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Abstract: Objective: To explore the mechanisms of Kv2.1 on the secretion of ADH in rats with heart failure. Methods: 
In the animal study, 70 healthy male SD rats were selected. Ligation of coronary heart failure model surgery was 
performed in 60 rats and sham surgery was performed in the other 10 rats. Q-PCR was used to detect the mRNA 
expression of Kv2.1 in hypothalamus and heart. The protein expression of Kv2.1 and ADH was detected by western 
blot. In the cell culture study, hypothalamic neurons were cultured and divided into 7 groups. The mRNA expression 
of Kv2.1 and ADH was detected by Q-PCR. The protein expression of Kv2.1, CamKII, phosphorylation SynapsinI, 
dephosphorylation SynapsinI and ADH was detected by western blot. Results: Compared with the control group of 
heart failure, LVEDD, LVESD, LVEDV and LVESV were significantly decreased (P < 0.01), and LVEF and LVFS were 
significantly increased (P < 0.01) in the Kv2.1 agonist group; in the Kv2.1 inhibitor group, LVEDD, LVESD, LVEDV and 
LVESV were significantly increased (P < 0.01), and LVEF and LVFS were significantly decreased (P < 0.01). In cell cul-
ture study, after the different concentrations of Kv2.1 inhibitor gradient down the expression of Kv2.1, intracellular 
Ca2+ concentration gradient increased (P < 0.01), CamKII and phosphorylation of SynapsinI protein expression gra-
dient increased (P < 0.01), dephosphorylation of SynapsinI protein expression gradient decreased (P < 0.01), and 
the ADH mRNA and protein expression of gradient increased (P < 0.01). Conclusions: Kv2.1 agonist can prevent the 
calcium overload by reducing the intracellular Ca2+ concentration, so that the phosphorylation of SynapsinI reduces 
and exocytosis in hypothalamic neurons is inhibited, which ease the secretion of ADH.
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Introduction

Dilution hyponatremia is one of the most impor-
tant complications in patients with heart fail-
ure, which has a serious impact on the progno-
sis of the disease. Fluid retention in the process 
of heart failure is often accompanied by a 
decrease in serum sodium levels [1-5]. The 
mechanism of the occurrence and develop-
ment of hyponatremia in patients with heart 
failure has not been fully clarified. A large num-
ber of studies have indicated that the excessive 
release of ADH may be the main reason [6-9].

In recent years, most of the studies on the dilut-
ed hyponatremia have selected ADH as the tar-
get, and mainly focused on the downstream V2 
receptor and V1a receptor antagonism. In the 
early 1970s, the first peptide V2 receptor antag-
onist was proved to be effective in animal 

experiments [10]. In the year of 1993, Ohnishi 
et al. found that oral non peptide V2 receptor 
selective antagonist produces drainage in 
healthy subjects [11]. So far, a small number of 
ADH receptor antagonists have been approved 
for clinical use. Conivaptan, made in injection 
type, was approved by FDA in December 2005, 
but only limited to the use of short-term hospi-
tal [12]. Although ADH receptor antagonism has 
made some progress in the treatment of diluted 
hyponatremia, it is limited by the application of 
antagonistic therapy, such as thirst, negative 
feedback and poor long-term effect. To study 
the secretion, release and regulation of ADH will 
be a promising subject.

In our research group, we choose the Kv2.1 
potassium current of the hypothalamic neurons 
as the target to explore whether the Kv2.1 is 
regulated by the secretion of ADH. Our previous 
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study found that Kv2.1 and ADH were co-
expressed in the hypothalamic supraoptic 
nucleus (SON); the decrease of Kv2.1 expres-
sion in hypothalamus of heart failure rats was 
accompanied by an increase of ADH secretion; 
and inhibited Kv2.1 function can promote the 
secretion of ADH from the hypothalamus neu-
rons at the cellular level.

In this study, Kv2.1 agonist and antagonist 
intervention were given to the rats through the 
lateral ventricle puncture catheter. The effect 
of Kv2.1 expression on the secretion of ADH in 
heart failure rats was studied, and the relation-
ship between ADH secretion, cardiac function 
deterioration and refractory hyponatremia in 
the development of heart failure was explored. 
At the same time, we cultured neurons in the 
hypothalamus in different concentrations of 
Kv2.1 activation agent and inhibitor interven-
tion. We observed intracellular Ca2+ concentra-
tion and the changes in the expression of 
CamKII, phosphorylation of SynapsinI and de- 
phosphorylation of SynapsinI and their rela-
tions with ADH secretion The mechanism of 
Kv2.1 effect on ADH secretion was explored.

Materials and methods

Animal experiments

Seventy adult male SD rats with similar age and 
body weight (200-250 g) were selected (pur-
chased from the experimental animal center of 
the North Campus of Sun Yat-sen University), 
60 of which were under the coronary artery 
ligation and heart failure model and 10 of which 
were under the sham operation group. Ech- 
ocardiography was performed for all animals 
two weeks after ligation of the coronary artery. 
One week after the echocardiography, lateral 
ventricle puncture was conducted for all the 
rats. At last, ten rats were grouped in the sham 
operation group. The 45 survival rats after the 
success of heart failure model and ventricle 
puncture were randomly grouped into control 
group of heart failure (n=15), Kv2.1 agonist 
group (n=15), and Kv2.1 inhibitor group (n=15).

Kv2.1mRNA expression in hypothalamus and 
heart was detected by Q-PCR method. Kv2.1 
and ADH protein expression in hypothalamus 
and heart was determined by Western blot 
method. ImageJ analysis software was used to 
measure the optical density of the bands, with 

GAPDH bands as the reference bands. The 
expression levels of Kv2.1 and ADH were 
expressed in the ratio of Kv2.1 bands and ADH 
bands optical density with GAPDH bands opti-
cal density.

Culture of cells

Hypothalamus was selected according to the 
stereotaxic atlas of the rat brain and was made 
into 1 mm size tissue block. Trypsin was digest-
ed into single cell suspension. The cells were 
counted under the microscope and inoculated 
in a culture dish coated with poly lysine. Experi- 
mental intervention drugs were Memantine 
and Stromatoxin-1, which were purchased from 
sigma, and were dissolved in PBS with PH of 
7.2-7.4.

Cultured cells were divided into 7 groups: (1) 
control group (0.9% NaCl); (2) 2 μmol Memantine 
group; (3) 10 μmol Memantine; group (4) 50 
μmol Memantine group; (5) 10 nM Stromatoxin-1 
group; (6) 40 nM Stromatoxin-1 group; and (7) 
100 nM Stromatoxin-1 group. Drug interven-
tions were given according to the groups in the 
second day after medium changed. After 24 h 
of continuous intervention, the trypsin digested 
the cells. The intracellular Ca2+ concentration 
was measured by calcium fluorescent indicator 
method, and the mRNA and protein of the cells 
were extracted. The expression of Kv2.1 and 
mRNA ADH in hypothalamic neurons was 
detected by Q-PCR. The expressions of Kv2.1, 
CamKII, SynapsinI phosphorylation, SynapsinI 
dephosphorylation, and ADH protein in hypo-
thalamic neurons were determined by Western 
blot. ImageJ analysis software was used to 
measure the optical density of the bands, with 
GAPDH bands as the reference. The expression 
levels of Kv2.1, CamKII, SynapsinI phosphoryla-
tion, SynapsinI dephosphorylation, and ADH 
were expressed as the ratio of Kv2.1, CamKII, 
SynapsinI phosphorylation, SynapsinI dephos-
phorylation, and ADH optical density with GAP- 
DH band optical density.

Statistical methods

The experiment were repeated for 3 times, and 
the mean value was expressed as mean ± stan-
dard deviation (SD). T-test was used to com-
pare the difference between the two groups 
and Pearson correlation analysis was used to 
analyze the correlation between the two groups. 
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P < 0.05 was considered as statistically signi- 
ficant.

Results

Animal experiments

The level of ADH in rat plasma was negatively 
correlated with LVEF (r=-0.761), and the con-
centration of Na+ was negatively correlated 
with the level of ADH (r=-0.881) (Figure 1). The 
level of ADH was positively correlated with 
LVEDD (r=0.298) and CVF% (r=0.696) (Figure 
2).

The results of the echocardiography taken the 
day before death showed that LVEDD, LVESD, 
LVEDV and LVESV were significantly increased 

(P < 0.01), LVEF and LVFS were significantly 
decreased (P < 0.01), compared control group 
of heart failure with sham operated group. 
Compared with the control group of heart fail-
ure, LVEDD, LVESD, LVEDV and LVESV were sig-
nificantly decreased (P < 0.01), and LVEF and 
LVFS were significantly increased (P < 0.01) in 
the Kv2.1 agonist group; in the Kv2.1 inhibitor 
group, LVEDD, LVESD, LVEDV and LVESV were 
significantly increased (P < 0.01), and LVEF and 
LVFS were significantly decreased (P < 0.01). 
The results are shown in Table 1.

LVESP and ±dp/dt were significantly decreased 
(P < 0.01), and LVEDP was significantly in- 
creased (P < 0.01) in the control group com-
pared with sham operation group. Compared 

Figure 1. Correlations between ADH and LVEF, and Na+ and ADH in rat serum plasma. 

Figure 2. Correlations between ADH and LVEDD, and ADH and CVF% in rat serum plasma. 
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with the control group of heart failure, LVESP 
and ±dp/dt were increased (P < 0.01), and 
LVEDP were decreased (P < 0.01) in the Kv2.1 
agonist group; LVESP and +dp/dt were de- 
creased (P < 0.01), and LVEDP was increased 
(P < 0.01) in the Kv2.1 inhibitor group. The 
results are shown in Table 2.

Compared with sham operated group, the plas-
ma ADH level was significantly higher (P < 0.01), 
and the concentration of Na+ was significantly 
lower (P < 0.01) in the control group of heart 
failure. Compared with the control group of 
heart failure, the level of ADH was lower (P < 
0.01) and concentration of Na+ was higher (P < 

Table 1. Baseline levels and echocardiographic data after drug therapy
Parameters Sham operation group Control group of heart failure Kv2.1 agonist group Kv2.1 inhibitor group
LVEF (%)
    Baseline 80.43±8.13 44.73±8.45a 45.67±11.97a 45.30±12.87a

    After 71.37±9.77 35.05±7.23a 41.07±11.46a,b 29.64±10.69a,b

LVFS (%)
    Baseline 45.72±5.42 26.28±3.59a 26.66±5.89a 26.13±9.43a

    After 37.15±4.73 18.78±5.64a 24.76±3.06a,b 14.06±3.39a,b

LVEDV (dl)
    Baseline 303.09±16.99 426.60±18.87a 426.97±18.40a 429.14±20.29a

    After 314.43±18.32 501.17±18.43a 448.04±18.39a,b 571.45±14.08a,b

LVESV (dl)
    Baseline 59.32±14.17 235.90±15.07a 231.98±11.08a 234.80±13.20a

    After 89.92±13.83 325.46±11.64a 264.11±13.52a,b 401.98±18.80a,b

LVEDD (mm)
    Baseline 5.69±0.93 6.37±0.72a 6.40±0.74a 6.42±0.59a

    After 6.50±0.85 8.56±0.91a 7.71±1.22a,b 10.02±1.08a,b

LVESD (mm)
    Baseline 3.08±0.73 4.68±0.76a 4.69±0.74a 4.74±0.85a

    After 4.08±0.73 6.95±0.69a 5.80±0.83a,b 8.62±0.76a,b

LVESD = left ventricular systolic diameter, LVEDD = left ventricular diastolic diameter, LVESV = left ventricular systolic volume, 
LVEDV = left ventricular diastolic volume, LVEF = left ventricular ejection fraction, LVFS = left ventricular short axis shortening 
rate. Baseline: two weeks after heart failure model. After: one day before animals were killed. aP < 0.05 compared with sham 
operation group. bP < 0.05 compared with control group of heart failure.

Table 2. Hemodynamic data
Parameters Sham operation group Control group of heart failure Kv2.1 agonist group Kv2.1 inhibitor group
LVESP (mmHg) 116.17±7.41 92.46±6.07a 102.20±8.95a,b 84.03±3.23a,b

LVEDP (mmHg) -4.08±2.93 7.80±1.43a 3.37±1.77a,b 13.40±2.14a,b

+dp/dt (mmHg) 2864.39±139.13 1958.56±192.02a 2416.44±104.17a,b 1371.35±151.23a,b

-dp/dt (mmHg) -2902.56±257.60 -2009.16±198.96a -2421.25±149.49a,b -1485.97±201.15a,b

LVESP = left ventricular end systolic pressure, LVEDP = left ventricular end diastolic pressure, +dp/dt = maximum rise rate of left 
ventricular pressure, -dp/dt = maximum left ventricular pressure drop rate. aP < 0.05 compared with sham operation group. bP < 
0.05 compared with control group of heart failure.

Table 3. Plasma ADH concentrations and electrolyte levels
Parameters Sham operation group Control group of heart failure Kv2.1 agonist group Kv2.1 inhibitor group
ADH (pg/ml) 0.68±0.01 1.17±0.01a 1.00±0.01a,b 1.33±0.02a,b

(Na+) (mmol/l) 140.21±1.72 134.29±1.78a 136.49±1.74a,b 131.81±1.75a,b

(Cl-) (mmol/l) 98.71±1.13 98.48±1.46 98.49±1.42 98.20±1.18
(K+) (mmol/l) 4.72±0.31 4.61±0.38 4.49±0.35 4.52±0.30
aP < 0.05 compared with sham operation group. bP < 0.05 compared with control group of heart failure.
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0.01) in the Kv2.1 agonist group; the level of 
ADH was higher (P < 0.01) and concentration of 
Na+ was lower (P < 0.01) in the Kv2.1 inhibitor 
group. The concentrations of K+ and Cl- were 
not statistically different between the groups. 
The results are shown in Table 3.

Compared with sham operation group, CVF% 
was significantly higher in control group of 
heart failure (P < 0.01). Compared with the con-
trol group of heart failure, CVF% was lower (P < 
0.01) in the Kv2.1 agonist group and CVF% was 
higher (P < 0.01) in the Kv2.1 inhibitor group 
(Figures S1, S2).

Compared with sham operation group, the 
expression of Kv2.1mRNA and protein in hypo-
thalamus and heart were significantly de- 
creased (P < 0.01), and the expression of ADH 
protein was significantly increased (P < 0.01) in 
the control group of heart failure. Compared 
with the control group of heart failure, the 
expression level of Kv2.1mRNA and protein 
was up-regulated in the Kv2.1 agonist group (P 
< 0.01), and the expression level of ADH was 
decreased (P < 0.01). The expression level of 
Kv2.1mRNA and protein was down regulated in 
Kv2.1 inhibition group (P < 0.01), and the ex- 
pression level of ADH protein was increased (P 
< 0.01) (Figures S3, S4, S5).

Culture of cells

In rat hypothalamic neurons, after different 
concentrations of Kv2.1 agonist gradient up 
regulated, intracellular Ca2+ concentration gra-
dient decreased (P < 0.01), CamKII and phos-

phorylation of SynapsinI protein expression 
gradient decreased (P < 0.01), dephosphoryla-
tion of SynapsinI protein expression gradient 
increased (P < 0.01), and the ADH mRNA and 
protein expression gradient decreased (P < 
0.01). After the different concentrations of 
Kv2.1 inhibitor gradient down the expression of 
Kv2.1, intracellular Ca2+ concentration gradient 
increased (P < 0.01), CamKII and phosphoryla-
tion of SynapsinI protein expression gradient 
increased (P < 0.01), dephosphorylation of Sy- 
napsinI protein expression gradient decreased 
(P < 0.01), and the ADH mRNA and protein 
expression of gradient increased (P < 0.01). 
The results are shown in Figures 3-5.

Discussion

The aim of current study was to find out the 
relationship between plasma ADH levels and 
cardiac function and electrolyte concentration, 
which were performed in the whole animal 
study and cell culture. We explored the relation-
ship between Kv2.1 and ADH secretion in heart 
failure rats, as well as the mechanism of Kv2.1 
affecting ADH secretion. In animal experiments, 
the model of heart failure was made by ligation 
of the left anterior descending artery. Our 
results indicated that compared the rats in the 
coronary artery ligation model to those in the 
sham operation group, left ventricular systolic 
diameter and left ventricular diastolic diameter 
were increased significantly, left ventricular 
shoot ejection fraction and left ventricular short 
axis shortening rate were decreased signifi-
cantly, and CVF% was increased; the expres-

Figure 3. Expression levels of Kv2.1 and ADH mRNA in hypothalamic neurons. 1: control group; 2: Kv2.1 agonist 2 
μmol group; 3: Kv2.1 agonist 10 μmol group; 4: Kv2.1 agonist 50 μmol group; 5: Kv2.1 inhibitor 10 nM group; 6: 
Kv2.1 inhibitor 40 nM group; 7: Kv2.1 inhibitor 100 nM group.
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Figure 4. Expression levels of Kv2.1, CamKII, 
phosphorylation of SynapsinI, dephosphoryla-
tion of SynapsinI and ADH protein in hypotha-
lamic neurons. A. 1: control group; 2: Kv2.1 
agonist 2 μmol group; 3: Kv2.1 agonist 10 μmol 
group; 4: Kv2.1 agonist 50 μmol group; 5: Kv2.1 
inhibitor 10 nM group; 6: Kv2.1 inhibitor 40 nM 
group; 7: Kv2.1 inhibitor 100 nM group. B. 1: 
Kv2.1 inhibitor 100 nM group; 2: Kv2.1 inhibitor 
40 nM group; 3: Kv2.1 inhibitor 10 nM group; 4: 
control group; 5: Kv2.1 agonist 2 μmol group; 6: 
Kv2.1 agonist 10 μmol group; 7: Kv2.1 agonist 
50 μmol group.
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sion of ADH protein was significantly increased 
in hypothalamus and heart, the plasma level of 
ADH was significantly increased, and Na+ con-
centration was significantly decreased. The 
plasma level of ADH was negatively correlated 
with left ventricular ejection fraction, and was 
positively correlated with left ventricular end 
diastolic diameter and CVF%. Plasma Na+ con-
centration and ADH level were negatively 
correlated.

Our study showed that the level of ADH in rat 
plasma was negatively correlated with cardiac 
function, which was consistent with Nakamura 
et al.’s study [13]. The traditional concept be- 
lieves that when heart failure occurs, decreased 
heart function and decreased cardiac output 
make effective circulating blood volume de- 
creases, stimulating left atrial and aortic arch 
capacity sensor and reducing the carotid sinus 
and renal afferent baroreceptor stimulation, 
activating the neuroendocrine system, result-
ing in ADH non osmotic release [14], and caus-
ing dilutional hyponatremia.

Our results showed that the concentration of 
ADH increased along with the heart failure pro-
gression and participate in the occurrence and 
development of heart failure diluted hyponatre-
mia syndrome and ventricular remodeling. 
Correcting the excessive secretion of ADH can 
alleviate the dilution of hyponatremia and ven-
tricular remodeling, which is of great signifi-
cance in the treatment of heart failure. In 1990, 
Francis et al. [15]. showed that compared with 
the symptomatic patients with left ventricular 

dysfunction, the plasma ADH concentration 
was lower in asymptomatic ones, and with the 
increase of plasma ADH level, heart function of 
patients deteriorates. SAVE study [16] found 
that heart failure patients with higher plasma 
ADH levels have higher one year mortality from 
cardiovascular disease.

Our animal studies found that the expressions 
of Kv2.1mRNA and protein in hypothalamus 
and heart were significantly decreased and 
ADH secretion was significantly increased in 
the control group of heart failure compared 
with the sham operation group. After Kv2.1 
agonist intervention, the expressions of 
Kv2.1mRNA and protein in hypothalamus and 
heart were increased, and the expression of 
ADH protein and concentration of plasma ADH 
were decreased in heart failure rats. After 
Kv2.1 inhibitor intervention, the expressions of 
Kv2.1mRNA and protein in hypothalamus and 
heart were decreased, and the expression of 
ADH protein and concentration of plasma ADH 
were increased in heart failure rats. These 
results indicate that the expression of Kv2.1 
decreases and the secretion of ADH increases 
in the process of heart failure, and Kv2.1 regu-
lates the expression and secretion of ADH neg-
atively in rats with heart failure. At the same 
time, the results of cell culture showed that 
Kv2.1 agonist reduced the secretion of ADH in 
hypothalamic neurons, and Kv2.1 inhibitor 
increased the secretion of ADH in hypothalamic 
neurons, which also indicates that Kv2.1 regu-
lates the secretion of ADH negatively in hypo-
thalamic neurons.

Kv2.1 is a member of the Shab family of voltage 
gated potassium ion channels [17, 18], which is 
a delayed rectifier potassium current, and plays 
an important role in cell action potential repo-
larization phase 3 [19]. The main function of 
Kv2.1 is to regulate the potassium ions flowing 
to the outside of the cell, formatting action 
potential phase 3 descending branch. If the 
activity of Kv2.1 changes, the cell excitability 
will be changed. Kv2.1 may adjust the excitable 
cells and Ca2+ currents, effect Ca2+ mediated 
signal transduction, and regulate the secretion 
of ADH through affect action potential in phase 
3 repolarization process. Jacobson et al. found 
that after knockdown or inhibition of Kv2.1 in 
pancreatic β cells of rats, the duration of action 
potential was prolonged, intracellular Ca2+ con-
centration increased, and the insulin secretion 
increased [20-25]. MacDonald, Tamarina, and 

Figure 5. Concentrations of Ca2+ in hypothalamic 
neurons. 1: control group; 2: Kv2.1 agonist 2 μmol 
group; 3: Kv2.1 agonist 10 μmol group; 4: Kv2.1 ago-
nist 50 μmol group; 5: Kv2.1 inhibitor 10 nM group; 
6: Kv2.1 inhibitor 40 nM group; 7: Kv2.1 inhibitor 
100 nM group.
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Herrington also demonstrated that Kv2.1 inhib-
itor promotes insulin secretion in β cells [22, 
23, 25].

Neurotransmitters store in synaptic vesicles. 
After stimulation of nerve endings, Ca2+ influx 
triggers exocytosis of synaptic vesicle, causing 
neurotransmitter release. The release of trans-
mitter is often accompanied by phosphoryla-
tion or dephosphorylation of the related pro-
teins. It has been proved that the regulation of 
reversible phosphorylation state of SynapsinI is 
an important factor to regulate the release of 
synaptic vesicles during the process of cell 
vomiting.

Hackett et al. [26]. demonstrated that changes 
in the phosphorylation state of SynapsinI can 
affect the number of synaptic vesicles that fuse 
with the presynaptic membrane, using wave 
analysis in goldfish neurons. Llinas et al. [27]. 
injected the dephosphorylation of SynapsinI 
into giant axon terminals of squid and found a 
reduction in neurotransmitter release. Lu et al. 
[28] injected the phosphorylated SynapsinI into 
cultured neurons of Xenopus embryo spinal 
cord, which enhanced the release of neuro- 
transmitters. Hence, we can see that dephos-
phorylation of SynapsinI inhibits neurotransmit-
ter release, and phosphorylation of SynapsinI 
promotes neurotransmitter release.

In order to further clarify the relationship 
between SynapsinI phosphorylation status and 
neurotransmitter release, we cultured hypotha-
lamic neurons of neonatal rat, observed the 
changes in intracellular Ca2+ concentration, 
phosphate SynapsinI, dephosphorylation Syna- 
psinI protein expression and neurotransmitter 
ADH release after excited and inhibit the 
expression of Kv2.1. Cell culture results showed 
that Kv2.1 agonists decrease intracellular Ca2+ 
concentration in the neurons of hypothalamus, 
decrease the activity of CammKll, decrease the 
expression of phosphorylation SynapsinI pro-
tein, increase the expression of dephosphoryla-
tion SynapsinI protein, and decrease the cell 
spit process inhibit and ADH secretion. Kv2.1 
inhibitors increase intracellular Ca2+ concentra-
tion in the neurons of hypothalamus, increase 
the activity of CammKll, increase the expres-
sion of phosphorylation SynapsinI protein, 
decrease the expression of dephosphorylation 
SynapsinI protein, and increase ADH secretion. 
We believe that Kv2.1 regulates CamKII activity 

and phosphorylation state of SynapsinI by 
affecting the phase 3 complex polarization and 
intracellular Ca2+ concentration, and ultimately 
regulates exocytosis and the release of ADH.

In conclusion, the effect and mechanism of 
Kv2.1 on the secretion of ADH were discussed 
in this study, and it is of great significance to 
further clarify the mechanism of the occur-
rence and development of hyponatremia and to 
develop new drugs. The change of ADH secre-
tion in the brain is of great significance in the 
development of advanced refractory hypona-
tremia, ventricular remodeling and cardiac 
function deterioration in patients with heart 
failure. Kv2.1 agonist can prevent the calcium 
overload by reducing the intracellular Ca2+ con-
centration, so that the phosphorylation of 
SynapsinI reduces and exocytosis in hypotha-
lamic neurons is inhibited, and thus ease the 
secretion of ADH. Therefore, it is of great value 
for Kv2.1 agonist in the treatment of heart fail-
ure in the future.

Disclosure of conflict of interest

None.

Address correspondence to: Xiuren Gao, Depart- 
ment of Cardiology, First Affiliated Hospital, Sun Yat-
sen University, #58 Zhongshan Road II, Guangzhou 
510080, Guangdong, China. Tel: +8613802923960; 
E-mail: xiurenngao@sina.com

References

[1] Kumar S, Rubin S, Mather PJ, Whellan DJ. Hy-
ponatremia and vasopressin antagonism in 
congestive heart failure. Clin Cardiol 2007; 30: 
546-551.

[2] Gheorghiade M, Abraham WT, Albert NM, Gat-
tis Stough W, Greenberg BH, O’Connor CM. Re-
lationship between admission serum sodium 
concentration and clinical outcomes in pa-
tients hospitalized for heart failure: an analysis 
from the OPTIMIZE-HF registry. Eur Heart J 
2007; 28: 980-988.

[3] Kearney MT, Fox KA, Lee AJ, Prescott RJ, Shah 
AM, Batin PD. Predicting death due to progres-
sive heart failure in patients with mild-to-mod-
erate chronic heart failure. J Am Coll Cardiol 
2002; 40: 1801-1808.

[4] Lee DS, Austin PC, Rouleau JL, Liu PP, Naimark 
D, Tu JV. Predicting mortality among patients 
hospitalized for heart failure: derivation and 
validation of a clinical model. JAMA 2003; 
290: 2581-2587.

mailto:xiurenngao@sina.com


Kv2.1 expression and ADH secretion

3695 Am J Transl Res 2017;9(8):3687-3695

[5] Bettari L, Fiuzat M, Shaw LK, Wojdyla DM, Me-
tra M, Felker GM. Hyponatremia and long-term 
outcomes in chronic heart failure--an observa-
tional study from the Duke Databank for Car-
diovascular Diseases. J Card Fail 2012; 18: 
74-81.

[6] Fukuzawa J, Haneda T, Kikuchi K. Arginine va-
sopressin increases the rate of protein synthe-
sis in isolated perfused adult rat heart via the 
V1 receptor. Mol Cell Biochem 1999; 195: 93-
98.

[7] Rosner MH. Hyponatremia in heart failure: the 
role of arginine vasopressin and diuretics. Car-
diovasc Drugs Ther 2009; 23: 307-315.

[8] LeJemtel TH, Serrano C. Vasopressin dysregu-
lation: hyponatremia, fluid retention and con-
gestive heart failure. Int J Cardiol 2007; 120: 
1-9.

[9] Romanovsky A, Bagshaw S, Rosner MH. Hypo-
natremia and congestive heart failure: a mark-
er of increased mortality and a target for ther-
apy. Int J Nephrol 2011; 2011: 732746.

[10] Kinter LB, Ilson BE, Caltabianol S, Jorkasky DK, 
Murphy DJ, Solleveld HA. Antidiuretic hormone 
antagonism in humans: are there predictors?

[11] Ohnishi A, Orita Y, Okahara R, Fujihara H, Inoue 
T, Yamamura Y. Potent aquaretic agent. A novel 
nonpeptide selective vasopressin 2 antagonist 
(OPC-31260) in men. J Clin Invest 1993; 92: 
2653-2659.

[12] Greenberg A, Verbalis JG. Vasopressin recep-
tor antagonists. Kidney Int 2006; 69: 2124-
2130.

[13] Nakamura T, Funayama H, Yoshimura A, Tsu-
ruya Y, Saito M, Kawakami M. Possible vascu-
lar role of increased plasma arginine vasopres-
sin in congestive heart failure. Int J Cardiol 
2006; 106: 191-195.

[14] Fan L. Chronic heart failure and kidney injury. 
Chinese Journal of Geriatrics 2010; 29: 184-
186.

[15] Francis GS, Benedict C, Johnstone DE, Kirlin 
PC, Nicklas J, Liang CS. Comparison of neuro-
endocrine activation in patients with left ven-
tricular dysfunction with and without conges-
tive heart failure. A substudy of the Studies of 
Left Ventricular Dysfunction (SOLVD). Circula-
tion 1990; 82: 1724-1729.

[16] Rouleau JL, Packer M, Moye L, de Champlain J, 
Bichet D, Klein M. Prognostic value of neurohu-
moral activation in patients with an acute myo-
cardial infarction: effect of captopril. J Am Coll 
Cardiol 1994; 24: 583-591.

[17] Gutman GA, Chandy KG, Grissmer S, Lazdun-
ski M, McKinnon D, Pardo LA; International 
Union of Pharmacology. LIII. Nomenclature 
and molecular relationships of voltage-gated 
potassium channels. Pharmacol Rev 2005; 57: 
473-508.

[18] Melis R, Stauffer D, Zhao X, Zhu XL, Albrecht B, 
Pongs O. Physical and genetic localization of a 
Shab subfamily potassium channel (KCNB1) 
gene to chromosomal region 20q13.2. Ge-
nomics 1995; 25: 285-287.

[19] Murakoshi H, Trimmer JS. Identification of the 
Kv2.1 K+ channel as a major component of 
the delayed rectifier K+ current in rat hippo-
campal neurons. J Neurosci 1999; 19: 1728-
1735.

[20] Jacobson DA, Kuznetsov A, Lopez JP, Kash S, 
Ammala CE, Philipson LH. Kv2.1 ablation al-
ters glucose-induced islet electrical activity, 
enhancing insulin secretion. Cell Metab 2007; 
6: 229-235.

[21] MacDonald PE, Wheeler MB. Voltage-depen-
dent K(+) channels in pancreatic beta cells: 
role, regulation and potential as therapeutic 
targets. Diabetologia 2003; 46: 1046-1062.

[22] Herrington J, Zhou YP, Bugianesi RM, Dulski 
PM, Feng Y, Warren VA. Blockers of the de-
layed-rectifier potassium current in pancreatic 
beta-cells enhance glucose-dependent insulin 
secretion. Diabetes 2006; 55: 1034-1042.

[23] MacDonald PE, Sewing S, Wang J, Joseph JW, 
Smukler SR, Sakellaropoulos G. Inhibition of 
Kv2.1 voltage-dependent K+ channels in pan-
creatic beta-cells enhances glucose-depen-
dent insulin secretion. J Biol Chem 2002; 277: 
44938-44945.

[24] Jacobson DA, Philipson LH. Action potentials 
and insulin secretion: new insights into the role 
of Kv channels. Diabetes Obes Metab 2007; 9 
Suppl 2: 89-98.

[25] Tamarina NA, Kuznetsov A, Fridlyand LE, Philip-
son LH. Delayed-rectifier (KV2.1) regulation of 
pancreatic beta-cell calcium responses to glu-
cose: inhibitor specificity and modeling. Am J 
Physiol Endocrinol Metab 2005; 289: E578-
585.

[26] Lin JW, Sugimori M, Llinas RR, McGuinness TL, 
Greengard P. Effects of synapsin I and calci-
um/calmodulin-dependent protein kinase II on 
spontaneous neurotransmitter release in the 
squid giant synapse. Proc Natl Acad Sci U S A 
1990; 87: 8257-8261.

[27] Llinas R, Gruner JA, Sugimori M, McGuinness 
TL, Greengard P. Regulation by synapsin I and 
Ca(2+)-calmodulin-dependent protein kinase II 
of the transmitter release in squid giant syn-
apse. J Physiol 1991; 436: 257-282.

[28] Lu B, Greengard P, Poo MM. Exogenous synap-
sin I promotes functional maturation of devel-
oping neuromuscular synapses. Neuron 1992; 
8: 521-529.



Kv2.1 expression and ADH secretion

1 

Figure S1. Masson staining of pathological section in the left ventricular non infarct region Blue area represents 
collagen tissue, and red area represents cardiac muscle tissue.

Figure S2. Left ventricular non infarct region CVF%. 
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Figure S3. Kv2.1mRNA expression levels in hypothalamic and heart. 

Figure S4. Expression levels of Kv2.1 in hypothalamus and heart. 1: sham operation group, 2: control group of heart 
failure, 3: Kv2.1 agonist group, 4: Kv2.1 inhibitor group. 
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Figure S5. Expression levels of ADH in hypothalamus and heart. 1: sham operation group, 2: control group of heart 
failure, 3: Kv2.1 agonist group, 4: Kv2.1 inhibitor group. 


