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SUMMARY

Aim: Visfatin, a novel adipokine, is predominantly produced by visceral adipose tissue and

exists in intracellular and extracellular compartments. The intracellular form of visfatin is

proved to be nicotinamide phosphoribosyltransferase (NAMPT) and exhibits neuroprotec-

tion through maintaining intracellular NAD+ pool. However, whether extracellular form of

visfatin has NAMPT activity and the effect of extracellular visfatin in cerebral ischemia are

unknown. Methods and Results: Plasma concentrations of visfatin, NAD+, and ATP were

increased in mice upon cerebral ischemia. Cultured glia, but not neuron, was able to secrete

visfatin. Oxygen-glucose deprivation (OGD) stress increased the secretion of visfatin from

glia. Extracellular recombinant mouse wild-type visfatin, but not mouse H247A-mutant

enzymatic-dead visfatin, had NAMPT enzymatic function in vitro. Treatment of wild-type

visfatin, but not H247A-mutant enzymatic-dead visfatin, significantly attenuated detrimen-

tal effect of OGD on the cell viability and apoptosis in both cultured mouse neuron and glia.

Treatment of neutralizing antibody, abolished the protective effect of extracellular visfatin

on cell viability, but failed to block the antiapoptotic effect of extracellular visfatin. At last,

we observed that plasma visfatin concentrations decreased in 6-month-old but not 3-

month-old SHR-SP compared with that in age-matched Wistar-Kyoto rats. Inhibition of

NAMPT enzymatic function of visfatin (by FK866) accelerated the occurrence of stroke in

SHR-SP. Conclusions: Extracellular visfatin has NAMPT enzymatic activity and maybe be

neuroprotective just as intracellular visfatin in cerebral ischemic injury.

Introduction

Ischemic stroke is a leading cause of morbidity and mortality

worldwide that occurs mainly due to a cerebral artery occlusion

by a thrombus [1]. Few therapeutic advances appear to be of value

for ischemic stroke in the clinic yet; recombinant tissue plasmino-

gen activator is still the only drug approved for treatment in acute

ischemic stroke [1]. Upon ischemic stress, endogenous defense

responses against ischemia-induced cellular injury are evoked in

neuronal and adjacent cells. These protective responses include

activation of superoxide dismutase/glutathione peroxidase [2],

microRNAs [3], hypoxia-inducible factor-1 [4], endothelial pro-

genitor cells [5] and so on. Elucidation of the defense mechanisms

against stroke injury may be a key to the development of new

therapies for stroke prevention and treatment.

Visfatin is a recently discovered adipokine with important roles

in cellular biological functions [6]. A large number of works have

documented that visfatin is a multifaceted molecule existing in

both intracellular and extracellular compartments. On the one

hand, intracellular visfatin is able to convert nicotinamide into

nicotinamide mononucleotide (NMN) as the rate-limiting enzyme

for mammalian NAD+ biosynthesis, which is required for lympho-

cyte development [7], myeloid differentiation [8], metabolic regu-

lation [9], and cardiovascular functions [10]. On the other hand,

the extracellular visfatin, which was originally isolated as a pre-

sumptive cytokine named pre-B-cell colony-enhancing factor that

enhances the maturation of B-cell precursors [11], is released

from adipocytes and exerts multiple effects both in vitro and in vivo

[6]. Interestingly, this protein lacks a signal sequence for secretion

and the presence of visfatin in extracellular space might be due to

either cell lysis or cell death [12]. And the putative receptor of

extracellular visfatin is still undiscovered.

Our group and another group independently reported that

intracellular visfatin protects against cerebral ischemic injury [13–

16]. Both the results from us and them demonstrate that the

NAD+ biosynthesis activity is critical for the neuroprotection of

ª 2014 John Wiley & Sons Ltd CNS Neuroscience & Therapeutics 20 (2014) 539–547 539



intracellular visfatin [15–18]. However, the effects of extracellular

visfatin on ischemic neuronal injury are unknown yet. It was

reported that plasma concentration of visfatin (extracellular) was

higher in patients with ischemic stroke compared with healthy

individuals [19]. We hypothesized that the extracellular visfatin

may play a role in cerebral ischemia-induced neuronal injury, just

as intracellular visfatin.

Materials and methods

Animals and Agents

Male 8-week-old C57L/BJ6 mice, stroke-prone spontaneously

hypertensive rats (SHR-SP) and Wistar-Kyoto (WKY) rats were

provided by the Animal Center of our university. Animals were

housed in a facility with controlled temperature (23 � 1°C) with

free access to tap water and chow [20]. All procedures were per-

formed in compliance with our institutional guidelines for animal

care and the Guide for Care and Directive 2010/63/EU [21].

Specific chemical inhibitor of visfatin FK866 was kindly pro-

vided by TopoTarget A/S (formerly Apoxis SA, Lausanne, Switzer-

land). CCK-8 kit was purchased from Dojndo Lab (Tokyo, Japan).

Enzyme immunoassay (EIA) for visfatin was purchased from

Phoenix Pharmaceuticals (Belmont, CA, USA). Luminescent ATP

Detection Assay Kit was purchased from Promega (Madison, WI,

USA). Anti-Tuj1 and anti-GFAP were purchased from Millipore

(Billerica, MA, USA). DAPI, TUNEL assay and Neurobasal medium

were purchased from Invitrogen (Carlsbad, CA, USA).

Determination of Plasma Visfatin and NAD+ Levels

Plasma visfatin levels were determined by visfatin (C-terminal)

EIA kit as described previously [22]. The EIA kit has an intraassay

CV% of < 5%, an interassay CV% of < 12% and a sensitivity of

0.1 ng/mL. Plasma NAD+ levels were determined using a com-

mercial assay as described previously [23] using a microplate

luminometer [24].

Bioluminescent Determination of ATP
Concentrations

The plasma ATP levels were determined following the manufac-

turer’s instructions as described previously [25]. The plasma

(25 lL) was pipetted into a tube containing 25 lL of stabilizing

solution containing 118 mmol NaCl, 5 mmol KCl, 40 mmol tricine

buffer, 4.15 mmol EDTA, 5 nmol NBTI and 100 lmol IBMX, pH

adjusted to 7.4 with 2 M KOH. Then, 50 lL of luciferase reagent

was added. The emitted light was linearly related to the ATP con-

centration andmeasured using amicroplate luminometer [26].

Purification of Recombinant Mouse Wild-type
and H247A-mutant Enzymatic-dead Visfatin

The expression and purification of mouse visfatin was described

previously [27]. Briefly, the plasmid containing his-tagged wild-

type (WT) mouse visfatin (gift from Dr. Imai S, Washington

University School of Medicine) [27] and H247A-mutant enzy-

matic-dead mouse visfatin (gift from Dr. Cynthia Wolberger,

Johns Hopkins University School of Medicine) [28] were

expressed in BL21-CondonPlus(DE3)-RIL cells (Stratagen, San

Diego, CA, USA) [29] at 28°C in 2 9 YT medium containing

100 lg/mL kanamycin and 37 lg/mL chloramphenicol and then

purified with nickel-nitrilotriacetic acid resin (Qiagen, Valencia,

CA, USA). The purity of the protein was verified more than 95%

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and Coomassie staining [30].

Enzymatic Activity of Extracellular Visfatin

To determine the enzymatic activity of extracellular visfatin, the

concentration of NMN, an enzymatic product of visfatin, was

measured using a method reported previously [27]. First, 10 lL of

20% acetophenone in dimethyl sulfoxide (DMSO) and 10 lL of

2 M KOH were added into 25 lL of samples. Then, the mixture

was incubated in an ice bath for 2 min before the addition of

45 lL of 88% formic acid. After incubation at 37°C for 10 min,

the solution was transferred into a flat-bottom 96-well black plate

(Greiner, Frickenhausen, Germany). The fluorescence was mea-

sured using a Tecan Infinity M200 plate reader (Tecan Group,

Durham, NC, USA), setting the excitation and emission wave-

lengths to 382 and 445 nm, respectively [31].

Primary Neuron and Glia Culture

Primary mouse neuronal cells were prepared from the cerebral

cortex of neonatal animals within 12 h after birth as described

previously [13,17]. For primary neuron culture, cortices were iso-

lated, dissociated in sterile PBS and triturated into single-cell sus-

pensions. Cells were plated in 12-well plate and cultured in

DMEM containing 10% FBS overnight. On the second day, the

cultures were replenished with Neurobasal medium (Invitrogen)

supplemented with 2% B27 (Invitrogen). Glial growth was sup-

pressed by addition of 5-fluoro-2-deoxyuridine and uridine

(10 lM), yielding cultured cells with >90% neurons.

For primary mix glia culture, the mice were decapitated, and

the cortices were isolated and dissociated in sterile PBS. Glia

isolated from the cerebral cortex were triturated into single-cell

suspensions, plated in 12-well and cultured in DMEM containing

10% FBS for 2 weeks. The mixed glia cultures were maintained in

a humidified atmosphere containing 5% CO2 at 37°C and the

medium was changed every 3 days. Experiments were performed

when the mixed glia had been cultured for 12–14 days.

Conditioned Medium of Neurons and Glia

Neurons and glia were cultured in medium for 48 h. The medium

was collected into 15-mL tubes and concentrated around 10 times

using Microcon YM-10 with 10 kDa molecular-weight centrifugal

filters (Millipore). Then, visfatin in the medium of neurons and

glia was detected by immunoblotting and enzyme immunoassay,

respectively.

Oxygen-Glucose Deprivation Model

Oxygen-glucose deprivation (OGD) model (in vitro) was prepared

in cultured neurons as described previously [32,33]. Primary
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mouse cortical neurons or glia were isolated from the cerebral cor-

tex of neonatal mice within 6 h. To establish OGD conditions, the

cultured neurons or glia (Day 7–14) were washed three times and

incubated with glucose-free Earle’s balanced salt solution (EBSS)

and placed for different times within a hypoxic chamber (Forma

Scientific, Marietta, OH, USA) that was continuously flushed with

95% N2 and 5% CO2 at 37°C to obtain <0.5% O2. Control neurons

or glia were placed in EBSS containing glucose (25 mM) and incu-

bated under normal culture conditions for the same period (2 h

for neuron and 8 h for glia) [34].

Treatments

Primary neurons and glia were cultured in 12-well plates for cell

viability or glass bottom dishes (Corning Costar Corp., Cambridge,

MA, USA) for TUNEL assay. Cells were treated by recombinant

visfatin (300 ng/mL) or H247A mutant visfatin (300 ng/mL) and

then subjected to GD treatment (4 h for neurons and 8 h for glia).

Then, cell viability or TUNEL assays were performed. For neutral-

izing antibody assay, the antibody (Santa Cruz Biotechnology,

CA, USA; clone number: H-300; catalogue: sc-67020) against the

amino acids 1-300 mapping at the N-terminus of visfatin was

used. Antibody (1:300) plus recombinant visfatin (300 ng/mL) or

antibody (300 lL/well) plus H247A mutant visfatin (300 ng/mL)

were added into primary neurons and glia cultures. Cells were

then subjected to OGD treatment.

Cell Viability Assay

Cell viability analysis was performed as described previously

[22,35]. Cell viability was evaluated by a nonradioactive cell

counting kit (CCK-8) assay (Dojndo Laboratories) according to

the manufacturer’s instruction.

Immunofluorescence and TUNEL Staining

Immunofluorescence and TUNEL staining were performed as

described previously [13,17]. Cultured cells were placed on confo-

cal dish (Corning) and were fixed in 4% paraformaldehyde,

blocked by 8% normal donkey serum, and incubated in specific

primary antibodies (mouse anti-Tuj-1, 1:1000; mouse anti-GFAP,

1:200). Then, the cells were incubated with corresponding Alexa

488-conjugated secondary antibodies [36,37] or immunofluores-

cent TUNEL reaction mixture for 1 h in box [38,39]. DAPI was

used to stain nuclei [24,40].

Immunoblotting

Immunoblotting for the secretary proteins in conditional medium

was performed as described previously [30,41]. Samples were sep-

arated by 10% SDS-PAGE, transferred to nitrocellulose mem-

branes, and probed by rabbit polyclonal antibody against visfatin

followed by secondary antibody.

Drug Treatment in SHR-SP

Stroke-prone spontaneously hypertensive rats were randomly

divided into two groups. One group was given FK866 (1 mg/kg/

day) [13,15] via drinking water at the age of 6 months

for lifelong treatment to determine the effect of visfatin inhibition

on stroke and survival. The other group was given normal water

control. Every rat enrolled in the result was necropsied to confirm

stroke as described in our previous reports [42,43].

Statistical Analysis

Data was expressed as mean � SEM. Statistical differences were

evaluated with t-test or ANOVA method. P < 0.05 was regarded as

statistically significant.

Results

Cerebral Ischemic Stress Increases Plasma
Concentrations of Visfatin, NAD+ and ATP in vivo

We compared the level of plasma visfatin between pMCAO and

sham-operated mice. Plasma visfatin concentration in pMCAO

mice was higher than those in sham-operated mouse

(26.8 � 1.7 vs. 22.3 � 1.2 ng/mL, P < 0.05, Figure 1A). Level

of plasma NAD+, the enzymatic product of extracellular visfatin,

was also higher in pMCAO mice compared with that in sham-

operated mouse (7.7 � 2.3 vs. 5.8 � 2.2 lM, Figure 1B). ATP is

an essential activator of visfatin NAMPT enzymatic activity

[28,44]. Bioluminescent assay showed that the mouse plasma

ATP concentration was about 18.2 � 3.7 nM (Figure 1C), which

is similar to human plasma ATP concentration (~20–50 nM)

reported recently [25,45]. Moreover, the plasma ATP concentra-

tion in pMCAO mice was significantly higher than that in

sham-operated mice (31.5 � 4.2 vs. 18 � 4 nM, P < 0.01, Fig-

ure 1C). These results suggest that plasma concentrations of

visfatin, NAD+, and ATP were increased upon cerebral ischemic

stress.

Cerebral Ischemic Stress Enhances Secretion of
Visfatin from Glia but not Neuron in vitro

As shown in Figure 1D, immunoblotting assay detected the

released visfatin from cultured glia but not from neurons. Interest-

ingly, the secretion of visfatin from glia was increased by OGD

treatment (Figure 1D). EIA assay confirmed these results (Fig-

ure 1E). These results indicate that the neural cells may be influ-

enced by local autocrined or paracrined visfatin under ischemic

condition.

Extracellular Visfatin has NAMPT Enzymatic
Activity

Based on the above-mentioned results, we assume that the

increased exogenous visfatin, which exists in circulating blood

and local compartments, may affect neural survival under cerebral

ischemia condition through regulating NAD+ level-like intracellu-

lar visfatin. One key point in this notion is that whether the extra-

cellular visfatin has NAMPT enzymatic activity. A previous work

claimed that there was no or little ATP, an essential activator for

the NAMPT enzymatic activity of visfatin, in extracellular spaces

and thus extracellular visfatin cannot be enzymatic [44]. We
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determined NAMPT enzymatic activity of extracellular visfatin

using a fluorometric approach by converting nicotinamide mono-

nucleotide (NMN), the direct enzymatic product of NAMPT, to a

fluorescent derivative according to our previous work [27]. The

concentrations of mouse plasma NMN were 120 � 22.4 nM

(Figure 2A). As NMN is directly derived from NAMPT, these

results imply that the extracellular blood visfatin may have NA-

MPT enzymatic activity.

Next, we tested the influence of ATP concentrations on NAMPT

enzymatic activity of extracellular visfatin using two kinds of

exogenous visfatin protein: recombinant mouse wild-type (WT)

visfatin and H247A-mutant enzymatic-dead visfatin. As the ATP

concentrations went up, the NMN levels went up: a typical para-

bolic curve was observed in WT visfatin group (Figure 2B).

According to this curve, we obtained a semi-log curve (Fig-

ure 2B). The fluorescent density kept at a low level when ATP

concentrations were 10–105 nM (Figure 2C). When the ATP con-

centration was above 105 nM, the fluorescent density increased

swiftly (Figure 2C). In line with the previous report [28], H247A-

mutant visfatin had no NAMPT enzymatic activity (Figure 2C).

These results further support that extracellular visfatin has NA-

MPT enzymatic activity, although the NAMPT enzymatic activity

(A) (B) (C)

Figure 2 Determination of NAMPT enzymatic activity of extracellular visfatin. (A) Plasma NMN concentrations in mouse plasma. (B–C) Parabolic curve (B)

and semi-log graph (C) of NAMPT enzymatic activity of extracellular wild-type (WT) and H247A-mutant visfatin under different concentrations of ATP.

(A)

(D) (E)

(B) (C)

Figure 1 Mouse plasma concentrations of visfatin, NAD+, and ATP and secretion of visfatin from cultured glia but not neuron. (A) Plasma visfatin levels in

sham-operated and pMCAO mice. *P < 0.05 versus sham, n = 6. (B) Plasma NAD+ levels in sham-operated and pMCAO mice. *P < 0.05 versus sham,

n = 6. (C) Plasma ATP levels in sham-operated and pMCAO mice. **P < 0.01 versus sham, n = 6. Sham, sham-operated; pMCAO, permanent middle

cerebral artery occlusion. (D) Conditional mediums of neuron and glia were collected, and the secreted visfatin was detected by immunoblotting.

*P < 0.05 versus control, n = 4. Recombinant wild-type mouse visfatin protein (10 ng) was also loaded as a positive control. (E) Conditional mediums of

neuron and glia were collected, and the secreted visfatin was detected by EIA assay. *P < 0.05 versus control, n = 4.
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of extracellular visfatin maintained at a relatively low level when

the ATP concentration was under 105 nM.

Extracellular Visfatin is Neuroprotective in OGD
Model

Our previous works demonstrated that intracellular visfatin is

neuroprotective in cerebral ischemia [13,17]. We subjected pri-

mary cultured mouse neurons to OGD stress. OGD significantly

increased the number of apoptotic TUNEL-positive neurons

(Figure 3A and B), and reduced the number of Tuj-1-positive

neurons (Figure 3A and C). These effects were partly attenu-

ated by exogenous recombinant WT visfatin treatment (Fig-

ure 3A–C). Exogenous visfatin treatment also partly blocked the

harmful effect of OGD on neuron viability (Figure 3D).

However, when recombinant H247A-mutant visfatin was

administrated, the neuroprotective effect was not observed (Fig-

ure 3A–D). We next studied the influence of exogenous visfatin

treatment on glia in OGD model. Similarly, OGD significantly

increased the number of apoptotic TUNEL-positive glia (Fig-

ure 4A and B), reduced the number of GFAP-1-positive glia

(Figure 4A and C) and decreased glial cell viability (Figure 4D),

which were partly prevented by exogenous recombinant WT

visfatin treatment but not recombinant H247A-mutant visfatin

(Figure 4A–D).

Influence of Neutralizing Antibody on the
Neuroprotective Effect of Extracellular Visfatin

We used neutralizing antibody of visfatin to determine whether it

could block the effect of extracellular visfatin in cultured neural

cells. As shown in Figure 5A, neutralizing antibody abolished the

protective effect of extracellular visfatin on cell viability. However,

TUNEL assay showed that it failed to block the antiapoptotic effect

of extracellular visfatin (Figure 5B and C).

Decrease of Plasma Visfatin in SHR-SP

We also measured the plasma visfatin levels in SHR-SP, a gener-

ally accepted animal model of stroke. SHR-SP die from stroke,

(A)

(B) (C) (D)
Figure 3 Effects of exogenous recombinant

wild-type (WT) visfatin (300 ng/mL) and H247A-

mutant visfatin (300 ng/mL) on neuron in OGD

model. (A) Representative images of mediums

of neuron in OGD model (2 h). Tuj-1 (green)

was a marker of neuron axon. TUNEL (red) was

used to detect apoptosis. DAPI was used to

stain nucleus. (B) Quantitative analysis of

TUNEL-positive apoptotic neurons. *P < 0.05,

n = 6. (C) Quantitative analysis of Tuj-1-positive

survival neurons. *P < 0.05, n = 6. (D) Cell

viability assay on neurons. *P < 0.05, n = 6.
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ischemic stroke in a majority and hemorrhagic stroke in a minor-

ity, with an average lifespan of 45 weeks [42]. The susceptibility

to stroke in the SHR-SP emerges at around 6 months old [46].

Interestingly, we found there was no difference of plasma visfatin

levels between 3-month-old SHR-SP and control WKY animal

(Figure 6A). However, the plasma visfatin levels in 6-month-old

SHR-SP were significantly lower than those in 6-month-old WKY

rats (Figure 6A). To determine whether or not modulation of

plasma visfatin levels influences the occurrence of stroke, SHR- SP

rats were treated with the visfatin inhibitor FK866 from the age of

6 months on. Among the 25 rats studied, 20 animals that died

from stroke were confirmed by displaying neurological symptoms

of stroke and/or brain pathological examination (Figure 6B) as

described in our previous reports [42,43]. FK866 significantly

accelerated stroke occurrence and death in SHR-SP (Figure 6C).

Discussion

In this study, we demonstrated that extracellular blood visfatin

is enzymatic and protective for neuronal cells upon OGD stress

like intracellular visfatin. Since the discovery of visfatin exis-

tence within and outside cell, how extracellular visfatin exerts

its functions was studied intensively. A large number of works

found that the extracellular visfatin has evident effects on

many biological functions of cells. Extracellular visfatin was ini-

tially found to mimic the effects of insulin via binding insulin

receptor [47]. Although this function of visfatin was not con-

firmed by later work [9], extracellular visfatin was still reported

to regulate insulin secretion in b cells as a systemic NAD+ bio-

synthetic enzyme [9]. Extracellular visfatin activated migration,

invasion, and tube formation in human umbilical vein endo-

thelial cells through activating extracellular signal-regulated

kinase 1/2 (ERK1/2) signaling [48]. Moreover, extracellular

visfatin inhibited insulin-like growth factor-1 function in articu-

lar chondrocytes by activating the ERK1/2 pathway [49], and

induced human endothelial vascular endothelial growth factor

and matrix prometalloproteinase-2/9 production via activating

mitogen-activated protein kinase and Akt kinase signaling path-

ways [50]. It is widely believed that the diverse biological func-

tions of extracellular visfatin are attributed to its NAMPT

(A)

(B) (C) (D) Figure 4 Effects of exogenous recombinant

wild-type (WT) visfatin (300 ng/mL) and H247A-

mutant visfatin (300 ng/mL) on glia in OGD

model. (A) Representative images of mediums

of glia in OGD model (8 h). GFAP (green) was a

marker of glia. TUNEL (red) was used to detect

apoptosis. DAPI was used to stain nucleus. (B)

Quantitative analysis of TUNEL-positive

apoptotic glia. *P < 0.05, n = 6. (C)

Quantitative analysis of GFAP-positive survival

glia. *P < 0.05, n = 6. (D) Cell viability assay on

glia. *P < 0.05, n = 6.
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(A)

(C)

(B)

Figure 5 Influence of neutralizing antibody on the neuroprotective effect of extracellular visfatin. (A) Effect of neutralizing antibody on the protective

effect of extracellular visfatin in cell viability. (B) and (C) Quantitative analysis (B) and representative images (C) of the effect of neutralizing antibody on the

protective effect of extracellular visfatin in apoptosis. *P < 0.05 versus CTRL, n = 3. Ab, antibody (neutralizing). NS, no significance.

(A) (B) (C)

Figure 6 Decrease of plasma visfatin levels in SHR-SP. (A) Comparison of plasma visfatin levels between SHR-SP and control WKY rats (6-month-old and

3-month-old). **P < 0.01 versus WKY, n = 6. (B) Representative images for brain lesions (yellow arrow) of SHR-SP with neurological signs. (C) Effect of

visfatin inhibition (from 6-month-old) by FK866 on stroke occurrence and death in SHR-SP, n = 20.
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activity [51]. Nicotinamide, a substrate for NAD+ synthesis,

postpones stroke in stroke-prone spontaneously hypertensive

rats [52]. However, Hara et al.[44] recently showed that NMN,

the enzymatic product of NAMPT, as well as ATP, the essential

factor for NAMPT activity, were not observed in mouse plasma.

Moreover, they found that only when ATP was present at mil-

limolar levels, NAMPT efficiently catalyzed the NMN formation

[44]. They concluded that extracellular blood visfatin does not

have NAMPT activity. As a result, how the extracellular visfatin

functions remains to be a matter of debate.

ATP is an energy-bearing molecule found in all living cells [53].

In the present study, we measured the plasma levels of ATP using

luciferin/luciferase assay and NMN based on a method generated

by our laboratory previously [27]. Our results are apparently in

conflict with the results of Hara et al.[44]. We found that mouse

plasma ATP concentration was 18 � 4 nM and NMN was

120 � 22.4 nM. In fact, ATP can be detected in human blood.

Human venous plasma ATP concentrations were previously

reported to be generally in the 1 lM range [54–56]. Recently,

Gorman and his colleague reported that human blood ATP con-

centration was about ~28 nM with a new method [25]. Our result

in mouse plasma (18 � 4 nM) was rather close to this data.

Importantly, we also demonstrated that extracellular visfatin had

NAMPT enzymatic activity in this concentration range (Figure 3B

and C). Additionally, we detected NAMPT product NMN

(~120 nM) in mouse plasma (Figure 3A). These indicate that

extracellular visfatin has enzymatic activity, and thereby support

the concept of “NAMPT-mediated systemic NAD+ biosynthesis”

[9].

Another important finding of our study is that visfatin is a neu-

ral cells-derived factor and extracellular visfatin is neuroprotective

upon ischemic stimuli. Genetic deletion of visfatin is lethal in

mice, indicating the importance of visfatin for life [9]. Intracellular

visfatin positively regulates the activity of SIRT1, a putative lon-

gevity protein [57], and exerts antiapoptotic and antiaging action

in many cell types [57]. In ischemic condition, intracellular visfa-

tin has been shown to promote cell survival in cardiomyocytes

[58] and neuronal cells [13,14,17]. In this study, we, for the first

time, demonstrate that visfatin can be released from glia (Fig-

ure 2), suggesting that visfatin is a neural cells-derived factor.

Moreover, we showed that extracellular recombinant WT visfatin,

but not recombinant H247-mutant enzymatic-dead visfatin, pro-

tected against OGD-induced cell injury in both neuron and glia.

Thus, the NAMPT enzymatic activity is required for the neuropro-

tection of extracellular visfatin. When this manuscript was pre-

pared, a recent report showed that cerebral ischemic injury in

cultured neural cells was exacerbated by extracellular visfatin

[59]. In that paper, extracellular visfatin did not affect the cell via-

bility of cultured neuron cells under normal or OGD conditions.

However, in neuron-glial mixed culture, either wild type or

H247A mutant visfatin increased the percentage of necrotic cells

and of necrotic neurons, which was prevented by TNF-a neutral-

izing antibody [59]. Our results are apparently in contrast with

that study. The OGD time is the major difference between our

work and that study [59]. In our work, the OGD treatment on

neurons was conducted for 4 h, whereas OGD was conducted

only one hour in that study. The cell viability of neurons was only

decreased about 15% by one hour OGD [59]. In contrast, 4 h of

OGD led to a more significant decrease of cell viability of neurons

(~45%). This inconsistency may explain the discrepancy between

the two works partly.

A previous report showed that blood visfatin concentration

increased during ischemic stroke in human [19], as well as in

mouse reported in this study. And, the secretion of visfatin

from glia increased about 3~5 times under OGD stress (Fig-

ure 2). These results imply that extracellular visfatin may exhi-

bit neuroprotective effect on ischemic neurons via two possible

sources: endocrine (blood) and paracrine (glia). Interestingly,

plasma visfatin concentrations decreased in 6-month-old but

not 3-month-old SHR-SP, and the susceptibility to stroke in

the SHR-SP emerges at around 6-months old [46]. This sup-

ports the notion that the decrease of plasma visfatin level in

6-month-old SHR-SP may be associated with the onset of

susceptibility to stroke in SHR-SP.

There are some limitations in our study. Because we previously

demonstrated that NMN, the enzymatic product of visfatin, was

able to protect against ischemic injury in MCAO model [13], we

thus did not show the neuroprotective effect of extracellular

visfatin protein in this animal model. Alternatively, we tested the

neuroprotective effect of extracellular visfatin in cultured cell

model (neurons and glial cells), and used FK866 in SHR-SP, a

spontaneous stroke animal model. FK866, a chemical inhibitor of

visfatin, is able to block NAMPT enzymatic activity of both extra-

cellular and intracellular visfatin. To specifically block the extra-

cellular visfatin, the best tool appears to use visfatin neutralizing

antibody. However, application of visfatin neutralizing antibody

only blocked the neuroprotective effect of extracellular visfatin on

cell viability (CCK-8 assay) but failed to affect the apoptosis (TUN-

EL assay). We did not know why there was a discrepancy between

cell viability and apoptosis data. In addition, application of visfatin

neutralizing antibody in SHR-SP for long-term observation (more

than 3 months) is hard to achieve.

In conclusion, our results provide direct evidence that

plasma extracellular visfatin has NAMPT enzymatic activity.

Moreover, we found that glia, but not neuron, is able to

secrete visfatin, which is further enhanced under ischemic

stress. Administration of WT visfatin with NAMPT enzymatic

activity, but not H247A-mutant enzymatic-dead visfatin, pro-

tects neuron and glia against ischemic stress in OGD model.

These findings highlight the neuroprotective role of extracellu-

lar visfatin in ischemic stroke.
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