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Increased blood pressure in nesfatin/nuclebindin-2-
transgenic mice

Yusaku Mori1,5, Hiroyuki Shimizu2,5, Hideki Kushima1, Munenori Hiromura1, Michishige Terasaki1,
Michitaka Tanaka3, Aya Osaki4 and Tsutomu Hirano1

Nesfatin/nucleobindin-2 (nesf/NUCB2), a precursor of the anorexigenic protein nesfatin-1, is selectively expressed in the

hypothalamic nuclei, which are central to the regulation of the autonomic nervous system. The present study sought to

investigate the involvement of nesf/NUCB2 in the regulation of blood pressure and ingestive behavior, by using nesf/NUCB2-

transgenic (Tg) mice. Blood pressure and heart rates were measured under conscious and unconscious conditions. Twenty-four-

hour water intake and urine volume of male nesf/NUCB2-Tg mice and their littermates in metabolic cages were measured.

After killing, kidney weight was measured and the mRNA expression of epithelial sodium channel (ENaC)-α and ENaC-γ was

measured in the hypothalamus and kidney with real-time PCR. Systolic, diastolic and mean blood pressure were significantly

higher in nesf/NUCB2-Tg mice, but pulse rate was not affected in conscious mice. In contrast, isoflurane anesthesia prevented

an increase in blood pressure in the nesf/NUCB2-Tg mice. Twenty-four-hour water intake and urine volume were significantly

higher in the nesf/NUCB2-Tg mice than in their non-Tg littermates. Urine sodium concentration was significantly lower in

the nesf/NUCB2-Tg mice, although the serum sodium concentration and urine sodium excretion were not different between the

genotypes. Kidney weight was significantly higher in the nesf/NUCB2-Tg mice than their non-Tg littermates, although there were

no clear differences in the kidney histological findings between genotypes. The mRNA expression of ENaC-γ, but not ENaC-α,
was decreased in the hypothalami of nesf/NUCB2-Tg mice. Our data suggested that Nesf/NUCB2 is involved in the regulation

of blood pressure in the brain.
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INTRODUCTION

Nesfatin-1 has been found to be involved in the regulation of feeding
behavior in the paraventricular nucleus of the hypothalamus.1

Nesfatin/nucleobindin-2 (nesf/NUCB2), a precursor protein of
nesfatin-1, is ubiquitously expressed in peripheral tissues and the
hypothalamus.2 Although the origin of circulating nesfatin-1 in the
blood has not been clarified, nesfatin-1 crosses the blood-brain
barrier3,4 and peripherally administered nesfatin-1 reaches the feeding
center in the hypothalamus and decreases short-term food consump-
tion in mice fed ad libitum.5

Nesfatin-1 may be involved in the regulation of blood pressure,
because it is expressed in the cardiovascular control center.6 Intracer-
ebroventricular administration of nesfatin-1 increases mean blood
pressure (MBP) in conscious, freely moving rats and the α-adrenergic
antagonist, phentolamine, abrogates the increase in MBP by nesfatin-1.7

However, peripherally administered nesfatin-1 also increases mouse
blood pressure without affecting heart rate and simultaneous

administration of a β-adrenergic receptor blocker completely blocks
the effect of nesfatin-1 on blood pressure.8 These data indicate that
circulating nesfatin-1 may be involved in peripheral regulation of
blood pressure via the activation of β-adrenergic receptors in the
periphery. In addition, circulating nesfatin-1 levels are correlated with
body adiposity,9 a marker of insulin resistance, and systolic and
diastolic blood pressure (SBP and DBP, respectively) in patients with
polycystic ovary syndrome.10 Nesfatin-1 may have a role in the
development of hypertension in obese people. However, the exact
mechanism by which nesfatin-1 regulates blood pressure has not yet
been thoroughly clarified.
Recently, our immunohistochemical observations have indicated

selective expression of nesfatin/NUCB2 in vascular endothelial cells,
but not smooth muscular cells, of arteries and in renal collecting ducts
of the kidney.11 In addition, nesfatin/NUCB2 is co-expressed with
epithelial sodium channels (ENaC) in the renal collecting duct of the
kidney.11 Activation of the renal sympathetic nervous system has a role
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in the development of salt-induced hypertension by increasing sodium
retention in the kidney.12 β-Adrenergic receptors are present in renal
collecting ductal cells13 and β-adrenergic receptor activation increases
net fluid secretion by cultured inner collecting ducts.14 Such findings

indicate the possible involvement of nesfatin/NUCB2 in the regulation
of blood pressure via water and sodium metabolism in the kidney.
We have recently established nesf/NUCB2-transgenic (Tg) mice,
which are susceptible to high fat-induced obesity.15 The present
studies sought to examine a possible role of nesfatin/NUCB in the
regulation of water metabolism and blood pressure by using nesf/
NUCB2-Tg mice.

METHODS

Generation of nesf/NUCB2 Tg mice
Nesf/NUCB2-Tg mice were generated to produce nesf/NUCB2 by insertion of
nesf/NUCB2 cDNA into a construct containing the CAG promoter.15 Briefly, a
1.7 kb fragment of the CAG promoter was ligated to a 1263 bp fragment
corresponding to position +202 to +1464 of Nucb2 (BC010459) cDNA,
including a rabbit β-globin polyadenylation signal. Offspring were screened
for genomic integration by PCR analysis of tail DNA. The experimental
protocol was approved by the Animal Research Committee of International
University of Health and Welfare (number D13002).

Experimental protocol
Nesf/NUCB2-Tg mice and their non-Tg littermates were fed normal laboratory
chow and given free access to both food and water. In the first experiment,
daily water intake was chronologically measured in individual cages of mice at
7–9 weeks of age. In the second experiment, water intake was measured and
urine was simultaneously collected for 24 h for mice 8–9 weeks of age, housed
individually in metabolic cages (Buguggiate (VA), Lombardy Region, Italy).
Collected urine was frozen at − 20 °C for assay after the daily urine volume was
measured.
After killing, blood samples were collected and the weights of the kidneys

were measured. The obtained serum and kidneys were frozen for assays.

Western blotting and real-time PCR analysis
Overexpression in the hypothalami and kidneys of nesf/NUCB2-Tg mice was
confirmed by western blotting and reverse transcriptase-PCR methods.
Nesf/NUCB2 Tg mice and their non-Tg littermates were killed and their
hypothalami and kidneys were isolated. Western blotting was performed as
described previously.15

Total RNA was isolated from the whole hypothalami and kidneys by using a
PureLink RNA Mini Kit (Ambion by Life Technologies, Carlsbad, CA, USA),
according to the manufacturer’s instructions. Reverse transcription was
performed using a High Capacity RNA-to-cDNA Kit (Applied Biosystems,
Foster City, CA, USA). Quantitative PCR was performed using TaqMan Fast
Advanced Master Mix and a StepOnePlus System with version 2.1 software
(Applied Biosystems) according to the manufacturer’s instructions. Primers
used for quantitative PCR were also obtained from Applied Biosystems. Gapdh
was used as the internal control. All analyses, including settings for threshold
and quantification cycle values, were adjusted automatically by using the default
settings. Expression of ENaC-α, ENaC-γ and Nucb2 cDNA was normalized to
that of Gapdh. All PCR was performed in 96-well plates by using 40 cycles of
95 °C for 20 s and 60 °C for 20 s.

Blood pressure measurement
A non-invasive blood pressure monitor (Model MK-2000ST, Muromachi
Kikai, Tokyo, Japan) was used for the measurement of blood pressure and
pulse rate (PR).16,17 Blood pressure and heart rate were measured in conscious
mice. Subsequently, the mice were anesthetized to an unconscious condition
with a very low concentration of isoflurane inhalation (1.0%). The unconscious
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Figure 1 Changes in systolic blood pressure (SBP; a and e), diastolic blood
pressure (DBP; b and f), mean blood pressure (MBP; c and g) and pulse
rate (PR; d and h) in nesf/NUCB2-Tg mice and their non-Tg littermates
under the conscious condition (a–d) and unconscious condition (e–h).
N=12 in each group under the conscious condition (a–d) and N=8 in each
group under the unconscious condition (e–h). *Po0.05 versus non-Tg mice.
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condition was defined as a condition in which a mouse stopped voluntary
movement but showed a reflex in response to a toe pinch. Blood pressure and
heart rate were also measured in an unconscious condition. The measurements
were conducted between 1000 and 1200 h, and an average of three to five
measurements was used for the individual value.

Assays
Electrolyte concentrations in the urine and serum were measured with an
automatic analyzer. Serum aldosterone and arginine vasopressin concentrations
were measured with commercially available ELISA kits (Aldosterone ELISA,
BioVendor, Brno, Czech Republic, and Arg8-Vasopressin ELISA kit, Abcam,
Cambridge, UK, respectively). Serum nesfatin-1 concentration was measured
using an ELISA kit for mice (Shibayagi, Shibukawa, Japan).

Histological analysis
The frozen kidneys were embedded into paraffin blocks and coronal cross-
sections were taken for histological analysis of the kidneys. The cross-sections
were stained with hematoxylin and eosin or Masson’s trichrome for the
evaluation of glomerular sizes or fibrosis, respectively. In the evaluation of
glomerular sizes, the average area of 10 randomly selected glomeruli was used

for each mouse. A percentage of Masson’s trichrome-positive area (blue area)
per field was measured in the cortex and medulla at a magnification of × 200
and an average of three fields was used as the fibrotic area.

Statistical analysis
All data are expressed as the mean± s.d. The statistical analysis was performed
by the analysis of variance, followed by Student’s t-test for the individual
comparison of the means.

RESULTS

Changes in blood pressure
Changes in blood pressure and heart rate measured in nesf/NUCB2-
Tg mice and their non-Tg littermates are presented in Figure 1. SBP,
DBP and MBP were significantly higher in nesf/NUCB2-Tg mice than
in their non-Tg littermates in a conscious condition (Figures 1a–c).
However, PR was not different between the genotypes (Figure 1d).
SBP, DBP and MBP were not different between the conscious and

unconscious conditions between nesf/NUCB2-Tg mice and non-Tg
mice (Figure 1). The differences of SBP, DBP and MBP between the
genotypes disappeared in the unconscious condition (Figures 1e–g).
PR was lower in the unconscious condition (Figure 1h) than in the
conscious condition (Figure 1d) but was not different between the
genotypes (Figure 1h).

Changes in daily water intake, daily urine volume, kidney weight
and electrolyte concentration
In the first experiment, chronological changes in water intake and
urine volume for 24 h were evaluated in individually caged mice.
Water intake significantly increased from the age of 8 weeks
(Figure 2a). In the second experiment, 24 h water intake and urine
volume were measured in a metabolic cage at the age of 8–9 weeks. An
increase in 24 h water intake was found in nesf/NUCB2-Tg mice and
24 h urine volume was significantly higher in nesf/NUCB2-Tg mice
than their non-Tg littermates (Figures 2b and c). However, there was
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Figure 2 Chronological changes in daily water intake in an individual cage
(a) and changes in water intake (b) and urine volume (c) for 24 h in nesf/
NUCB2-Tg mice and their non-Tg littermates. *Po0.05 and **Po0.01
versus non-Tg mice. N=11 in each group.

Table 1 Backgrounds of physiological parameters of Nesf/NUCB2-Tg
and non-Tg mice

Non-Tg Nesf/NUCB2-Tg

Body weight (g) 23.7±1.2 23.6±2.5

Food intake (g per day) 5.92±0.85 5.83±0.51

Sodium intake (μEq per day) 478.6±68.7 471.4±41.2

Potassium intake (μEq per day) 1422.1±204.9 1405.2±122.9

Data represent mean± s.d. N=13 (non-Tg mouse) and 12 (nesf/NUCB2-Tg mouse).

Table 2 Changes of serum and urine electrolytes concentrations,

excretion for 24 h in Nesf/NUCB2-Tg and non-Tg mice

Non-Tg Nesf/NUCB2-Tg

Serum Na concentration (mEq l−1) 152.1±5.2 149.8±3.6

Serum K concentration (mEq l−1) 4.9±0.7 5.0±0.6

Serum Cl concentration (mEq l−1) 114.7±3.8 112.3±3.8

Urine Na concentration (mEq l−1) 148.2±25.2 122.9±25.7a

Urine K concentration (mEq l−1) 458.2±104.8 402.6±97.6

Urine Cl concentration (mEq l−1) 280.0±49.6 248.2±41.2

Urine Na excretion (μEq per day) 100.3±59.3 147.5±67.6

Urine K excretion (μEq per day) 310.4±191.4 494.4±246.7

Urine Cl excretion (μEq per day) 190.8±114.1 300.9±134.0

Data represent mean± s.d. N=13 (non-Tg mouse) and 12 (nesf/NUCB2-Tg mouse).
aPo0.05 vs non-Tg litter mates.
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no difference in body weight or in 24 h food or sodium intake
between the nesf/NUCB2-Tg and non-Tg mice (Table 1).
As shown in Table 2, sodium concentration in the urine was

significantly lower in nesf/NUCB2-Tg mice than non-Tg littermates,
although 24 h urine sodium, potassium and chloride excretion and
sodium, potassium and chloride concentrations in the serum were
not significantly different between the genotypes. There were no
significant differences between the genotypes in serum aldosterone
(Tg mice: 190.0± 79.9 pg ml− 1 (N= 9), non-Tg littermates:
218.5± 83.8 pg ml− 1 (N= 12)) and arginine vasopressin concentra-
tions (Tg mice: 312.7± 230.5 pg ml− 1 (N= 9), non-Tg littermates:
189.7± 72.0 pg ml− 1 (N= 5)).

Expression of nesf/NUCB2 in the brains and kidneys of
nesf/NUCB2-Tg mice
Overexpression of nesf/NUCB2 in the brains and kidneys of
nesf/NUCB2-Tg mice was confirmed by western blotting (Figure 3a)
and real-time PCR analysis (Figure 3b). Nesf/NUCB2 mRNA was
overexpressed in the hypothalami and kidneys of nesf/NUCB2-Tg
mice (1.7 and 2.4 times higher than their non-Tg littermates,
respectively, Figure 3b). However, the serum nesfatin-1 concentration
was not significantly different between the genotypes (Figure 3c).

Histological analysis of kidney
The weights of the kidneys were significantly higher in nesf/NUCB2-
Tg mice than their non-Tg littermates (Figure 4a). Kidney weight per
body weight was also significantly higher in nesf/NUCB2-Tg mice.
However, no obvious histological differences in the kidneys were
found between the genotypes (Figures 4b–e).

Changes in ENaC expression
Figure 5 shows changes in the expression of ENaC-α mRNA and
ENaC-γ mRNA in the hypothalamus and kidney. In the hypothala-
mus, ENaC-α mRNA expression was not different between
nesf/NUCB2-Tg mice and their non-Tg littermates, but ENaC-γ
mRNA expression was significantly lower (0.6 times) in nesf/
NUCB2-Tg mice than their non-Tg littermates. However, there were
no differences between the genotypes in ENaC-α and ENaC-γ mRNA
expression in the kidney.

DISCUSSION

The present study provides the first demonstration that nesf/NUCB2
overexpression increases blood pressure without affecting PR in mice.
Overexpression of nesf/NUCB2 in the brain and kidney was confirmed
at the protein and mRNA levels in the present study, but serum
nesfatin-1 concentration was not increased in Tg mice.15 Therefore,
circulating nesfatin-1 may not have an important role in the present
results and intracellular overexpression of nesf/NUCB2 in the
hypothalamus or kidney may be involved in an increase of blood
pressure.
First, we demonstrated that SBP, MBP and DBP were significantly

higher in nesf/NUCB2-Tg mice than in their non-Tg littermates in a
conscious condition, findings in agreement with results of a previous
study reporting that hypothalamic nesfatin-1 stimulates sympathetic
nerve activity.18 Notably, isoflurane anesthesia canceled an increase in
blood pressure in Tg mice, thus suggesting potential involvement of
the central nervous system. The main aim of assessing blood pressure
in the unconscious condition induced by isoflurane was to exclude
effects of sympathetic activation resulting from restriction stress
during the blood pressure measurement. One study has reported that
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Figure 3 (a) Results of western blot analysis of brains and kidneys of nesf/NUCB2-Tg mice and their non-Tg littermates. (b) Expression of nesf/NUCB2
mRNA in the hypothalami and kidneys of nesf/NUCB2-Tg mice and their non-Tg littermates. N=18 (non-Tg mice), 15 (Tg mice). *Po0.05 and **Po0.01
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a full sympathetic activation occurs in conscious mice undergoing
restriction stress, whereas anesthesia is associated with complete
sympathetic withdrawal.19 However, effects of isoflurane on hemody-
namics must be considered in the interpretation of our findings.
A previous study has reported that the effects of isoflurane on systemic
hemodynamics are concentration dependent: higher isoflurane con-
centration results in an elevated heart rate and reduced blood
pressure.20 In the present study, to minimize isoflurane-induced
changes in hemodynamics, we used a very low concentration of
isoflurane. The blood pressure in non-nesf/NUCB2-Tg mice was
similar in the conscious and unconscious (anesthetized) conditions,
whereas the PR was ~ 10% lower in the unconscious condition than in
the conscious condition. These findings indicated that the hemody-
namic effects of isoflurane were minimal. In contrast to increased
blood pressure, PR was not comparable between non-nesf/NUCB2-Tg
and Tg mice. Given that PR was decreased under isoflurane anesthesia,
restriction stress-induced activation of the parasympathetic nervous
system may have masked central nesf/NUCB2 effects on PR. Measure-
ment of sympathetic nerve activity under restriction stress may be
necessary to finally conclude the possible involvement of sympathetic
nerve activity in these mice.
ENaC is expressed in brain regions implicated as cardiovascular

regulatory centers.21 Immuno-reactivity to ENaC-γ has also been
demonstrated to be present in many magnocellular neurons in the

supraoptic nucleus of the hypothalamus and to co-localize with
vasopressin, but not oxytocin.22 We have previously demonstrated
the expression of nesf/NUCB2 in the supraoptic nuclei of the
hypothalamus.1 The present finding that ENaC-γ mRNA expression
was decreased in the hypothalamus may be associated with the
observed increase in blood pressure in nesf/NUCB2-Tg mice.
In addition, our recent study has demonstrated a selective expres-

sion of nesf/NUCB2 in the vascular endothelial cells of arteries, but
not in vascular smooth muscle cells.12 Nesfatin-1 has been shown to
modulate blood pressure by acting directly on peripheral arterial
resistance.23 Alternatively, overexpressed nesf/NUCB2 in vascular
endothelial cells may function in a paracrine manner and accelerate
the contraction of vascular smooth muscle cells in the vessels of those
animals, although an increase of circulating nesfatin-1 was not found
in nesf/NUCB2-Tg mice, and anesthesia by isoflurane, which has
fewer systemic hemodynamic effects in mice,24 blocked the increase in
blood pressure.
The present study demonstrated that nesf/NUCB2-Tg mice showed

a significant increase in water intake and urine volume. Immunohis-
tochemical analysis for nesf/NUCB2 has revealed that nesfatin-
1/NucB2 protein levels are increased after 48 h of dehydration and
attenuated by 24 h of rehydration,25 thus indicating that an increase in
nesf/NUCB2 expression in the hypothalamus may stimulate water
intake and that nesf/NUCB2 may be involved in the regulation
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of water intake by the hypothalamus. An increase in intracellular nesf/
NUCB2 expression in the hypothalamus may cause an increase in
water intake in nesf/NUCB2-Tg mice. In addition, urine sodium
concentration was significantly lower in nesf/NUCB2-Tg mice, thereby
indicating an increase in sodium reuptake in renal tubules, although
total urinary sodium excretion for 24 h was not significantly changed
in nesf/NUCB2-Tg mice. We have recently demonstrated that
nesf/NUCB2 is selectively co-expressed with ENaC in renal collecting
ductal cells.12 However, overexpression of nesf/NUCB in the kidney
did not affect renal ENaC-α and ENaC-γ mRNA expression. Serum
aldosterone and arginine vasopressin concentrations were not
significantly changed in the Tg mice. Renal sympathetic nerve activity
has been reported to be involved in the regulation of renal tubular
sodium re-absorption.26 An increase in urine volume due to increased
water intake and supposed modulation of renal sympathetic nerve
activity may explain the observed reduction in urine sodium con-
centration in nesf/NUCB2-Tg mice. Furthermore, a recent study has
demonstrated that renal sympathetic denervation and β-adrenergic
blockade by bisprolol decreases renal weight in Dahl salt-sensitive
hypertensive rats,27 thus indicating possible involvement of renal
sympathetic nerve activity in the increase in kidney size in
nesf/NUCB2-Tg mice.
A limitation of the present study is that we did not assess the

specific location in which expressed ENaC and nesf/NUCB2 are
upregulated in the hypothalami of nesf/NUCB2-Tg mice and the
exact mechanism could not be conclusively clarified in the present
experiments. Another limitation is the lack of data about diurnal
variation in blood pressure. Non-invasive methods of blood pressure
measurement, including the tail cuff method, which we used in the
present study, have certain limitations in evaluating diurnal blood
pressure variation.28 Although our data that were taken during the

conscious and unconscious conditions may represent diurnal blood
pressure variation induced by changes in sympathetic and parasympa-
thetic nervous system activation to some extent, further studies using
invasive methods of blood pressure measurement, such as radio-
telemetry implantation and fluid-filled catheter insertion, are necessary
to obtain further insight into the role of central nesf/NUCB2 in the
activation of the sympathetic nervous system.
The data obtained herein indicated that nesf/NUCB2 is involved in

the regulation of blood pressure in the conscious condition and in
regulation of water and sodium metabolism in the kidney. Over-
expression of nesf/NUCB2 may increase blood pressure by the
activation of the sympathetic nervous system in the brain and by
reducing sodium reuptake in the kidney. As overproduction of
nesf/NUCB2 has been found in adipose tissue of high-fat diet-fed
mice,8 the reduction of nesf/NUCB2 expression may contribute to the
improvement of hypertension in obese people.
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