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Abstract

Nesfatin-1 is a novel anorexic peptide hormone that also exerts cardiovascular 
protective effects in rodent models. However, nesfatin-1 treatment at high doses also 
exerts vasopressor effects, which potentially limits its therapeutic application. Here, we 
evaluated the vasoprotective and vasopressor effects of nesfatin-1 at different doses in 
mouse models. Wild-type mice and those with the transgene nucleobindin-2, a precursor 
of nesfatin-1, were employed. Wild-type mice were randomly assigned to treatment with 
vehicle or nesfatin-1 at 0.2, 2.0 or 10 μg/kg/day (Nes-0.2, Nes-2, Nes-10, respectively). 
Subsequently, mice underwent femoral artery wire injury to induce arterial remodeling. 
After 4 weeks, injured arteries were collected for morphometric analysis. Compared 
with vehicle, nesfatin-1 treatments at 2.0 and 10 μg/kg/day decreased body weights and 
elevated plasma nesfatin-1 levels with no changes in systolic blood pressure. Furthermore, 
these treatments reduced neointimal hyperplasia without inducing undesirable remodeling 
in injured arteries. However, nesfatin-1 treatment at 0.2 μg/kg/day was insufficient to 
elevate plasma nesfatin-1 levels and showed no vascular effects. In nucleobindin-2-
transgenic mice, blood pressure was slightly higher but neointimal area was lower than 
those observed in littermate controls. In cultured human vascular endothelial cells, 
nesfatin-1 concentration-dependently increased nitric oxide production. Additionally, 
nesfatin-1 increased AMP-activated protein kinase phosphorylation, which was abolished 
by inhibiting liver kinase B1. We thus demonstrated that nesfatin-1 treatment at 
appropriate doses suppressed arterial remodeling without affecting blood pressure. Our 
findings indicate that nesfatin-1 can be a therapeutic target for improved treatment of 
peripheral artery disease.

Introduction

Nesfatin-1 is a novel peptide hormone that suppresses 
appetite through its actions in the central nervous 
system (1, 2). Additionally, nesfatin-1 is directly involved 
in the regulation of the cardiovascular system (2, 3). 

Cohort studies, albeit not all, have shown that lower 
levels of nesfatin-1 in the circulation are associated 
with cardiovascular disease (CVD) and risk factors for 
CVD including type 2 diabetes (4, 5, 6, 7, 8). CVD is the  
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main cause of death, especially in obesity-related diseases 
such as type 2 diabetes and metabolic syndrome, in 
many countries. For future application of nesfatin-1, 
it is important to clarify whether pharmacological 
concentrations of nesfatin-1 can exert beneficial effects 
against CVD.

Preclinical studies have demonstrated cardiovascular 
protective and anti-inflammatory effects of nesfatin-1 
treatment in rodent models (9, 10, 11, 12, 13, 14, 
15). These findings indicate that nesfatin-1 may be a 
potential therapeutic target for CVD. Conversely, it is also 
reported that unfavorable cardiovascular changes such 
as hypertension are induced by nesfatin-1 treatment at 
much higher doses than those exerting cardiovascular 
protective effects (16, 17, 18), which potentially limits 
clinical application of nesfatin-1. However, it is unclear 
whether appropriate doses of nesfatin-1 can exert 
cardiovascular protective effects without inducing 
unfavorable cardiovascular changes.

In the present study, we aimed to evaluate the 
vasoprotective and vasopressor effects of nesfatin-1 at 
different doses in mouse models of peripheral arterial 
remodeling. Additionally, we sought to clarify the underlying 
mechanisms in cultured human vascular endothelial cells 
(VECs) and vascular smooth muscle cells (VSMCs).

Materials and methods

Chemical agents

Human nesfatin-1 was purchased from Sigma-Aldrich 
Japan (Product ID: SRP3291; Tokyo, Japan). Platelet-
derived growth factor (PDGF)-BB was obtained from Wako 
(Osaka, Japan).

Animal studies

The study design was approved by the Animal Care 
Committee of Showa University School of Medicine 
(approval numbers: 05031 and 07006). Animal 
experiments were conducted under strict adherence to 
the Guide for the Care and Use of Laboratory Animals 
(19). All invasive procedures were performed under 
general anesthesia using isoflurane. Male C57BL/6J (wild-
type) mice were purchased from Sankyo Labo Service 
(Tokyo, Japan). Mice with the transgene nucleobindin-2, 
a precursor of nesfatin-1, were generated and backcrossed 
to the C57BL/6 strain as previously described (NUCB2-Tg 
mice) (20). Mice were maintained on standard rodent 
chow (Labo MR Stock, NOSAN, Yokohama, Japan) with 

free access to water and housed within a specific pathogen-
free facility in the Division of Animal Experimentation of 
Showa University School of Medicine. The rooms were 
controlled under a 12-h dark/light cycle, 21°C and 40–60% 
humidity. At 9 to 12 weeks of age (day 1), wild-type mice 
were randomly divided into treatment groups as follows: 
vehicle or nesfatin-1 at a low dose (0.2 μg/kg/day, Nes-0.2),  
moderate dose (2.0 μg/kg/day, Nes-2), or high dose  
(10 μg/kg/day, Nes-10). The doses of nesfatin-1 were 
determined based on previous studies reporting tissue-
protective effects (9, 11, 13, 14, 15). Vehicle or nesfatin-1 
was delivered using osmotic pumps (Alzet minipump 1002; 
Cupertino, CA, USA), which were replaced every 14 days 
to avoid agent degradation. On day 3, mice were subjected 
to femoral artery wire injury as previously described by 
Sata et  al. (21), with a few modifications (22). Briefly, a 
straight spring wire was inserted in a retrograde manner 
into the femoral artery via a small cut on the muscle 
branch and withdrawn after 1 min. The muscle branch 
was ligated proximal to the cut to prevent bleeding, and 
the skin incision was sutured. Following the procedure, 
mice recovered in a separate cage for 6 h under careful 
observation, after which they were returned to their 
original cages. Experiments employing male NUCB2-Tg 
mice and littermate controls were similarly performed 
without osmotic pump implantation. No mice showed 
signs of severe complications such as claudication or 
necrosis of the injured extremity, surgical site infection, or 
massive weight loss (20% of baseline). Arterial remodeling 
in injured femoral arteries reaches its peak at 28 days after 
wire insertion in the present model (21). Mice were killed 
by an overdose of inhaled isoflurane on day 29, and blood 
and vessel samples were collected for analysis.

Assessment of plasma levels

Blood samples were collected after 6 h of fasting at the 
end of each experiment. Plasma glucose levels were 
measured using GlutestSensor Neo Super (Sanwa Kagaku 
Kenkyusho, Nagoya, Japan). Plasma lipid levels were 
determined using an enzymatic colorimetric assay 
(Cobas, Roche Diagnostics Japan). Plasma levels of 
nesfatin-1 and pentraxin 3 were measured by enzyme-
linked immunosorbent assay (ab213812, Abcam Japan; 
ARG81768, Arigo Biolaboratories, Hsinchu City, Taiwan).

Measurement of blood pressure

Systolic blood pressure and pulse rates were measured 
using the tail-cuff method (Model MK-2000ST; Muromachi 
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Kikai, Tokyo, Japan) (22). The average value obtained 
from three to five consecutive measurements was used as 
a single data point.

Morphometric analysis

Collected femoral arteries were embedded into paraffin 
blocks for morphometric analysis. To reduce selection 
bias, serial cross-sections were taken from the proximal 
end of each femoral artery at 0.5 mm intervals, and 
their average was used as a single data point. Sections 
stained with Elastica van Gieson (EVG) were analyzed 
using ImageJ software (National Institutes of Health) by 
an investigator who was blinded to the treatment. The 
areas within the internal elastic lamina and between the 
internal and external elastic lamina were defined as the 
neointima and media, and the perimeter of the external 
elastic lamina was defined as the artery perimeter (22). 
Sections with the following were excluded from the 
analysis: complete occlusion by thrombus, broken wall 
structure, a branch of another artery or a missing elastic 
lamina. There was no difference in the percentage of 
excluded sections between the groups (wild-type mice: 
vehicle, 27 ± 8%; Nes-0.2, 25 ± 10%; Nes-2, 28 ± 8%; Nes-10, 
33 ± 11%, P = 0.95 by one-way ANOVA; NUCB2-Tg and 
littermate control mice: control, 20 ± 12%; NUCB2-Tg, 
25 ± 13%, P = 0.80 by unpaired t-test).

Immunohistochemistry

Proliferating cells were identified by immunostaining 
using an anti-Ki67 antibody (Thermo Fisher Scientific 
Japan, RM-9106-S1, RRID: AB_149792, raised in rabbit, 
1:250) (22). Nuclei were counterstained with hematoxylin. 
The average of four serial cross-sections was presented as 
a single data point.

Cell culture

Human umbilical vein endothelial cells (HUVECs; 
umbilical veins from pooled donors; authentication: 
positive for CD31, CD105, Axl, endothelial nitric oxide 
synthase, Tie-2, and vascular endothelial growth factor 
receptor 2) and human aortic smooth muscle cells 
(HASMCs; authentication: positive for smooth muscle 
α-actin and negative for von Willebrand antigen) were 
obtained from Lonza Japan (Tokyo, Japan) and cultured 
in EGM-2 (PromoCell GmbH, Sickingenstr, Heidelberg, 
Germany) and SmBM (Lonza Japan), respectively. For 
protein extraction, cells were seeded onto 12-well plates 

at a density of 1 × 105 cells per well. After 24 h, cells were 
serum-starved in M199 medium (Thermo Fisher Scientific 
Japan) containing 0.5% bovine serum albumin (BSA) for 
6 h and stimulated with 100 nmol/L nesfatin-1 for the 
indicated time periods (18, 23, 24, 25).

Measurement of nitric oxide (NO) production

HUVECs were seeded onto 24-well plates at a density of 
2.5 × 104 cells per well. After 24 h, cells were serum-starved 
for 1 h in M199 medium containing 0.3% fetal bovine 
serum (FBS) and subsequently incubated with the indicated 
concentrations of nesfatin-1 for 2 h. NO production was 
determined by evaluating the stable metabolites of NO 
(NO2 and NO3) in the culture medium (Nitrate/Nitrite 
Fluorometric Assay Kit; Dojindo, Kumamoto, Japan) as 
previously described (22). The fluorescence intensities 
were measured using an Infinite M200 PRO instrument 
(TECAN Japan, Kawasaki, Japan).

Cell proliferation

HUVECs and HASMCs were seeded onto 24-well plates 
at densities of 2.5 × 104 cells and 1 × 104 cells per well, 
respectively (26). HUVECs were serum-starved in M199 
medium containing 0.3% FBS for 4 h and incubated 
with the indicated concentrations of nesfatin-1 for 
24 h. HASMCs were serum-starved overnight in SmBM 
(growth factor- and serum-free) containing 0.3% BSA and 
incubated with the indicated concentrations of nesfatin-1 
in the absence or presence of PDGF-BB (20 ng/mL) for 
various time periods. WST-8 reagent (Wako) was added to 
medium at a ratio of 1:10, and the absorbance at 450 mm 
was measured after a 2-h incubation using an Infinite 
M200 PRO instrument (TECAN Japan).

Western blotting

Protein levels were determined by western blotting as 
previously described (27). Briefly, 4.5 μg of extracted 
protein was electrophoresed in polyacrylamide gels and 
transferred to PVDF membranes. After blocking with 
PVDF-blocking reagent (TOYOBO, Osaka, Japan) for 1 h, 
the membranes were incubated with primary antibodies 
overnight, followed by incubation with secondary 
antibody for 1 h. Antibody information is presented in 
Supplementary Table  1 (see section on supplementary 
data given at the end of this article). The bands on the 
immunoblot were detected using the Amersham ECL 
Prime kit (GE Healthcare Japan), digitized using WSE-6100 
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LuminoGraph (ATTO, Tokyo, Japan), and quantified using 
CS Analyzer 4 software (ATTO).

siRNA transfection

Predesigned siRNAs for the negative control (Silencer  
Select Negative Control No. 2 siRNA) and targeting liver 
kinase B1 (LKB1) were purchased from Thermo Fisher 
Scientific Japan (Silencer Select Negative Control No. 
2 siRNA; LKB1 siRNA S74498). A mixture of siRNA and 
transfection reagent (TransIT-TKO; Mirus Bio, Madison, 
WI, USA) was added to medium at a final siRNA 
concentration of 12.5 nmol/L (27). Cells were used for 
experiments 72 h after siRNA transfection.

Statistical analysis

Data are expressed as means ± s.e.m. Comparisons were 
conducted using an unpaired t-test for two groups and one-
way or two-way ANOVA followed by Tukey’s test for three or 
more groups. The Pearson correlation coefficient was used 
to test correlations between variables. Statistical calculations 
were performed using JMP software (version 13; SAS Institute 
Inc.). The significance level was defined as P < 0.05.

Results

Nesfatin-1 treatment at doses exerting no 
vasopressor effect suppresses peripheral 
arterial remodeling

First, we evaluated the effects of nesfatin-1 on peripheral 
arterial remodeling in wild-type mice. Both Nes-2 
(2 μg/kg/day) and Nes-10 (10 μg/kg/day) treatment 
decreased final body weights and elevated plasma 
nesfatin-1 levels compared with vehicle treatment (Fig. 1A 
and Table  1). Nes-10 treatment also increased water 
intake, which was consistent with our previous findings in 
NUCB-2 Tg mice (Table 1) (28). However, other parameters 
including pulse rate and systolic blood pressure were not 
affected (Fig.  1B, C and Table  1). Additionally, plasma 
levels of pentraxin 3, a marker of systemic inflammation, 
were similar between groups (Table 1). Conversely, in the 
Nes-0.2 group (0.2 μg/kg/day), plasma nesfatin-1 levels 
were not elevated (Fig. 1A), and there was no difference 
in physiological or biochemical parameters (Fig. 1A, B, C 
and Table 1).

Analysis of histological changes revealed that 
both Nes-2 and Nes-10 treatment similarly suppressed 
neointimal hyperplasia without inducing undesirable 

remodeling such as medial thinning or arterial dilation. 
Additionally, Nes-10 treatment reduced the ratio of 
intimal area to medial area (I/M ratio), and Nes-2 
treatment showed a trend toward a decrease in this ratio 
(P = 0.05, Fig.  1D, E, F, G and H). In contrast, Nes-0.2 
treatment did not show any effect on vascular parameters.

Overexpression of NUCB2 leads to the suppression of 
neointimal hyperplasia

Next, we evaluated peripheral arterial remodeling in 
mice overexpressing NUCB2, a precursor of nesfatin-1. In 
NUCB2-Tg mice, blood pressure was slightly elevated as 
previously reported (28); however, other physiological and 
metabolic parameters were similar to those in littermate 
controls (Table  2). In injured arteries, neointimal area 
was significantly reduced in NUCB2-Tg mice compared 
with that observed in littermate controls (Fig.  2A and 
B), whereas the medial area and arterial perimeter were 
similar between controls and NUCB2-Tg mice (Fig.  2C 
and D). These changes resulted in a reduced I/M ratio in 
NUCB2-Tg mice (Fig. 2E).

Subsequently, we assessed vascular cell proliferation, 
which plays a crucial role in the process of neointimal 
hyperplasia (29). In NUCB2-Tg mice, the percentages of 
Ki-67-positive cells both in the neointima and media were 
significantly reduced compared with those in littermate 
controls (Fig.  2F, G and H). Furthermore, there was a 
significant correlation between the number of Ki-67-
positive cells and neointimal area (r = 0.463, P = 0.029). 
Conversely, neointimal and medial cell densities, which 
were calculated as area per cell, were similar between 
controls and NUCB2-Tg mice (Fig. 2I and J).

Nesfatin-1 increases NO production and AMPK 
phosphorylation in HUVECs

Following the animal experiments, we performed in vitro 
experiments. First, we evaluated effects of nesfatin-1 on 
VECs. Nesfatin-1 at concentrations of 0.1–10 nmol/L 
dose-dependently increased NO production (Fig.  3A). 
However, nesfatin-1 did not affect cell proliferation 
(Fig. 3B)

Subsequently, we investigated molecules potentially 
involved in the NO-producing effects of nesfatin-1. 
Nesfatin-1 significantly increased phosphorylated 
AMPK levels (phosphorylated AMPK/total AMPK  
(p-AMPK/t-AMPK), Fig.  3D; p-AMPK/β-actin, 
Supplementary Fig. 1A), whereas neither phosphorylated 
Akt nor p42/44 levels were changed (p-Akt/t-Akt 
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and p-p42/44/t-p42/44, Fig.  3E and F; p-Akt/β-actin, 
Supplementary Fig. 1C; p-p42/β-actin and p-p44/β-actin,  
Supplementary Fig.  1E and F). Total protein levels of 
AMPK, Akt, p42 and p44 were not changed by nesfatin-1 
stimulation (Supplementary Fig.  1B, D, G and H). 
To obtain a clearer understanding of the underlying 
mechanism, we evaluated the involvement of LKB1, a 
molecule that acts upstream of AMPK phosphorylation. 
Upon siRNA-mediated knockdown of LKB1 protein levels 
by over 95% (Fig. 3G), nesfatin-1 failed to increase AMPK 
phosphorylation (Fig. 3G and H).

Nesfatin-1 increases AMPK phosphorylation but not 
cell proliferation in HASMCs

Next, we assessed the effects of nesfatin-1 on VSMCs. 
HASMCs were stimulated with nesfatin-1 at different 
concentrations in the presence of PDGF for 48 h; 
however, nesfatin-1 did not affect PDGF-induced cell 
proliferation (Fig.  4A). Furthermore, in the assessment 
of time-dependent effects, neither 100 nor 1000 nmol/L 

nesfatin-1 affected cell proliferation at any time point, 
regardless of stimulation with PDGF (Fig. 4B). Conversely, 
nesfatin-1 significantly increased phosphorylated 
AMPK levels in HASMCs, as was observed in HUVECs  
(p-AMPK/t-AMPK, Fig.  4D; p-AMPK/β-actin, 
Supplementary Fig.  1I), whereas phosphorylated Akt 
and p42/44 levels were not changed (p-Akt/t-Akt and  
p-p42/44/t-p42/44, Fig.  4E and F; p-Akt/β-actin, 
Supplementary Fig. 1K; p-p42/β-actin and p-p44/β-actin, 
Supplementary Fig.  1M and N). Total protein levels of 
AMPK, Akt, p42 and p44 were not changed by nesfatin-1 
stimulation (Supplementary Fig. 1J, L, O and P).

Discussion

In the present study, we demonstrated that nesfatin-1 
treatment at doses of 2 and 10 μg/kg/day increased 
plasma nesfatin-1 levels and suppressed peripheral 
arterial remodeling without elevating systolic blood 
pressure in mouse models of femoral artery wire injury.  
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Figure 1
Nesfatin-1 treatment suppresses arterial remodeling without affecting blood pressure in wild-type mice. Wild-type mice were treated with vehicle or 
nesfatin-1 at a low dose (0.2 μg/kg/day, Nes-0.2), moderate dose (2 μg/kg/day, Nes-2) or high dose (10 μg/kg/day, Nes-10) and underwent femoral artery 
wire injury. (A) Plasma levels of nesfatin-1. (B) Pulse rate. (C) Systolic blood pressure. (D) Representative images of EVG-stained femoral arteries. Scale 
bars = 100 μm. Arrows indicate neointima. (E) Neointimal area. (F) Medial area. (G) Arterial perimeter. (H) I/M ratio. Vehicle, n = 7; Nes-0.2, n = 4; Nes-2, 
n = 7; Nes-10, n = 7. *P < 0.05 vs vehicle; **P < 0.01 vs vehicle; †P < 0.05 vs Nes-0.2; ††P < 0.01 vs Nes-0.2.
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Of note, treatment at 10 μg/kg/day did not lead to a 
greater suppression in arterial remodeling than that at 
2 μg/kg/day, whereas plasma nesfatin-1 levels differed. 
Thus, it is possible that the maximal vasoprotective effects 
of nesfatin-1 were obtained by treatment at 2 μg/kg/day. 
However, the vasoprotective and vasopressor effects of 
nesfatin-1 at doses higher than 10 μg/kg/day need to be 
determined in a future study.

In previous studies reporting the vasopressor effects 
of nesfatin-1, nesfatin-1 was administered to rodents by 
intraperitoneal injection of more than 250 nmol/kg, which 
is a much higher dose than those used in the present 
study (the highest dose of 10 μg/kg/day is equal to 
approximately 1 nmol/kg/day) (16, 17, 18). However, 
plasma nesfatin-1 levels in rodents, as measured by ELISA, 
vary widely among studies, possibly due to non-specific 
detection. Thus, plasma nesfatin-1 levels that exert 
vasopressor effects have not been determined. Compared 
with rodents, plasma nesfatin-1 levels in humans are 
relatively consistent between studies; differences in 
plasma/serum nesfatin-1 levels between individuals 
with and without targeted diseases are on the order of 
approximately 200 ng/L (4, 5, 8). It has been shown 
that human nesfatin-1 exerts similar effects to mouse 
nesfatin-1 in rodents (30). Thus, in the present study, we 
administered human nesfatin-1 to mice and measured 
plasma nesfatin-1 levels with a commercially available 
ELISA kit for human nesfatin-1. We found that plasma 
nesfatin-1 levels were increased in tandem with escalating 
doses of human nesfatin-1 administration. However, 
the cross-reactivity to mouse nesafatin-1 in this ELISA 
kit has not been not determined, and plasma nesfatin-1 
levels in vehicle-treated mice might not exactly represent 
baseline levels. Therefore, instead of absolute values,  

the net increases in plasma nesfatin-1 levels can be 
compared: 100 and 150 ng/L following nesfatin-1 treatment 
at 2 and 10 μg/kg/day, respectively. Thus, it is plausible to 
postulate that the observed increases in plasma nesfatin-1 
levels were clinically relevant changes and could lead to 
vasoprotection without inducing hypertension.

In NUCB2-Tg mice, arterial remodeling was suppressed 
compared with that in littermate controls. Furthermore, 
this effect was associated with decreased neointimal cell 
proliferation, whereas the neointimal cell density was 
similar. However, we did not find direct anti-mitotic 
effects of nesfatin-1 in HASMCs regardless of stimulation 
with PGDF. These findings indicate that the suppression 
of vascular cell proliferation observed in vivo was likely to 
be induced by indirect mechanisms.

Using cultured HUVECs, we found that nesfatin-1 
directly increased the production of NO, which has been 
shown to inhibit vascular remodeling including neointimal 

Table 1 Physiological and biochemical parameters of mice treated with vehicle or nesfatin-1.

Vehicle Nes-0.2 Nes-2 Nes-10

Number 7 4 7 7
Food intake (g/day) 3.9 ± 0.1 3.8 ± 0.2 3.6 ± 0.2 4.4 ± 0.1
Fluid intake (ml/day) 4.9 ± 0.1 5.1 ± 0.3 4.9 ± 0.3 6.3 ± 0.1a

Initial body weight (g) 25.6 ± 0.8 25.4 ± 0.6 24.0 ± 0.5 23.2 ± 0.9
Final body weight (g) 26.4 ± 0.7 24.8 ± 0.3 23.6 ± 0.4b 24.0 ± 0.7b

Liver/BW (mg/g) 46.9 ± 2 46.2 ± 4.1 43.9 ± 1.3 45.4 ± 1.5
Epididymal fat/BW (mg/g) 12.5 ± 0.9 10.2 ± 0.8 11.2 ± 1.0 9.5 ± 0.5
Glucose level (mg/dL) 114 ± 6 116 ± 15 101 ± 5 100 ± 9
Total cholesterol level (mg/dL) 84 ± 5 81 ± 5 85 ± 5 84 ± 4
HDL-cholesterol level (mg/dL) 68 ± 5 65 ± 6 69 ± 6 67 ± 4
Triglyceride level (mg/dL) 56 ± 4 54 ± 2 55 ± 2 54 ± 2
Pentraxin 3 level (pg/mL) 2790 ± 401 2189 ± 124 2245 ± 94 2191 ± 151

Values are shown as mean ± s.e.m.
aP < 0.05 vs all; bP < 0.05 vs vehicle.
BW, body weight; HDL, high-density lipoprotein; Nes-0.2, nesfatin-1 at 0.2  μg/kg/day; Nes-2, nesfatin-1 at 2  μg/kg/day; Nes-10, nesfatin-1 at 10  μg/kg/day.

Table 2 Physiological and biochemical parameters of 
NUCB2-Tg mice and littermate controls.

Control NUCB2-Tg

Number 6 7
Food intake (g/day) 4.2 ± 0.2 4.8 ± 0.3
Fluid intake (mL/day) 5.1 ± 0.3 5.2 ± 0.3
Initial body weight (g) 27.5 ± 0.3 27.5 ± 0.5
Final body weight (g) 27.7 ± 0.7 27.2 ± 0.6
Weight increase (g) 0.0 ± 0.5 -0.3 ± 0.2
Pulse rate (beats/min) 696 ± 13 701 ± 12
SBP (mmHg) 104 ± 3 127 ± 9a

Glucose level (mg/dL) 130 ± 8 112 ± 7
Pentraxin 3 level (pg/mL) 1522 ± 52 1507 ± 157

Values are shown as mean ± s.e.m.
aP < 0.05 vs control.
NUCB2-Tg, nucleobindin-2 transgenic; SBP, systolic blood pressure.
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hyperplasia via the suppression of VSMC proliferation (31, 
32, 33, 34). Barutcigil et  al. (23) have demonstrated that 
nesfatin-1 dose-dependently induces relaxation responses 
in isolated rat aortas. In this study, the effects of nesfatin-1 
were attenuated by the removal of endothelium and the 
inhibition of NO synthase or soluble guanylate cyclase, 
indicating endothelial NO-dependent mechanisms. In our 
model, VECs are removed from the lumen immediately 
after wire insertion (27). However, VECs outside of the wire-
inserted segment remain intact, unlike in other models 
of vascular remodeling induced by systemic changes. In 
addition, we previously reported that removed VECs were 
rapidly regenerated and covered the lumen prior to the 
formation of the neointima (27). Taken together with the 
findings that nesfatin-1 did not show direct anti-mitotic 
effects in HASMCs, the enhancement of NO production 
from VECs in intact arteries and regenerated VECs in 
injured arteries is likely to be involved in the anti-arterial 
remodeling effects of nesfatin-1.

Zhang et  al. (18) reported that adenovirus-mediated 
knockdown of nesfatin-1 led to the suppression of 
arterial remodeling in a rat model of artery ligation. In 
this model, blood flow in the common carotid artery was  
completely disrupted by ligation near the bifurcation. 

However, the ligated artery showed pulsation due to 
being subjected to arterial blood pressure, resulting in 
higher pressure on the vessel wall than under un-ligated 
conditions (35). It was also reported by the same group that 
adenovirus-mediated knockdown of nesfatin-1 prevented 
aortic dilation in hypertensive rats but showed no effect in 
normotensive rats (24). Additionally, Yamawaki et al. (25) 
showed that nesfatin-1 decreased nitroprusside-induced 
relaxation in the VEC-denuded mesenteric arteries of rats 
ex vivo, whereas Barutcigil et  al. (23) reported opposite 
findings, with nesfatin-1 increasing nitroprusside-
induced relaxation in the VEC-intact aortas of rats 
ex vivo. Collectively, these studies indicate that under 
VEC-intact conditions, nesfatin-1 is likely to promote 
vascular protection; however, under conditions in which 
VECs are impaired such as severe hypertension, nesfatin-1 
conversely facilitates vascular injury.

Although the receptors for nesfatin-1 have not been 
completely identified, nesfatin-1 reportedly induces 
multiple molecular changes in various tissues and cells 
(2). However, the effects of nesfatin-1 on VECs have been 
largely unknown. We found that nesfatin-1 increased 
the phosphorylation of AMPK but not of Akt or p42/44 
in cultured HUVECs. Activation of both AMPK and Akt 

Figure 2
Overexpression of NUCB2 leads to suppression of 
neointimal hyperplasia. NUCB2-Tg mice and 
littermate controls underwent femoral artery wire 
injury. (A) Representative images of EVG-stained 
femoral arteries. Scale bars = 100 μm. Arrows 
indicate neointima. (B) Neointimal area. (C) Medial 
area. (D) Arterial perimeter. (E) I/M ratio. (A, B, C, 
D and E) Control, n = 6; NUCB2-Tg, n = 7. (F) 
Representative images of Ki-67-immunostained 
femoral arteries. Bars = 100 μm. Arrowheads 
indicate Ki-67-positive cells. (G and H) Percentage 
of Ki-67-positive cells to total cells in the 
neointima (G) and media (H). (I and J) Cell density 
in the neointima (I) and media (J). n = 4 per group. 
*P < 0.05, **P < 0.01.
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contributes to an increase in NO production via the 
activation of endothelial nitric oxide synthase in VECs (31).  
Thus, our findings indicate that AMPK but not Akt may 
be involved in the enhancement of endothelial NO 
production by nesfatin-1. Additionally, siRNA-mediated 
knockdown of LKB1 abolished the effects of nesfatin-1 

on AMPK. LKB1 is a known upstream molecule of 
AMPK (36). Consistent with our findings, a recent study 
demonstrated that the genetic ablation of Nucb2 led to 
reductions in the migration and invasion of colon cancer 
cells through inhibition of the LKB1/AMPK pathway 
in vitro and in vivo (37). However, additional molecular 

Figure 3
Nesfatin-1 increases nitric oxide production and 
AMPK phosphorylation in HUVECs. (A and B) 
Effects of nesfatin-1 on NO production (A) and cell 
proliferation (B). HUVECs were stimulated with 
vehicle or nesfatin-1 at 0.01 to 10 nmol/L for 2 h 
(A) or at 0.1 to 100 nmol/L for 24 h (B). (C, D, E and 
F) Effects of nesfatin-1 on phosphorylation of 
AMPK (D), Akt (E) and p42/44 (F). (G and H) Effects 
of LKB1 knockdown on nesfatin-1-induced 
phosphorylation of AMPK. HUVECs were 
stimulated with vehicle or nesfatin-1 at 
100 nmol/L for 15, 45, or 120 min (C, D, E and F) or 
2 h (G and H). Representative immunoblot bands 
are presented in (C) and (G). (A and B) n = 4 per 
group; (D, E and F, H) n = 3–6 per time point or 
group. Phosphorylated protein levels were 
normalized to corresponding total protein levels. 
**P < 0.01 vs control; †P < 0.05 vs nesfatin-1 
(0.01 nmol/L); ††P < 0.01 vs nesfatin-1 
(0.01 nmol/L); ‡P < 0.05 vs nesfatin-1 (0.1 nmol/L); 
§P < 0.05 vs 0 min; ¶¶P < 0.01 vs all others.
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Figure 4
Nesfatin-1 increases AMPK phosphorylation but 
does not affect proliferation in HASMCs. (A and B) 
Effects of nesfatin-1 on cell proliferation. HASMCs 
were stimulated with vehicle or nesfatin-1 at 
0.1–100 nmol/L for 48 h (A) or at 100 or 
1000 nmol/L for 24 and 48 h (B) in the absence or 
presence of PDGF (20 ng/mL). (C, D, E and F) 
Effects of nesfatin-1 on phosphorylation of AMPK 
(D), Akt (E) and p42/44 (F). HASMCs were 
stimulated with nesfatin-1 at 100 nmol/L for 15, 
45 or 120 min. Representative immunoblot bands 
are presented in (C). (A and B) n = 4 per group; (D, 
E and F) n = 3 per time point. Phosphorylated 
protein levels were normalized to corresponding 
total protein levels. **P < 0.01 vs all others; 
††P < 0.01 vs baseline; ‡P < 0.05 vs all others; 
‡‡P < 0.01 vs all others.
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mechanisms involved in the activation of LKB1 were not 
determined in the present study. Previous studies have 
reported that nesfatin-1 increases intracellular Ca2+ levels 
in rat hypothalamic neurons, and this effect is abolished 
by inhibiting cAMP-dependent protein kinase (PKA) 
(38). PKA has been shown to directly activate LKB1 (39); 
hence, PKA may potentially play a role upstream of the 
LKB1/AMPK pathway in nesfatin-1 receptor signaling in 
VECs (the proposed signaling pathway is presented in 
Supplementary Fig. 2).

There are several limitations of the current study. 
First, we evaluated the vasoprotective effects of nesfatin-1 
in mouse models of wire injury. Despite widespread 
application in studies of peripheral arterial disease (40), 
the present findings cannot be directly translated to 
atherosclerotic CVD. However, the pathophysiology of 
wire-injury-induced arterial remodeling shares a number 
of similarities with that of atherosclerosis. Both arterial 
remodeling and atherosclerosis commonly exhibit 
intimal hyperplasia as a histological characteristic. In the 
process of intimal hyperplasia, the main pathophysiology 
is proliferation and migration of VSMCs and deposition 
of extracellular matrix, which result from impaired 
function of VECs and phenotypic switching of VSMCs 
(29, 41). Thus, our findings imply that nesfatin-1 may 
be a potential target for CVD and validate a further 
study to evaluate the cardiovascular protective effects 
of nesfatin-1 in animal models that are more relevant 
to atherosclerotic CVD. Second, we did not find anti-
mitotic effects of nesfatin-1 in HASMCs. Conversely, it is 
reported that, in the absence of growth factors, nesfatin-1 
increases the migration and proliferation of human and 
rat aortic VSMCs via downregulation of peroxisome 
proliferator-activated receptor γ (18, 24). To obtain a 
better understanding of the effects of nesfatin-1 on VECs 
and VSMCs, further studies are required to clarify the 
signaling pathways of nesfatin-1 receptors. Third, we did 
not observe obvious anti-obesity effects of nesfatin-1 in 
the present study, possibly because of the use of non-
obese models or nesfatin-1 administration at lower doses 
than those reporting anorexic and vasopressor effects of 
nesfatin-1 (16, 17, 30).

We demonstrated that nesfatin-1 treatment at 
appropriate doses suppresses peripheral artery remodeling 
without elevating blood pressure in mice, possibly 
through the enhancement of NO production and LKB1-
mediated activation of AMPK in VECs. Our findings 
indicate that nesfatin-1 may be a therapeutic target for 
peripheral artery disease.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-19-0120.
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