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Abstract
Nesfatin-1 is a hypothalamic anorexigenic peptide processed from nucleobindin 2 (NUCB2). Central and peripheral administration of NUCB2/nesfatin-1 enhances glucose metabolism and insulin release. NUCB2/nesfatin-1 is also localized in
pancreatic islets, while its function remains unknown. To explore the role of pancreatic β-cell-produced NUCB2/nesfatin-1,
we developed pancreatic β-cell-specific NUCB2 knockout (βNUCB2 KO) mice and NUCB2 gene knockdown (shNUCB2)
MIN6 β-cell line. In βNUCB2 KO mice, casual blood glucose was elevated from 12 weeks of age. In a glucose tolerance test
at 12 weeks, insulin secretion at 15 min was reduced and blood glucose at 2 h increased in βNUCB2 KO mice fasted 8 h. In
islets isolated from βNUCB2 KO mice, high glucose-stimulated insulin secretion (GSIS) was impaired. In shNUCB2 MIN6
cells, GSIS was reduced and UCP-2 mRNA expression was elevated. These results show impaired GSIS possibly associated
with UCP-2 overexpression in NUCB2-silenced β-cells, suggesting that β-cell-produced NUCB2/nesfatin-1 maintains GSIS
and thereby glycemia.
Keywords NUCB2 · Nesfatin-1 · Insulin secretion · Islet β-cell · MIN6 · UCP-2

Introduction
Nesfatin-1 (nucleobindin2-encoded satiety and fat-influencing protein-1) was initially discovered as a hypothalamic feeding inhibitory peptide processed from its precursor nucleobindin 2 (NUCB2) [1]. NUCB2 consists of 420
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amino acids and is processed into three fragments; nesfatin-1
(residues 1–82), nesfatin-2 (residues 85–163), and nesfatin-3
(residues 166–396) [2]. Nesfatin-1 is also known as DNA
binding/EF-hand/acidic protein (NEFA) [1, 3, 4]. Nesfatin-1
is highly conserved in humans, rats, and mice [1].
Intracerebroventricular (i.c.v) injection of nesfatin-1
reduces food intake and body weight along with recruiting several hypothalamic peptides regulating feeding and
energy expenditure [1, 5–7]. Furthermore, i.c.v. injection
of antibodies against nesfatin-1 and antisense morpholinos
against nesfatin-1 increases food intake and body weight
in rats [1], indicating that the endogenous nesfatin-1 in the
brain participates in regulation of appetite and body weight
[8]. It was shown that peripheral administration of nesfatin-1
also suppresses feeding [8].
Nesfatin-1 is also expressed outside the brain, including
adipocytes, gastric endocrine cells, and islet cells [9–11]. In
healthy adults, oral administration of glucose, compared to
saline, significantly elevates plasma nesfatin-1 levels [12].
Furthermore, intravenous injection of nesfatin-1 significantly decreases blood glucose levels in hyperglycemic db/
db mice [13]. In addition, nesfatin-1 directly acts on mouse
islet β-cells and MIN6 cells to enhance glucose-stimulated
insulin secretion (GSIS) [14, 15]. These findings suggest
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possible roles of nesfatin-1 in the regulation of glucose
metabolism in the health and type 2 diabetes via mechanisms involving an enhancement of insulin release [16–20].
Notably, NUCB2/Nesfatin-1 is reportedly expressed
abundantly in pancreatic islet β-cells [14, 15, 21–23]. However, the role of the endogenous nesfatin-1 in pancreatic islet
β-cells is unknown. Islet β-cells are the tissue that exclusively secretes insulin to primarily regulate glycemia, and
dysfunction of β-cells leads to diabetes. Hence, we hypothesized that the NUCB2/nesfatin-1 born in islet β-cells severs
as an intracellular and/or autocrine regulator of β-cells. This
study aimed to explore the role of islet β-cell nesfatin-1 in
regulating insulin secretion in islet β-cells.
In this study, we analyzed C57BL/6 mice in which
NUCB2/nesfatin-1 is knockout specifically in islet β-cells
by Cre-loxP system (βNUCB2 KO). Furthermore, to get a
hint for the molecules possibly regulated by NUCB2/nesfatin-1 in β-cells, we produced and analyzed a β-cell line
MIN6 cells in which NUCB2 gene expression was silenced
(shNUCB2 MIN6 cells).

Methods
Animals
Pancreatic β-cells-specific NUCB2/nesfatin-1 KO (βNUCB2
KO) mice were generated by mating rat insulin 2 Cre knockin C57BL/6 mice (RIP-Cre) (provided by Dr. Jun Nakae,
International University of Health and Welfare) with
NUCB2-floxed C57BL/6 mice by loxP sites flanking exons
(provided by Dr. Masatomo Mori, Kitakanto Molecular
Novel Research Institute for Obesity and Metabolism). Male
mice were single housed for in vivo experiments and group
housed for in vitro experiments under a 12-h light/dark cycle
(7:30 am light on). Animals were fed regular chow food
(CE-2; Japan CLEA). Water and food were available ad libitum except particular experiments in which food was withdrawn. All animal procedures were approved by Jichi Medical University Animal Care and Use Committee and by the
Committee on Animal Experimentation of Kobe University.

Construction of short hairpin RNAs (shRNAs)
and viral vector production in MIN6 cells
The β-cell line, MIN6 cells [24, 25], were maintained in
DMEM with high glucose (Life Technologies, Inc., Grand
Island, NY, USA) supplemented with 20% fetal bovine
serum, 100 units/ml penicillin, 100 μg/ml streptomycin sulfate, and 0.5% 2-mercaptoethanol at 37 °C.
Target sequence for mouse NUCB2 was chosen to design
shRNAs (accession number NM 016773, 5′-GGATCA
TCCAAGTACAGTA-3′; 298-316). In addition, scrambled
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oligonucleotide sequence was used for specificity control
(5′-CAACACTAGTTGACATGTA-3′). NUCB2-shRNA
(shNUCB2) and Scr-shRNA (shScr) viruses were produced
after triple transfection of MIN6 cells with shRNA. For
genome targeting assay, we achieved mutant efficiency for
the puromycin-selected cell clones.

Measurement of body weight and casual blood
glucose
Body weight and blood glucose were measured at 15:00 pm
once a week. After tail cut with surgical scissors, blood was
sampled for measuring blood glucose concentration using
GlucoCard DIA meter (Arkray, Japan).

Glucose tolerance test (GTT)
Prior to GTT, mice were fasted for 8 h (7:30–15:30), and
body weight was measured. Glucose at 2 g/kg was administered intraperitoneally, and blood was taken from the tail.
Blood glucose concentration was determined using GlucoCard DIA meter (Arkray, Japan) and plasma insulin using a
Mouse Insulin ELISA kit (Morinaga Institute of Biological
Science, Japan).

Isolation of islets
Islets were isolated from male mice aged 12 weeks by collagenase digestion method [26, 27]. Isolated islets were handpicked up under microscope in HKRB solution (137 mM
NaCl, 5.6 mM KCl, 2.0 mM CaCl2, 1.2 mM MgCl2, 1 mM
NaH2PO4, 4.2 mM NaHCO3, 10 mM HEPES [pH 7.4 with
NaOH]).

Measurement of insulin secretion from islets
and MIN6 cells
Ten size-matched isolated islets were preincubated with
HKRB containing 2.8 mM glucose for 30 min, and then
test-incubated with HKRB containing 2.8 mM or 8.3 mM
glucose for 30 min at 37 °C. The medium was kept at
− 80 °C until assay for insulin using Mouse Insulin ELISA
kit (Morinaga Institute of Biological Science, Japan).
MIN6 cells, seeded into a 24-well plate at 1.4 × 105 cells
per well, were preincubated with 500 μl of HKRB containing 2.8 mM glucose for 30 min, and then test-incubated with
500 μl of HKRB containing 2.8 mM or 16.6 mM glucose for
30 min at 37 °C. The insulin concentration was determined
using insulin ELISA kit (Morinaga).
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Western blotting

Immunohistochemistry

Isolated mouse islets and MIN6 cells were homogenized
with ice-cold SDS lysis buffer (2% SDS, 20 mM DTT,
1 mM EDTA, 50 mM Tris; pH 8.8). Proteins were separated by SDS-PAGE and electrophoretically transferred onto
nitrocellulose membranes. Protein expression was detected
using rabbit anti-NUCB2 (Sigma-Aldrich, St. Louis, MO,
USA), peroxidase-labeled secondary antibody (Sigma), and
enhanced chemiluminescence. Immunoreactive signal was
quantified by using FAS-1000 (Fujifilm, Japan) and expression levels of proteins were normalized to β-actin (Santa
Cruz Biotechnology, Inc, Santa Cruz, CA, USA).

The pancreas was dissected, fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned. The paraffin-embedded
sections were immunostained with anti-nesfatin-1 [1] (Ab24;
1:1000, provided from Gunma University, Japan) and antiinsulin (A0654; 1:200, Dako, Japan) antibodies.

Real‑time RT‑PCR
Total RNA was isolated from MIN6 cells using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and treated with
RQ1-DNase (Promega, Madison, WI, USA) to eliminate
contaminating genomic DNA. After the conversion to
cDNA, real-time PCR was performed with SYBR premix
Ex taq II polymerase (Takara Bio, Kusatsu, Shiga Prefecture, Japan). Expression levels were calculated by the ΔΔCT
method. Primer sets were as follows:
UCP-2
Forward primer 5′-CCCAATGTTGCTCGTAATGC-3′
Reverse primer 5′-AGAAGTGAAGTGGCAAGGGA-3′.
(a)

Insulin

Nesfatin-1

Statistical analysis
The data are presented as mean ± SE. Statistical significance
was evaluated by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test in Figs. 2a–c,
3 and 4b, and by unpaired t test in Figs. 2d and 4c. P values
of < 0.05 were considered statistically significant.

Results
Generation of islet β‑cell‑specific NUCB2/nesfatin‑1
knockout (βNUCB2 KO) mouse
Immunofluorescence staining for nesfatin-1 was intense
and largely overlapped with that for insulin in the pancreatic islets of Cre mice (Fig. 1a upper panel). The result
indicated that NUCB2/nesfatin-1 was expressed in β-cells.
In the islets from βNUCB2 KO mice, the immunofluorescence staining for nesfatin-1 was not observed, while that
(b)

Merge
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Fig. 1  Immunostaining for insulin and nesfatin-1 in pancreatic islets
and hypothalamic arcuate nucleus of Cre and βNUCB2 KO mice.
a Double immunostaining for insulin and nesfatin-1 in islets. The
upper rows show Cre mice and the lower rows βNUCB2 KO mice.
Left: insulin (green: Alexa 488 fluorescence), middle: nesfatin-1
(red: Alexa 594), right: merged images. n = 21 islet sections from six

Cre mice, and n = 24 islet sections from seven βNUCB2 KO mice. b
Immunostaining for nesfatin-1 (green: Alexa 488) in hypothalamic
arcuate nucleus. Upper and lower panels show Cre and βNUCB2 KO
mice, respectively. n = 9 sections from one Cre mice, and n = 9 sections from one βNUCB2 KO mice. Scale bars: 50 μm (color figure
online)

13

736

The Journal of Physiological Sciences (2019) 69:733–739

(a)

(b)
260

Blood glucose (mg/dl)

32

Body weight (g)

30
28
26
24
22

(c)

Plasma insulin (pg/ml)

400
300
200
100

0

30

Insulin secretion (μg/L)
(/10 islets/hr)

160
140
120
7 8 9 10 11 12 13 14 15 16 17 18 19 20

60

90

120

GTT
100
90
80
70
60
50
40
30
20
10
0

15

15

Time
(min)

for insulin was observed similarly to Cre mice (Fig. 1a
lower panel). In the hypothalamic arcuate nucleus, in contrast, intense immunofluorescence staining for nesfatin-1
was observed in βNUCB2 KO mice similarly to Cre mice
(Fig. 1b). These results indicated that NUCB2/nesfatin-1
in islet β-cells was selectively deleted in βNUCB2 KO
mice.
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Fig. 2  Metabolic phenotypes
of βNUCB2 KO mice. Body
weight (a) and casual blood
glucose levels (b) in Cre (n = 6)
and βNUCB2 KO mice (n = 7)
measured once every week. c
Blood glucose levels at 0, 30,
60, and 120 min of glucose
tolerance test (GTT) in Cre
mice (n = 5) and βNUCB2
KO mice (n = 5) fasted for
8 h (7:30–15:30). d Plasma
insulin concentrations at 15 min
of GTT in Cre (n = 4) and
βNUCB2 KO mice (n = 4). GTT
was performed after fasting for
8 h in mice aged 12 weeks. Values are mean ± SEM. *P < 0.05,
**P < 0.01 between Cre and
βNUCB2 KO mice
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Elevated casual blood glucose, and increased blood
glucose and reduced insulin secretion during GTT
in βNUCB2 KO mice
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Fig. 3  Glucose induces insulin secretion from islets in βNUCB2 KO
mice to a lesser extent than in Cre mice. Basal insulin secretion from
isolated islets under static incubation with 2.8 mM glucose was not
significantly different between Cre and βNUCB2 KO mice. High glucose (8.3 mM) significantly increased insulin secretion from isolated
islets of both Cre and βNUCB2 KO mice, and the increased level was
significantly lower in βNUCB2 KO than Cre mice. n = 8 groups for
2.8 mM Cre mice and n = 6 groups for other. *P < 0.05, **P < 0.01
and ***P < 0.001
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In βNUCB2 KO mice, body weight (BW) was decreased at
18 weeks of age and later (Fig. 2a) and casual blood glucose
was elevated at 12 weeks and later (Fig. 2b). In glucose tolerance test (GTT) at 12 weeks, blood glucose levels before
and at 2 h after glucose injection were increased (P < 0.01)
(Fig. 2c) and plasma insulin level at 15 min was reduced
(P < 0.05) (Fig. 2d) in βNUCB2 KO mice. However, blood
glucose levels at 30 min and 60 min were not significantly
elevated, which was in apparent disagreement with reduced
plasma insulin level at 15 min. This result suggested that a
systemic factor other than insulin that lowers blood glucose
might operate in βNUCB2 KO mice.
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Fig. 4  NUCB2/Nesfatin-1
knockdown (shNUCB2) MIN6
cells exhibit impaired GSIS
and elevated UCP-2 mRNA
expression. a MIN6 cells were
introduced with shRNA silencing scramble (shScr) and with
shRNAs silencing NUCB2
at two different nucleotide
sequences (shNUCB2 seq 1
and shNUCB2 seq 2). NUCB2
protein expression was reduced
in shNUCB2 seq 1 MIN6 cells
compared to shScr MIN6 cells
and mouse islets. b Stimulation
with 16.6 mM glucose increased
insulin secretion in shScr MIN6
cells but not in shNUCB2 seq 1
MIN6 cells under static incubation. c UCP-2 mRNA expression was elevated in shNUCB2
seq 1 MIN6 cells compared to
shScr MIN6 cells
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Reduced GSIS in islets from βNUCB2 KO mice
In isolated islets from βNUCB2 KO mice, basal insulin
secretion under static incubation with 2.8 mM glucose
tended to be lower but not significantly compared to that
in isolated islets from Cre mice (Fig. 3). Incubation with
8.3 mM glucose significantly increased insulin secretion from islets of Cre (P < 0.001) and βNUCB2 KO mice
(P < 0.05), and the elevated level was significantly (P < 0.01)
lower in islets of βNUCB2 KO mice than Cre mice (Fig. 3).

Reduced GSIS and elevated UCP‑2 mRNA expression
in shNUCB2 MIN6 cells
Two types of nucleotide sequences in MIN6 cells into which
NUCB2 shRNA was introduced were synthesized. Sequence
1 yielded a greater knockdown of NUCB2 protein expression in MIN6 cells (shNUCB2 MIN6 cells) to approximately
20% of that in control shScr MIN6 (Fig. 4a). Hence, the
shNUCB2 MIN6 cells were used in the rest of study. In
shNUCB2 MIN6 cells, basal insulin secretion under static

2.8

16.6

shScr

shNUCB2

shNUCB2

incubation with 2.8 mM glucose tended to be lower but
not significantly compared to control shScr MIN6 cells
(Fig. 3). Incubation with high glucose (16.6 mM) significantly (P < 0.05) stimulated insulin secretion in shScr MIN6
cells, but not in shNUCB2 MIN6 cells (Fig. 4b). The amount
of insulin secretion at 16.6 mM glucose was significantly
(P < 0.05) lower in shNUCB2 MIN6 than shScr MIN6 cells
(Fig. 4b), a result similar to βNUCB2 KO islets (Fig. 3).
Furthermore, mRNA expression of UCP-2, a molecule
that reduces ATP production, was significantly (P < 0.05)
increased (60 ± 7.2%) in shNUCB2 MIN6 cells compared
to shScr MIN6 cells (Fig. 4c).

Discussion
In this study, we found that βNUCB2 KO mice exhibit
late-onset elevation of casual blood glucose, as well as elevated blood glucose and lowered insulin secretion in GTT.
In islets from βNUCB2 KO mice, GSIS was significantly
reduced. In shNUCB2 MIN6 cells, GSIS was reduced and
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UCP-2 mRNA expression was elevated. In addition, insulin
secretion at basal glucose also tended to be lower in islets
from βNUCB2 KO mice and shNUCB2 MIN6 cells. These
results indicate an impaired insulin secretion in NUCB2 KO
β-cells possibly in part due to overexpression of UCP-2. This
finding reveals a novel role of pancreatic β-cell-produced
NUCB2/nesfatin-1 to enhance insulin secretion from islet
β-cells, which may serve as a mechanism for auto-maintenance of insulin secretion by β-cells.
In βNUCB2 KO mice, elevated blood glucose and
reduced insulin secretion started at 12 weeks of age, while
reduction of body weight started at 18 weeks. Furthermore,
reduced body weight generally does not elevate blood glucose. Therefore, the elevated blood glucose and reduced
insulin secretion appear to take place independently of
the reduced body weight in βNUCB2 KO mice. Inversely,
reduced body weight may result from reduced insulin secretion. These data suggest that the impairment of glycemia and
insulin secretion in βNUCB2 KO mice are caused primarily
by the alteration in pancreatic islets.
Administration of NUCB2/nesfatin-1 is known to potentiate GSIS in islet β and MIN6 cells [15]. Here, we have
revealed that the β-cell endogenous NUCB2/nesfatin-1 functions to potentiate GSIS. Underlying mechanisms are largely
unknown; two modes of action are conceivable. First, β-cell
NUCB2/nesfatin-1 could function as an intracellular regulator. Second, NUCB2/nesfatin-1 could be released from and
acts on β-cells to enhance insulin secretion, an autocrine
action. However, further studies are needed to elucidate the
action mode of the β-cell NUCB2/nesfatin-1.
The present study indicated that the pancreatic β-cells
endogenous NUCB2/nesfatin-1 was associated with attenuation of hyperglycemia and promotion of insulin secretion,
the properties considered anti-diabetic. These results fit with
previous reports that intravenous injection of nesfatin-1 significantly decreases blood glucose levels in hyperglycemic
db/db mice [8] and that fasting nesfatin-1 was significantly
lower in type 2 diabetic patients [28]. On the other hand,
our data are in apparent disagreement with previous reports
that plasma levels of nesfatin-1 are increased in newly diagnosed type 2 diabetes patients [12, 15] and that NUCB2
mRNA and protein levels in muscle and adipose tissue of
type 2 diabetes patients were markedly elevated compared
to controls [29]. The cause of these contradictory data is
still unknown. It may be due to differences in disease progression and sample population, or reflect a compensatory
rise of plasma NUCB2/nesfatin-1 in some stage of type 2
diabetes. Further studies are needed to determine the role of
NUCB2/nesfatin-1 levels in pathogenesis of diabetes. The
results of the present study revealed a novel function of islet
β-cell-produced NUCB2/nesfatin-1 to enhance insulin secretion from islet β-cells, suggesting a possible anti-diabetic
potential.
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