive control siRNA is a validated siRNA directed
against mouse MAPKI1 mRNA (also called Erk2 and MAPK2),
which drastically reduces MAPK1 expression in mouse cell
lines. After electroporation, transfected cells were plated in two
wells (500 ul/well) of a 12-well plate, each containing 500 ul of
cell culture medium. 24 h after transfection, the cells were
starved in serum-free medium overnight. The following day,
cells were treated as indicated in the figure legends. Medium,
RNA, or proteins were collected as described below. Cell viabil-
ity was evaluated by the TACS 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay (R&D Systems).

Statistical Analysis—All data are reported as means = S.D.,
unless stated otherwise. Statistical analyses were performed by
Welch’s corrected ¢ test to compare the mean values for two
groups and with one-way analysis of variance with Bonferroni’s
post hoc correction to compare mean values among >2 groups,
using GraphPad Prism version (GraphPad Software, San Diego,
CA). p values of 0.05 or less were considered significant.

RESULTS

Expression of IR in Human Chondrocytes—W e first studied
IR mRNA and protein expression in human and murine chon-
drocytes. Primary cultures of human chondrocytes from knees
of seven OA subjects and three healthy patients and quantita-
tive real-time RT-PCR were used to assess the expression of IR
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in human cartilage. To detect IR protein expression, immuno-
blotting was performed using sc-711 antibody (27) and mono-
clonal sc-57342 antibody, highly specific for IR protein and
devoid of cross-reactivity with IGF-1R, a structural homolog of
IR abundantly expressed in cartilage. IR mRNA and protein
were constitutively produced in chondrocytes from OA
patients and healthy subjects. We observed strong differences
in individual visfatin expression among human samples (Fig. 1,
A and B).

Expression of Functional IR in iMACs—Because only limited
amounts of human cartilage were available, we used primary
cultures of iMACs for more extensive studies (23). IR mRNA
was constitutively expressed by iMACs (data not shown), and
IR protein expression was strongly positive as detected using
immunocytofluorescence (Fig. 1C). Visfatin was previously
shown to stimulate IR phosphorylation and downstream sig-
naling kinases Akt and MAPK (4). Therefore, we checked the
functionality of IR in chondrocytes in response to exogenous
insulin. Insulin-induced phosphorylation of IR within 5 min
(Fig. 2A) and phosphorylation of Akt measured after 15 min
(Fig. 2B) were maximal at 100 nMm insulin. Moreover, in a kinetic
study, phosphorylation of IR was maximal at 5 min (Fig. 24),
whereas Akt phosphorylation peaked at 15 min (Fig. 2B). These
data indicated that insulin can activate IR pathways in
chondrocytes.

IR Signaling in Visfatin-induced PGE,, Synthesis in Articular
Chondrocytes—To confirm the role of IR signaling pathways in
visfatin-induced PGE, synthesis, we first checked Akt phos-
phorylation in response to visfatin in murine articular chondro-
cytes. The cells were stimulated with 5 ug/ml visfatin for 5- 60
min. We found that phosphorylation of Akt peaked after 5 min
(p = 0.01; Fig. 3). Next, we used an siRNA strategy to interfere
with IR expression. We showed that transfection with either
siRNA1 or siRNA2 significantly suppressed IR expression at
mRNA and protein levels. We achieved a decrease in IR mRNA
of 82 and 79%, respectively, in comparison with controls (p =
0.05; Fig. 4A). We checked PGE, release in IR siRNA-
transfected chondrocytes treated for 24 h with visfatin and
found that IR siRNA significantly reduced visfatin-induced
PGE, release in iMACs in comparison with chondrocytes
transfected with a negative control. Reduction was 48% for
siRNA1 and 74% for siRNA2 (p = 0.05; Fig. 4B).

We confirmed these results using the specific inhibitor
HNMPA-(AM),, widely used to block IR activity and responses
of the insulin signaling pathway to visfatin (7, 28). We pre-
treated iMACs with 100 nm HNMPA-(AM); for 24 h and then
maintained HNMPA-(AM); in the medium in the presence of
either 5 ug/ml visfatin or 100 nm insulin. Interestingly, 100 nm
insulin did not trigger PGE, synthesis in iMACs. Moreover,
HNMPA-(AM),, together with 5 ug/ml visfatin for 24 h inhib-
ited visfatin-induced PGE, release by 60% (p» = 0.01; Fig. 4C),
These results were concordant with the siRNA results and sug-
gested that IR signaling in response to visfatin plays a role in
articular chondrocytes.

Invalidation of Role of IGF-1R in Visfatin-induced PGE,
Synthesis—It is well described that manifold cross-talk exists
among tyrosine kinase receptors, especially between IR and
IGF-1R. Interestingly, IGF-1 ligand and receptor are both
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FIGURE 1. IR expression in articular chondrocytes. A, primary cultures of chondrocytes from healthy (H7 to H3) or osteoarthritic (OAT to OA7) knees were
starved. IR mRNA expression was assessed by real-time RT-PCR. B, IR protein expression was analyzed using immunoblotting with two specific antibodies.
Sc-711 (1/200) is a widely used IR antibody; sc-57342 (1/200) is a monoclonal antibody not cross-reacting with IGF-1R. Densitometric signals of IR were
normalized to B-actin and expressed as arbitrary units. MW, molecular weight. C, primary cultures of iMACs were starved, and IR protein expression was
analyzed usingimmunocytofluorescence using sc-711. Type Il collagen expression was used as positive control of cell differentiation. Specificity of staining was
confirmed by omission of primary antibody. Micrographs are representative of three independent experiments performed in triplicate (size bars = 20 um).
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FIGURE 2. Phosphorylation of IR and Akt in iMACs treated with insulin. A,
murine articular chondrocytes were starved and stimulated with different
doses of insulin for 5 min or with 100 nm insulin for different time periods.
Phosphorylation of IR (P-IR) was analyzed. Insulin-treated adipocytes were
used as positive control (cont). B, Akt phosphorylation (P-Akt) was analyzed in
murine articular chondrocytes treated with different doses of insulin for 15
min or with 100 nm insulin for different time periods. Blots are representative
of three independent experiments.
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known for their role in cartilage physiology, in particular for
stabilizing the cartilage matrix (29). Even if the affinity of visfa-
tin to the IGF-1R is relatively low with respect to triggering an
intracellular signal (1), we decided to assess the implication of
IGF-1R in visfatin-induced PGE, release in chondrocytes. First,
we used primary cultures of articular chondrocytes from
knock-out and wild-type IGF-1R cells. As IGE-1R™/~ mice are
lethal at birth, we used primary cultures of chondrocytes from
embryo articular cartilage. Therefore, we previously checked
whether embryo chondrocytes from IGF-1R™/~ or IGF-1R*/™
exhibited the typical articular chondrocyte phenotype
described in murine articular chondrocytes from newborn
mice (iMACs), in terms of morphology and functionality.
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FIGURE 3. Phosphorylation of Akt in iMACs treated with visfatin. Murine
articular chondrocytes were starved and stimulated with 5 wg/ml visfatin for
different time periods. The blot is representative of three independent exper-
iments. Phosphorylation of Akt was analyzed. Densitometric signals of phos-
pho-Akt (P-Akt) were normalized to Akt and expressed as arbitrary units. **,
p =0.01and *, p = 0.05 versus control (cont).

Knock-out and wild-type IGF-1R embryonic chondrocytes
exhibited the same profile concerning type II collagen expres-
sion and visfatin-induced PGE, synthesis as iMACs (Fig. 54).
Visfatin at 10 pg/ml for 6 h, for instance, triggered a 4-fold
increase in PGE, in embryo wild-type IGF-1R*/* chondrocytes
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FIGURE 4. Involvement of IR signaling pathway in visfatin-induced PGE, release in iMACs. A, iMACs were transfected with siRNA targeting the IR gene or
with negative control siRNA. IR mMRNA and protein expression was analyzed using real-time RT-PCR orimmunoblot, respectively, to confirm the knockdown of
IR expression. Blots are representative of three independent experiments. HPRT, hypoxanthine-guanine phosphoribosyltransferase. *, p < 0.05 versus control.
B, cells were starved and incubated with 5 ug/ml visfatin for 24 h. PGE, release into the media was measured by EIA. Results are expressed as the -fold change
relative to the negative control-transfected murine articular chondrocytes (negative control-transfected cells released 3576 * 265 pg/ml PGE,). Means and S.D.
represent three independent experiments with two wells/condition, analyzed in duplicate. **, p = 0.01 versus negative control; # p < 0.05 versus 5 pug/ml
treated negative control. C, iMACs were pretreated with 100 nm HNMPA-(AM),, a specific IR inhibitor, for 24 h and were starved overnight. Cells were then
incubated with 5 wg/ml visfatin in the presence of 100 nm HNMPA-(AM); for 24 h. Control cells released 99 + 60 pg/ml PGE,. ***, p < 0.001 versus control, ##
p = 0.01 versus 5 ug/ml visfatin.
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FIGURE 5. IGF-1 receptor was not directly implicated in visfatin-induced PGE, release in iMACs. A, articular chondrocytes from wild-type embryo IGF-1R
mice and from newborn Swiss mice were starved and then stimulated with 5 or 10 wg/ml visfatin for 6 h. The control group received no visfatin. PGE, release
into the media was measured by EIA. Murine control articular chondrocytes release 46.9 = 8.4 pg/ml. Type Il collagen protein expression was analyzed using
immunoblot. ¥**, p =< 0.001 versus new-born control, ## p = 0.01 versus embryo control cells. NS, not significant. B, IGF-1R™~ or IGF-1R*/* articular chondro-
cytes were starved and incubated with up to 10 ug/ml visfatin for 6 h. PGE, release in wild-type cells was 21.3 = 3.6 pg/ml. Immunoblots were performed from
knock-out or wild-type IGF-1R cells to confirm IR expression using sc-711 antibody. ***, p < 0.001 versus IGF-1R™/" control, ### p = 0.001 versus 10 ug/ml
visfatininduced IGF-1R*/* cells. C, murine articular chondrocytes incubated with different doses of specific blocking IGF-1R antibody or isotype antibody were
treated with 5 wg/ml visfatin for 24 h. Results are expressed as the -fold change relative to the control (untreated chondrocytes released 110 = 41 pg/ml PGE,).
Means and S.D. represent three independent experiments with two wells/condition and one experiment with three wells/condition for isotype antibody,
analyzed in duplicate. *, p = 0.05 versus control.

and a 3-fold increase in murine articular chondrocytes from
newborn mice (Fig. 54, not significant). We next assessed IR
protein expression in both wild-type and knock-out IGF-1R
chondrocytes using immunoblotting and found similar recep-
tor expression in both genotypes (Fig. 5B). Then, we checked
the cellular response to various doses of visfatin in IGF-1R ™/~
or IGF-1R"'" chondrocytes. As expected, 10 ug/ml visfatin
significantly increased PGE, in wild-type chondrocytes (4-fold-
increase; p = 0.001;). Surprisingly, 10 pg/ml visfatin-induced
PGE, release was significantly increased (72%; p = 0.001) in
knock-out chondrocytes in comparison with wild type (Fig. 5B).

Using an alternative strategy based on an IGF-1R-blocking
antibody, we replicated these findings in primary cultures of
iMACs exposed to visfatin. Increasing the concentration of
IGF-1R-blocking antibody increased visfatin-stimulated PGE,
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release. PGE, reached a 1.9-fold maximum increase at 5 ug/ml
antibody (p = 0.05; Fig. 5C), whereas an isotype control anti-
body did not trigger significant PGE, release (5 nug/ml non-
blocking antibody triggered a 1.2-fold increased PGE, release;
not significant). Together, this demonstrated that IGF-1R is not
directly involved in visfatin-induced PGE, release in murine
articular chondrocytes.

Visfatin-induced PGE, Release in Articular Chondrocytes Is
Not due to Visfatin-induced Increase in Insulin Production or
Overexpression of IR—Increased insulin secretion in mouse
pancreatic beta-cells treated with visfatin has been described
(18). Therefore, it was possible that visfatin induces insulin
secretion or IR expression in murine articular chondrocytes,
which in turn may sensitize these cells to visfatin and lead to
PGE, release. To test this hypothesis, we checked whether the
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FIGURE 6. Visfatin-induced PGE, release in articular chondrocytes is not
due to visfatin-induced release of insulin or to overexpression of IR. A,
iMACs were starved and then stimulated with different doses of exogenous
insulin (up to 10 um) for 24 h. The amount of the PGE, release into the media
was measured by EIA, and control cells released 20.7 = 8.0 pg/ml PGE,. Values
are the means and S.D. of three independent experiments with two wells/
condition, analyzed in duplicate. B, iMACs were starved and stimulated with 5
ug/mlvisfatin for 6 h. The control group received no visfatin. IR mRNA expres-
sion was analyzed using real-time RT-PCR. Results are expressed as the -fold
change relative to the control. Means and S.D. represent three independ-
ent experiments analyzed in duplicate. HPRT, hypoxanthine-guanine
phosphoribosyltransferase.

addition of exogenous insulin could trigger PGE, release. We
found that iMACs stimulated with insulin for 24 h did not show
enhanced PGE, release (Fig. 6). We then analyzed whether 5
pg/ml visfatin was able to induce IR mRNA expression in artic-
ular chondrocytes, but found no significant effect (Fig. 6).
Hence, as visfatin did not regulate IR expression on chondro-
cytes and insulin was unable to increase PGE, release, we could
largely exclude the possibility that visfatin induction of PGE,
release was due to a regulation of insulin activity on its cognate
receptor.

Role of Nampt Activity of Visfatin in Visfatin-induced PGE,
Synthesis—As Nampt activity of visfatin has been directly
involved in inflammatory processes, we tested whether synthe-
sis of NAD could play a role, atleast in part, in this response. For
this purpose, we used APO866 (also known as FK866 and
WK175), a specific competitive low molecular weight inhibitor
of NAD synthesis (30). We pretreated iMACs for 4 h with up to
1 um APO866 and then stimulated the cells with 5 ug/ml visfa-
tin for 24 h in the presence of APO866. This induced a strong
decrease in visfatin-induced PGE, release of up to 43% (p =
0.05; Fig. 7A). This effect was not due to cell death because we
checked the viability of chondrocytes using a TACS 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
Visfatin together with 1 um APO866 induced apoptosis in 4.5%
of chondrocytes, whereas visfatin induced apoptosis in 0.5% of
chondrocytes (not significant; data not shown).

Finally, we tested whether the addition of exogenous NMN,
mimicking the Nampt activity of visfatin, could trigger PGE,
release in iMACs. We found that iMACs stimulated with NMN
for 24 h exhibited a dose-dependent release of PGE,. Induction
of PGE, was 1.6-fold at 10 um NMN (p =< 0.05) and peaked with
1.8-fold at 100 wm (Fig. 7B). Collectively, this is a strong indica-
tion that NAD synthesis is implicated in visfatin-induced PGE,
release because inhibition of Nampt activity gradually
decreased PGE, release, whereas the addition of exogenous
NMN increased it.

DISCUSSION

Visfatin exerts significant inflammatory effects via its Nampt
activity and binding to a still hypothetical receptor. Data from
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FIGURE 7. Role of Nampt activity in visfatin-induced PGE, release in
iMACGs. A, iIMACS were pretreated for 4 h with different doses of APO866, a
specific inhibitor of the Nampt activity, and stimulated with 5 ng/ml visfatin
or not for 24 h. The amount of PGE, release into the media was measured by
EIA. Control cells released 96 = 31 pg/ml PGE,. *, p = 0.001 versus control, **,
p = 0.05 versus chondrocytes treated with 5 ug/ml visfatin. B, iMACs were
stimulated with different doses of exogenous NMN for 24 h. Control cells
released 19.4 = 5.7 pg/ml PGE,. Results are expressed as the -fold change as
compared with controls (untreated chondrocytes). Means and S.D. represent
three independent experiments with two wells/condition, analyzed in dupli-
cate. *, p =< 0.05 versus control

the literature indicated that components in the IR signaling
pathway, such as IRSs and downstream AKT and MAPK, are
implicated in pathophysiological effects of visfatin. Today,
understanding the visfatin signaling pathways is of high interest
for the development of new pharmacological therapies. This is
particularly true in OA, which is the leading cause of chronic
joint disease with no effective drugs available due to a lack of
knowledge in the pathophysiology of the disease. However, it
has now been demonstrated that visfatin has proinflammatory
and prodegradative properties suggesting that visfatin could be
a target for treating OA in the future. In the present study, we
tried to elucidate visfatin pathways in articular chondrocytes.
We first confirmed the expression and activity of IR in both
human and murine articular chondrocytes. Then, we assessed
the role of IR signaling pathway in inflammatory responses
using an siRNA strategy and the specific inhibitor HNMPA -
(AM),. We then excluded the implication of its close homolog
IGF-1R in PGE, production. Moreover, we invalidated a poten-
tial regulation of insulin or IR expression in visfatin-stimulated
chondrocytes. Finally, we were able to demonstrate the func-
tionality of Nampt enzymatic activity for visfatin-induced PGE,
release.

Today, the exact mechanism of extracellular visfatin on the
activation of immune cells or in insulin regulation remains
unclear. Various authors implicated intracellular insulin recep-
tor signaling pathways in visfatin action. For example, Xie et al.
(19) found that visfatin induced tyrosine phosphorylation of
IRS-1 and IRS-2. Moreover, Adya et al. (16) showed in human
umbilical vein endothelial cells that visfatin dose-dependently
activated PI3K/Akt and ERK1/2 pathways that are in turn
implicated in matrix metalloproteinase release. Finally, Brown
et al. (18) found that visfatin triggered phosphorylation of Akt
in mouse pancreatic beta-cells. Here, we confirmed the role of
the IR signaling pathways in visfatin-induced PGE, release in
chondrocytes, and we hypothesized that other tyrosine kinase
receptor pathways may be involved as well.

Insulin and IGF-1 are related signaling molecules that
evolved from a common ancestral pathway. During evolution,
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the primitive receptor pathway diverged into two distinct hor-
monal systems that in mammals serve different but overlapping
developmental and metabolic functions (31, 32). These recep-
tors belong to the family of ligand-activated receptor kinases,
and IGF-1 receptor is abundantly expressed in chondrocytes
(33). Here, we described IR expression in human articular
chondrocytes, confirming recent studies (34, 35). Therefore, we
tested the role of IGF-1R in visfatin-induced PGE, release in
articular chondrocytes. We found that IGF-1R-deficient chon-
drocytes or articular chondrocytes treated with IGF-1R-block-
ing antibody exhibit higher visfatin-induced PGE, release.
Thus, IGF-1R does not seem to be directly involved in the
response of chondrocytes to visfatin, but blocking its expres-
sion or its activity can specifically increase the level of IRSs
available to other tyrosine kinases (36). Therefore, interaction
of visfatin with kinase receptors other than IR or IGF-1R should
be tested. In this context, the existing relationships between
growth hormone receptor (GHR), IR, and IGF-1R are of partic-
ular interest. For instance, an increased IRSs phosphorylation
and subsequent AKT and MAPK phosphorylation in response
to growth hormone (GH) have been described in muscle (36).
Therefore, binding of visfatin to GHR should be tested in artic-
ular chondrocytes. Interestingly, GH/IGF-1 deficiency causes
an increased severity of articular cartilage lesions of OA (37).
Thus, if visfatin binds to GHR, it may decrease GH binding to
GHR, possibly leading to an increased OA severity in accord
with the capacity of visfatin to increase PGE, release in articular
chondrocytes. To address this question, it is important to dis-
tinguish between articular chondrocytes of embryonic or post-
natal origin that do express significant amounts of GHR (38)
and articular chondrocytes from adults, where evidence for
GHR expression is still limited (39).

Another way for visfatin to regulate PGE, release in murine
articular chondrocytes may involve an increased synthesis of
one of its ligands, insulin or IGF-1. For example, visfatin regu-
lates insulin secretion in mouse pancreatic beta-cells, and this
effect is blocked using the specific inhibitor FK866 (18), a hom-
olog of the APO866 inhibitor. Thus, enzymatic activity of vis-
fatin may be implicated in insulin secretion, leading to insulin
receptor activation. In our experiments, however, we failed to
establish a role for insulin in increasing PGE, release in chon-
drocytes. Moreover, we tested whether visfatin may induce IR
expression in articular chondrocytes, and we did not find clear
evidence for regulation. Another possibility is that visfatin
induced IGF-1 expression, which, in very high concentrations,
can bind to IR, potentially leading to increased visfatin-induced
PGE, release in chondrocytes. However, we previously pub-
lished that IGF-1 is an anabolic factor that counteracts IL-13-
induced PGE, release in rabbit articular chondrocytes (40).
Moreover, we invalidated a direct role of IGF-1 by using chon-
drocytes from IGF-1R knock-out mice or cells treated with an
IGEF-1R-blocking antibody. Finally, synthesis of a mediator
implicated in visfatin-induced PGE, release in articular chon-
drocytes is unlikely to be implicated because phosphorylation
of IRS-1 and IRS-2 in cells treated with visfatin takes more than
10 min to occur (19).

IGF-1R has been described in and outside of membrane lipid
rafts and is thought to be linked to PI3K/Akt or to Erk1/2 and
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p38 MAPK signaling pathways in colon carcinoma cells (41).
Importantly, in chondrocytes, the balance of PI3K/Akt and
Erk1/2 activation determines the anabolic effect of IGF-1 as
recruitment of PI3K/AKT leads to matrix production, whereas
Erk signaling inhibits it (42). Recently, visfatin was found to
increase lipid raft clustering in glomerular epithelial cells (43)
and may therefore lead to increased IGF-1R within lipid rafts
and subsequent anti-inflammatory effects of IGF-1. This may
explain the increased release of PGE, in visfatin-induced
IGF-1R knock-out chondrocytes. However, visfatin also
induces lipid raft redox signaling via lipid raft clustering and
thereby triggers local oxidative stress (43), which may increase
IGF-1 pathways via Erk1/2 (42). Interestingly, visfatin was
recently described to down-regulate IGF-1-induced Akt phos-
phorylation independently of binding to IGF-1R by activation
of Erk1/2 signaling in articular chondrocytes (44).

In the literature, production of IL-18 in response to visfatin
was observed in monocytes (8). IL-18 is described as a potent
inducer of PGE, release in chondrocytes (26, 45). Therefore, it
is not excluded that visfatin-induced PGE, release depends at
least in part on IL-1 production in chondrocytes. This is possi-
ble because a positive feedback loop exists through which IL-1
increases visfatin that in turn enhances PGE, production (6,
46).

Visfatin exhibits intra- and extracellular NAD biosynthetic
enzymatic activity (47). Proinflammatory effects of visfatin may
be due to this Nampt activity because iNOS induction in vas-
cular smooth muscle cells can be prevented by APO866 (48).
Moreover, Brown et al. (18) showed that both visfatin and NAD
activated IR, which can be prevented by FK866 inhibitor. In our
study, we validated the role of Nampt activity in visfatin-in-
duced PGE, release. Nampt activity leads to NAD release, a
cofactor for NAD-consuming enzymes such as sirtuins. Sir-
tuins are NAD-dependent histone deacetylases that regulate
gene expression, differentiation, and development. Interest-
ingly, interaction of Sirtl with IRS-1 and IRS-2 has been
described, and a regulatory effect of Sirtl on insulin-induced
tyrosine phosphorylation of IRS-2 through deacetylation of
IRS-2 was shown recently (49). This interaction may alter the
anabolic effect of insulin or IGF-1 and increase PGE, release.
Clearly, the role of Sirt1 in visfatin-induced PGE, release needs
to be clarified. Chabane et al. (50) reported that histone
deacetylase inhibitors suppressed IL-1-induced COX-2 expres-
sion and subsequent PGE, release in chondrocytes. In contrast,
Sirt1 can regulate the activity of transcription factors including
peroxisome proliferator-activated receptor y (PPARYy), which
displays anti-inflammatory and chondroprotective properties,
notably by inhibiting PGE, synthesis (45). Moreover, Sirtl con-
tributes to the inhibition of AP-1 transcriptional activity,
COX-2 expression, and subsequent PGE, release in macro-
phages (51).

In conclusion, because the regulation of visfatin is complex
and incompletely understood, development of therapeutic
strategies focused on this potent inflammatory mediator is lim-
ited. In this work, we confirmed that visfatin exerts proinflam-
matory action by regulating IR pathway activity and by induc-
ing Nampt enzymatic activity. The receptor for visfatin, if there
is one, remains unidentified.
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