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expression; expression of HCN2 and HCN4 is unaffected [13]. Moreover,
none of the animal models of cardiac hypertrophy develop lethal ar-
rhythmias. On the other hand, transgenic mice overexpressing a domi-
nant-negative neuron-restricted silencing factor mutant (dnNRSF-Tg)
die from ventricular tachyarrhythmia [9]. In the dnNRSF-Tg ventricle,
robust increases in the expression of fetal cardiac channels, including
HCN2 and HCN4 as well as CACNA1G and CACNATH, two T-type Ca® ™"
channel subunits, have been reported [9], and blockade of HCN channels
using ivabradine was recently shown to improve survival among
dnNRSF-Tg mice [10]. This result is consistent with the potential
arrhythmogenicity of HCN channels. It appears, however, that the over-
expression of CACNA1G does not, by itself, provoke arrhythmias or SAPs
in mouse ventricular myocytes; it only increases Ca®* transients and in-
duces mild cardiac hypertrophy [19]. Likewise, we showed that the
overexpression of HCN2 is not, by itself, sufficient to induce lethal ar-
rhythmia, but it induced an idioventricular rhythm under excessive
adrenergic stimulation. DADs are frequently observed in the myocytes
isolated from hypertrophied heart. However, as shown in the present
study, DADs were not induced by the overexpression of fetal type cardi-
ac channels. These result suggested that the mechanism of ectopic auto-
maticity in HCN2-Tg may be fundamentally different from that in
hypertrophied heart.

In the present study, PR-adrenergic stimulation consistently
depolarized the RMP of HCN2-Tg myocytes. However, the magnitude
of the depolarization did not directly correlate with the occurrence of
SAPs, as depolarized RMPs in quiescent HCN2-Tg myocytes did not
significantly differ from the MDPs of the SAPs. Why some cardiac
myocytes (76%) exhibited SAPs while others (24%) did not remains un-
clear. In studies attempting to generate a “biological pacemaker” by
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overexpressing HCN2 in ventricular myocytes, the simultaneous over-
expression of voltage-gated Na™ channels (SkM1) was required for sta-
ble firing of SAPs [20]. This suggests, cell-to-cell variation in Iy, density
may determine whether or not HCN2-Tg myocytes exhibit SAPs. In ad-
dition, Iy, and the T-type Ca®>T current (Ic,.7) are activated at a similar
range of membrane potentials [21]. Thus, the simultaneous overexpres-
sion of I, and I, might induce stable SAPs in transgenic model mice
and in hypertrophied hearts.

The firing rates of SAPs in HCN2-Tg myocytes were much less than
600 bpm. Because the heart rates of mice can easily increase to more
than 700 bpm during B-adrenergic stimulation, the automaticity of
HCN2-Tg ventricular myocytes may be masked by physiological pacing
mediated via the cardiac conduction system [22,23]. Indeed, in this
study ISO-induced ectopic ventricular rhythm in HCN2-Tg mice consis-
tently preceded AV dissociation. Under physiological conditions, the
pacemaker activity of the SA node might overdrive the idioventricular
rhythm.

The repolarization phase of ventricular APs is primarily governed by
activation of multiple K* currents, including I,,, the fast- and slow de-
layed rectifier K* currents (I and Igs; also known as HERG and
KVLQT1), and I [24-27]. This redundancy of repolarizing currents is
called the “repolarization reserve” [28]. In the present study, we showed
that when APs were recorded using the ruptured whole-cell patch
method, the transgenic overexpression of HCN2 in mouse ventricular
myocytes reduced the repolarization reserve and prolonged APD at
the membrane potentials more negative than — 35 mV. These results
appear to be consistent with the observations reported in HCN3 ™/~
myocytes, although the changes in APD were in the opposite direction
in HCN2-Tg myocytes: in HCN3 ™/~ myocytes, APD was shortened by
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Fig. 7. Contribution of I;, tail currents to the repolarization phase of induced APs (A) HCN2 channels heterologously expressed in CHO cells were activated using a square pulse protocol
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of the tail current reversed between — 30 and —40 mV. (B) AP-shaped command pulses (inset) were applied to HCN2-expressing CHO cells at 0.5-5 Hz. The AP shape was sampled from
HCN2-Tg myocytes in the presence of 0.3 pumol/L ISO. Left: the black trace depicts the membrane current recorded in control PBS; magenta, in 5.4 mmol/L K* 10 mmol/L Cs* bathing so-
lution. Right: -V relationship for the HCN2 current (black line) reconstructed from the repolarization phase of the AP clamp experiment in the left panel. The magenta line, recorded in 5.4
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the reduction of inward I, tail current at the membrane potentials more
negative than — 35 mV [14]. In our earlier report, this phenomenon may
have been underestimated because we recorded the APs using the
perforated patch method [10]. With that method, the Na*-Ca®?* ex-
changer current driven by the intracellular Ca®* transient reportedly af-
fects the plateau phase of mouse ventricular APs at around —40 mV and
might have masked the prolongation of APD in HCN2-Tg hearts [29]. It
should be noted, however, that when the perforated patch method
was used in mouse TAC experiments, ventricular I;, density was signifi-
cantly increased and APD was significantly prolonged [13].Reduction in
repolarization reserve caused by I, appears to be dependent on the time
course of the I, deactivation upon depolarization. Among the HCN sub-
types, the order of the deactivation times at —60 mV was
HCN3 > HCN4 > HCN1 > HCN2 [14]. In the present study, even HCN2,
which possesses the fastest deactivation time, stayed open during the
AP clamp experiments. In the hypertrophied hearts of larger animals,
the expression of HCN2 and HCN4 is reportedly up-regulated [30].
Since HCN channels form heteromultimers, it would seem reasonable
to expect that the time course of I, deactivation in hypertrophied hearts
would be intermediate, between those of HCN2 and HCN4, and would
reduce the repolarization reserve in larger animals, whose cardiac
myocytes exhibit longer APDs.

HCN channels reportedly possess Ca®™ permeability and re-
expression of HCN channels may increase Ca® * influx in hypertrophied
heart [16]. The depolarization of RMP may also decrease driving force of
Na*/Ca?* exchanger, thereby increasing intracellular Ca>* concentra-
tion. Therefore, the pharmacological blockade of I, may exert anti-
arrhythmogenic effect by maintaining intracellular Ca>* handling as
well as repolarization reserve in hypertrophied heart [31].

5. Conclusions

Our findings demonstrate that the transgenic overexpression of
HCN2 in the heart induces ectopic automaticity under (3-adrenergic
stimulation. The overexpression of HCN2 also reduces the repolariza-
tion reserve of the AP and prolongs APD. These results suggest that
among fetal type cardiac channels re-expressed in heart failure, HCN2
alone is not sufficient to induce lethal arrhythmia, but it increases ar-
rhythmogenic potential. Pharmacological blockade of HCN channels
may therefore reduce the vulnerability of heart failure patients to ven-
tricular arrhythmia.

5.1. Limitation of study

Plateau phase of mouse ventricular action potential is at ~— 40 mV
and is affected by intracellular Ca®* transient. We therefore used Ca®*
buffering condition in order to evaluate the change of repolarization re-
serve in HCN2-Tg myocytes. On the other hand, HCN2 reportedly pos-
sesses Ca®™ permeability, which may potentially affect intracellular
Ca®™* transient, giving rise to DADs and ventricular arrhythmia. This ar-
rhythmogenic mechanism may be underestimated in the present study.
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1. Introduction

Approximately 50% of deaths among patients with heart failure are clas-
sified as sudden death, mainly caused by lethal arrhythmias.” Despite
recent progress, pharmacological interventions for the treatment and
prevention of lethal arrhythmias associated with chronic heart failure
remain unsatisfactory. Nonetheless, it is anticipated that a better under-
standing of the molecular basis of arrhythmicity in failing hearts will
enable identification of therapeutic targets that can serve as the basis
for the development of new pharmacological treatments.

Autonomic dysregulation leading to increased sympathetic nerve ac-
tivity and decreased parasympathetic nerve activity contributes to the
increased arrhythmicity seen in patients with chronic heart failure.”?
N-type voltage-dependent Ca*" channels (NCCs), encoded by the
CACNA1B (1B subunit) gene, are predominantly localized in the
nervous system, where they play a pivotal role in modulating a variety
of neuronal functions, including neurotransmitter release at sympathetic
nerve terminals.*~% Mice lacking CACNA1B show functional deterior-
ation of their sympathetic nervous system,” and the ability of NCC
blockade to prevent malignant arrhythmias and sudden death associated
with heart failure remains unevaluated.

We previously reported that transgenic mice cardiac-selectively
expressing a dominant-negative form of neuron-restrictive silencer
factor (NRSF, also called REST) (dnNRSF-Tg), a transcriptional re-
pressor important for regulation of the fetal cardiac gene program,
showed progressive cardiomyopathy and sudden arrhythmic death
beginning at about 8 weeks of age.® We have also reported several ab-
normalities in cardiac electrophysiological properties and ion channel
expression in these dnNRSF-Tg mice.'® The dnNRSF-Tg hearts
showed increased expression of fetal-type ion channel genes, includ-
ing CACNATH, which encodes the T-type Ca>™ channel (TCC) a1
subunit, and a corresponding increase in It amplitude.® In that
earlier study, we demonstrated that TCC blockade could prevent
sudden death in dnNRSF-Tg mice by both restoring the normal elec-
trophysiology of ventricular myocytes and correcting the cardiac
autonomic dysfunction observed in dnNRSF-Tg mice."" Because
TCC expression, and thus functional TCC currents, is increased
in the myocardium of dnNRSF-Tg mice, TCC blockade directly
affects the electrophysiological properties of ventricular myocytes in
dnNRSF-Tg mice. On the other hand, the impact of modulating auto-
nomic nervous system balance on the incidence of lethal arrhythmias
in dnNRSF-Tg mice remains unclear.

Pharmacological blockade or genetic deletion of NCCs reportedly
alters autonomic activity in both human patients and animal
models.”"*"® On the other hand, little or no NCC expression has
been detected in the ventricular myocardium. Therefore, to evaluate
the extent to which correcting the autonomic imbalance prevents the
lethal arrhythmias associated with heart failure, we assessed the
effects of pharmacological blockade of NCCs and their genetic titration
on arrhythmicity and sudden death in dnNRSF-Tg mice. Our findings
demonstrate the importance of an imbalance between sympathetic
and parasympathetic nerve activities in the generation of lethal arrhyth-
mias in failing hearts and suggest that restoring autonomic nervous
system balance through NCC inhibition can be an effective approach
to preventing sudden arrhythmic death associated with heart failure.

2. Methods

An expanded Methods section is available in Supplementary material online.

2.1 Animal experiments

Theanimal careand all experimental protocols were reviewed and approved
by the Animal Research Committee at Kyoto University Graduate School of
Medicine, and conformed to the US National Institute of Health Guide for
the Care and Use of Laboratory Animals. Beginning at 8 weeks of age,
dnNRSF-Tg mice were left untreated (control) or were treated for 24
weeks with cilnidipine (10 mg/kg/day po) or nitrendipine (10 mg/kg/day
po). The drug dosages were chosen based on earlier reports and our prelim-
inary studies."*' Cilnidipine was supplied by Mochida Pharmaceutical Co.,
Ltd (Tokyo, Japan). Nitrendipine was purchased from Wako Pure Chemical
Industries, Ltd (Osaka, Japan). Bisoprolol was supplied by Mitsubishi Tanabe
Pharma Corporation (Osaka, Japan). Cilnidipine exerts a much more potent
inhibitory effect on N-type Ca" currents than does nitrendipine, which has
little effect on N-type Ca*™ currents, particularly under conditions in which
L-type Ca®" current inhibition is comparable between the two drugs.'®"
We then selected the doses of both drugs that similarly and minimalty
affected blood pressure. In another experiment, dnNRSF-Tg mice were
bred with CACNATB heterozygous knockout mice to obtain dnNRSF-Tg;
CACNATB™~ mice and control dnNRSF-TgCACNATBY* littermates.
CACNATB™™ mice were described in an earlier report.7 For the isolation
and analysis of hearts, mice were anaesthetized with 3.0% of isoflurane
and sacrificed by cervical dislocation.

2.2 Statistical analysis

Data are presented as means + standard errors of the mean (SEM) unless
indicated otherwise. Survival was analysed using the Kaplan—Meier
method with the log-rank test. Comparisons among multiple groups
were made using ANOVA with post hoc Fisher's tests, except for
numbers of arrhythmias. Values of P < 0.05 were considered significant.
Numbers of arrhythmias between two groups were analysed using the
Mann—Whitney test. Values of P < 0.05 were considered significant.
Numbers of arrhythmias among four groups were analysed using Kruskal—
Wallis non-parametric ANOVA followed by the Bonferroni correction.
Values of P < 0.0083 were considered significant in that analysis.

3. Results

3.1 The dual N- and L-type Ca** channel
blocker cilnidipine improves survival among
dnNRSF-Tg mice without affecting cardiac
structure or function

Weinitially confirmed that there s little expression of CACNA 1B, encod-
ing the a1 subunit of NCCs, in either wild-type (WT) or dnNRSF-Tg
hearts, which is in contrast to its obvious expression in brain
(Figure 1A). On the other hand, we detected substantially greater ven-
tricular expression of CACNATH, encoding the a1 subunit of TCCs,
and CACNATC, encoding the a1 subunit of L-type Ca®" channels
(Figure 1B). Although ventricular expression of CACNATB is increased
in dnNRSF-Tg hearts, probably due to the presence of NRSF-binding
element in the gene, the levels are still lower than those of CACNATH
in WT hearts, where no functional T-type Ca*'currents are
detected."""® To evaluate the potential therapeutic effect of modulating
autonomic nervous system activity through NCCblockade on the devel-
opment of malignant arrhythmias and sudden death in dnNRSF-Tg mice,
we administered subpressor doses of cilnidipine, a dual N- and L-type
dihydropyridine Ca** channel blocker, or nitrendipine, a more
L-type-selective dihydropyridine Ca** channel blocker, to dnNRSF-Tg
mice for 24 weeks, beginning when they were 8 weeks of age. Under
our experimental conditions, systolic blood pressures and heart rates
did not differ among the control, cilnidipine, and nitrendipine groups
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of dnNRSF-Tg mice, though blood pressures were slightly lower
and heart rates were significantly slower in dnNRSF-Tg mice than in
untreated WT mice, as previously reported (systolic blood pressure:
WT, 10140 4 1.48; Tg, 96.0 + 1.75; Tg -+ cilnidipine, 96.67 + 1.64;
Tg + nitrendipine, 9547 + 1.92mmHg and Heart rates: WT,
682.3 + 27; dnNRSF-Tg, 590.6 + 10.9; Tg + cilnidipine, 567.13 +
17.58; Tg + nitrendipine, 568.8 -+ 11.07/min) (Figure 1C and D).® We
found that cilnidipine dramatically improved the survival rate among
dnNRSF-Tg mice, compared with mice treated with nitrendipine or un-
treated control (Figure 1E). Although heart-to-body weight ratios were
higher in dnNRSF-Tg than in WT mice, as reported previously,®
heart-to-body weight ratios did not significantly differ among the
control, cilnidipine, and nitrendipine groups of dnNRSF-Tg mice
(WT, 408 +0.31; Tg, 5.94 4+ 0.24; Tg -+ cilnidipine, 5.61 + 0.48;
Tg + nitrendipine, 5.94 + 0.36 mg/g) (Figure 2A). Lung-to-body weight
ratios also did not differ among these three groups (WT, 5.28 4 0.37;
Tg, 6.07 +0.22; Tg+ cilnidipine, 5.93 4+ 0.79; Tg + nitrendipine,
5.9 4+ 0.29 mg/g) (Figure 2B). In addition, histological analyses, including
determination of the %fibrotic area, and echocardiographic analyses
also showed no significant differences among these three groups
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(Figure 2C—~F and Table 1). In contrast, the echocardiography and hist-
ology showed that, compared with untreated WT mice, left ventricular
systolic function was diminished and %fibrotic area was increased in
dnNRSF-Tg mice, as reported previously (Figure 2C—F and Table 1).2
Consistent with these findings, there was no significant difference in
the expression of two cardiac stress marker genes, ANP and SERCAZ,
among the three groups, whereas their expression did differ between
untreated WT mice and dnNRSF-Tg mice, as described previously
(Figure 2G and H).2

Expression of the fibrosis-related genes Collal, Col3al, and FN1,
encoding collagen typelal, collagen type3al, and fibronectin 1,
respectively, was not affected by the drug treatments (see Supplemen-
tary material online, Figure STA-C). Expression of genes encoding
the fetal-type ion channels CACNATH, HCNZ2, and HCN4 was higher in
untreated dnNRSF-Tg ventricles than in control WT ventricles, as
reported previously, and cilnidipine did not affect expression of these
genes in dnNRSF-Tg ventricles (see Supplementary material online,
Figure S1D—F). Collectively, all of these data indicate that cilnidipine sup-
presses sudden death in dnNRSF-Tg mice without significantly affecting
cardiac structure or function.
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WT dnNRSF-Tg

Control

Pharmacological inhibition
LvDd (mm)
LVDs (mm)
IVST (mm)
PWT (mm)
FS (%)
EF (%)

33+£013

214008
0.76 £ 0.02
0.76 +0.02
361 +2.3
732+ 27

Genetic titration
LvDd (mm)
LVDs (mm)
IVST (mm)
PWT (mm)
FS (%)

EF (%)

32+0.40

22 +0.12
0.66 + 0.01
0.68 +0.02
318+ 18
664 + 2.4

3.2 Cilnidipine improves cardiac autonomic
nervous system function and reduces
arrhythmicity in dnNRSF-Tg mice

We hypothesized that correcting autonomic balance through NCC
blockade reduces arrhythmogenicity, thereby improving survival
among dnNRSF-Tg mice. Heart rate variability (HRV) is a widely
accepted index of cardiac autonomic nervous system activity.'” Earlier
frequency domain analysis of HRV revealed that patients with severe
heart failure show a progressive reduction in power in both the low-
frequency (LF) and high-frequency (HF) ranges,' and that a reduction
in the LF power range is a significant predictor of sudden cardiac
death in patients with heart failure.® We used HRV as an index to evalu-
ate cardiac autonomic function in WT and dnNRSF-Tg mice, and exam-
ined the effects of cilnidipine on HRV." In mice, HRV predominantly
correlates with parasympathetic activity.?' As we showed previously,
both the LF and HF powers averaged over 24 h in dnNRSF-Tg mice
(LF, 1228 + 0.198; HF, 0.823 + 0.186 m/s?) were markedly lower
than in WT mice (LF,4.331 + 0.706; HF, 2.412 + 0.089 m/s?), indicating
a general reduction in parasympathetic activity in dnNRSF-Tg mice
(Figure 3A and B). Cilnidipine dramatically increased the power in both
the LF and HF ranges of HRV (LF, 3.308 + 0.338; HF, 2.228 +
0.283 m/s?), whereas nitrendipine had little effect on HRV (LF,
0.538 + 0.447; HF, 1383 + 0.57 m/s?) (Figure 3A and B). We also
found that urinary excretion of norepinephrine, which is indicative of
the level of sympathetic nerve activity, was significantly higher in
dnNRSF-Tg than in WT mice, and that norepinephrine excretion was
significantly reduced only by cilnidipine (WT, 0.09 £ 0.02; Tg, 0.33 +
0.04; Tg + cilnidipine, 0.15 & 0.03; Tg + nitrendipine, 0.32 4 0.1 pg/
day) (Figure 3C).

3.9+ 0.19

3.1+£017
0.72 £ 0.02
0.74 £ 0.02
203+ 14
490 £23

33+008

22+£006
0.68 + 0.02
0.67 + 0.02
331+£19
689 + 2.6

4.0 +£0.11

3.1+ 0.11
072 +0.02
0.76 £ 0.02
233427
554+ 4.2

38 +008

29 +0.10
0.71 +0.03
0.76 + 0.03
238 +24
570443

41 +012

324013
0.66 + 0.02
0.66 + 0.02
204 +£13
490+ 24

33+ 0.07%

2.3 £+ 0.08%*
0.69 +0.02
0.68 + 0.02
304 £+ 1.3*
64.3 + 1.8*

We next used an implanted telemetric monitoring system to examine
the effects of cilnidipine and nitrendipine on electrocardiographic
parameters in dnNRSF-Tg mice. We found that only cilnidipine signifi-
cantly suppressed the number of premature ventricular contractions
(PVCs) in dnNRSF-Tg hearts (WT, 0+ 0; dnNRSF-Tg, 502.66 +
305.69; dnNRSF-Tg + cilnidipine, 1.0 4 0.66; dnNRSF-Tg -+ nitrendi-
pine, 326.17 4 147.24 /h) (Figure 3D). More importantly, it dramaticalty
reduced the number of episodes of ventricular tachycardia (VT)
(WT, 0+0; dnNRSF-Tg, 14.92 1+ 4.95; dnNRSF-Tg + cilnidipine,
0.06 + 0.06; dnNRSF-Tg + nitrendipine, 12.75 + 5.16/h) (Figure 3E
and Supplementary material online, Figure S2A and B). These lines of evi-
dence suggest that by restoring autonomic nervous system balance, cil-
nidipine reduces the incidence of lethal arrhythmias in dnNRSF-Tg mice.

3.3 B-Adrenergic receptor blockade
prevents lethal arrhythmias and sudden
death in dnNRSF-Tg mice

To verify the importance of correcting autonomic nervous system
imbalance for the prevention of lethal arrhythmias and sudden death
in dnNRSF-Tg mice, irrespective of effects on structural remodelling,
we examined the effects of treating these mice with a B-adrenergic re-
ceptor blocker. We administered a subpressor dose of the lipophilic
B-adrenergic receptor blocker bisoprolol (1 mg/kg/day po) to WT
and dnNRSF-Tg mice. Although systolic blood pressures did not differ
between untreated control and bisoprolol-treated mice (untreated
WT, 1075+ 1.6; WT + bisoprolol, 108.0 + 1.2; untreated Tg,
98.6 + 2.0; Tg + bisoprolol, 98.6 & 1.7 mmHg) (Figure 3F), heart rates
were significantly slower in bisoprolol-treated than in untreated WT
and dnNRSF-Tg mice (untreated WT, 697.8 + 8.3; WT + bisoprolol,
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604.7 + 38.3; Tg, 601.6 + 10.1; Tg + bisoprolol, 558.6 + 12.0/min)
(Figure 3G). At the dose tested, bisoprolol also did not affect cardiac sys-
tolic function assessed echocardiographically in dnNRSF-Tg mice
[LVDd: WT, 3.3 + 0.2; WT + bisoprolol, 3.2+ 0.1; Tg, 3.9 + 0.1;
Tg + bisoprolol, 3.9 + 0.1 mm and ejection fraction (EF): WT, 84.5 +
4.0; WT + bisoprolol, 83.0 + 1.5; Tg, 46.0 & 1.6; Tg + bisoprolol,
51.5 + 2.7%] (Figure 3Hand!). On the other hand, bisoprolol significant-
ly restored power in both the LF and HF ranges of HRV (LF: untreated

Tg Tg
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WT, 5.19 + 0.37; Tg, 1.36 & 0.14; Tg + bisoprolol, 3.34 + 0.39 m/s*
and HF: untreated WT, 212 + 0.24; Tg, 0.86 + 0.12; Tg + bisoprolol,
1.62 + 0.22 m/s?) (Figure 3/ and K) and reduced the incidence of PVCs
and VTs in those mice (PVC: Tg, 408.3 + 122.9; Tg + bisoprolol,
98.9 +422/h; VT: Tg, 282+ 12.1; Tg+ bisoprolol, 7.6 + 1.7/h)
(Figure 3L and M). As a result, bisoprolol significantly improved survival
rates among dnNRSF-Tg mice (Figure 3N). These results strongly
support our finding that imbalance of autonomic nervous system
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activities is critically involved in the occurrence of sudden arrhythmic
death in dnNRSF-Tg mice.

3.4 Genetic titration of NCC improves
survival among dnNRSF-Tg mice

To further confirmthe benefit of NCCinhibition for prevention of sudden
death in dnNRSF-Tg mice, we hext genetically titrated NCC expression
by crossing dnNRSF-Tg mice with mice lacking CACNATB, encoding
the a1B subunit of NCC. Because the CACNATB ™~ genotype has a
high incidence of early mortality from an as yet unknown cause, we com-
pared the phenotypes of dnNRSF-Tg;CACNATB™™ mice with those of
dnNRSF-Tg:CACNATB* ™ mice, in which NCC expression is reduced
to ~52.9% of that in dnNRSF-Tg;CACNA 1B™/* mice (Figure 4A). The
gross appearance of CACNATB™ ™ mice is normal, and they show no
early mortality. Systolic blood pressures in dnNRSF-Tg,CACNATB™ ~
and dnNRSF-TgCACNATB™* mice did not significantly differ, but they
were mildly lower than in control WT (CACNA1B™) mice (WT,
101.25 =+ 7.26; CACNATB™™, 9125 +2.78; dnNRSF-Tg, 92 + 4.38;
dnNRSF-TgCACNATB™ ™, 89.25 + 2.14 mmHg) (Figure 4B). Similarly,
heart rates did not differ between dnNRSF-TgCACNATB™* and
dnNRSF-TGCACNATBY ™ mice, although they were slower in
dnNRSF-Tg:CACNATBH* than in control WT mice, as reported
previously (WT, 63225+ 26.36; CACNATBY™, 594 + 3339;
dnNRSF-Tg, 51525 + 14.71; dnNRSF-TgCACNAIB™ ™, 5215 +
23.32/min) (Figure 4C).2 Body weights were comparable between
the two dnNRSF-Tg groups (WT, 31.08 4+ 1.11; CACNATR™ ™,
29.53 + 1.37; dnNRSF-Tg; 28.86 + 1.19; dnNRSF-Tg;CACNATB™ ™,
2741 +1.09 g) (Figure 4D), but heart-to-body weight ratios were
higher in dnNRSF-Tg;CACNATB™ ™ than in WT (CACNATB™ ™) mice
and were significantly lower in dnNRSF-TgCACNATB*~ than in
dnNRSF-TGCACNATB ™™ mice (WT, 444 +0.04; CACNATB™™,
451+ 0.14; dnNRSF-Tg 5.68 + 0.21; dnNRSF-Tg;CACNATB™~,
4.86 + 0.18 mg/g) (Figure 4E). Lung-to-body weight ratios were
comparable between the two dnNRSF-Tg groups (WT, 5.06 + 0.22;
CACNA1B™ ™, 468 + 0.96; dnNRSF-Tg; 541 + 0.09; dnNRSF-Tg
CACNATB™ =, 552 + 0.26 mg/g) (Figure 4F). Echocardiographic anal-
ysis showed that left ventricular diastolic dimension (LVDd) was higher
in dnNRSF-Tg;CACNA 1B than in WT mice, whereas EF was lower in
dnNRSF-Tg;CACNATB™'* than in WT mice, as was reported previously
(Figure 5A and B).2 In addition, LVDd was lower and EF was higher
in dnNRSF-Tg&:CACNATB™ ™ than in dnNRSF-TgCACNATB™*+ mice
(Figure 5A and B and Table 7).

Histological analysis revealed no significant difference between
dnNRSF-Tg:CACNATB* and dnNRSF-Tg;CACNATB ™™ mice, although
%fibrotic area showed a trend towards being smaller in dnNRSF-
TgCACNATB™™ than in dnNRSF-TgCACNATBY* mice (Figure 5C
and D). Expression of the fibrosis-related genes ColTa, Col3a7, and
FN1 did not significantly differ between dnNRSF-Tg;CACNA TR+
and dnNRSF-TgCACNATBY ™ mice (see Supplementary material
online, Figure S3A—C), though there was a significant difference in the
expression of ANP and SERCA2Z between these two genotypes
(Figure 5E and F). Genetic reduction in CACNATB also significantly
affected expression of CACNATH and HCN2, but not HCN4, in
dnNRSF-Tg ventricles (see Supplementary material online, Figure
S3D—F). All of these data demonstrate that genetic reduction of
CACNA1B tends to ameliorate impaired cardiac function and patho-
logical remodelling in dnNRSF-Tg mice. Furthermore, survival among
dnNRSF-Tg:CACNATB* ™ mice was dramatically and significantly

better than among control dnNRSF-TgCACNATB™* mice (Figure 6A),
demonstrating that reduction of NCC prevents sudden arrhythmic
death in dnNRSF-Tg mice.

3.5 Reducing CACNA1B expression
improves autonomic function and decreases

the occurrence of arrhythmias in
dnNRSF-Tg mice

We also assessed autonomic nervous system activity in dnNRSF-
TgCACNATB™Y ™ and dnNRSF-TgCACNA 18+ mice. In HRV analyses,
the reductions in LF and HF power otherwise seen in dnNRSF-
TgCACNATB™ ™ mice (LF, 1.288 + 0.16; HF, 1.168 + 0.108 m/s?)
were significantly ameliorated in dnNRSF-TgCACNATB* ™ mice
(LF, 3.54 + 0.47; HF, 3.075 + 0.468 m/s%), indicating a restoration
of parasympathetic activity through reduction of NCC function
(Figure 6B and C). In addition, we found that the increase in urinary
excretion of norepinephrine seen in dnNRSF-Tg;CACNATR™* mice
(0428 + 0.07 pg/day) was significantly ameliorated in dnNRSF-
TgCACNATBY ™ mice (0.154 + 0.05 ug/day) (Figure 6D). Finally,
evaluation of arrhythmicity revealed that the incidences of both PVCs
and VT were significantly lower in dnNRSF-TgCACNATB*~ than
in dnNRSF-Tg;CACNATB™* mice (PVC: WT, 0 + 0; CACNA1BR™~,
04+ 0; dnNRSF-Tg, 239.08 +27.93; dnNRSF-TgCACNATB*~,
321+ 321 and VT: WT, 0 + 0; CACNATB* ™, 0 + 0; dnNRSF-Tg,
413 + 12.69; dnNRSF-Tg;CACNATB™ ~, 0.36 + 0.36/h) (Figure 6E
and F). These results demonstrate that genetic titration of CACNATB,
encoding NCC, corrected an imbalance between sympathetic and
parasympathetic nervous system activities, which, at least in part, contri-
butesto reducing malignant arrhythmias in dnNRSF-Tg mice in a manner
similar to pharmacological NCC blockade.

4. Discussion

Autonomic dysregulation leading to increased sympathetic nerve activ-
ity and reduced parasympathetic nerve activity is reportedly associated
with the increased arrhythmicity seen in patients with chronic heart
failure.>?>?* NCCs play a major role in the release of norepinephrine
at sympathetic nerve terminals.”** Consequently, mice lacking
CACNA1B, the gene encoding the a1 subunit of NCCs, exhibit a signifi-
cantly impaired positive inotropic response.’ In the present study, we
found that pharmacological blockade of NCCs or their genetic titration
improved the balance between sympathetic and parasympathetic nerve
activities and prevented the sudden death and arrhythmicity otherwise
seen in dnNRSF-Tg mice, a mouse model of sudden arrhythmic death
associated with cardiac dysfunction® The mode of death in these
model mice is sudden and without overt oedema, pleural effusion, or ap-
parent lung congestion, and all the telemetry data obtained at the time
of death indicate VT/VF to be the cause® Moreover, in an earlier
study, we found that systemic administration of isoproterenol induced
VT more frequently in dnNRSF-Tg than in WT mice."" Conversely,
administration of a B-blocker led to a significant reduction in the inci-
dence of sudden death among dnNRSF-Tg mice under conditions in
which cardiac systolic function and remodelling were not affected
(Figure 3H—N). These findings suggest that NCC blockade or genetic ti-
tration of NCC reduces the likelihood of sudden arrhythmic death,
thereby improving survival.

Pharmacological interventions that reduce cardiac sympathetic
activity have been shown to protect against arrhythmias,®® while
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interventions that stimulate cardiac sympathetic activity provoke malig-
nant arrhythmias.>?® In patients with heart failure, B-adrenoreceptor
blockade reduces the incidence of sudden death;”’?® however,
B-blockers are not completely protective, and mortality remains high
among patients with cardiac dysfunction, despite optimal B-blocker
therapy.2”?® It is therefore necessary to find other approaches to
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modulate sympathetic or parasympatheticactivity. In that context, aclin-
ical trial testing the effect of central modulation of sympathetic activity
using moxonidine SR in patients with heart failure was terminated
early due to an increase in mortality and morbidity in patients receiving
the drug.®® Thus, strong central inhibition of the sympathetic nervous
system through imidazoline receptor stimulation appears not to
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protect against lethal arrhythmias. NCCs are localized at peripheral
sympathetic nerve terminals, where they regulate the release of neuro-
transmitters (e.g. catecholamines), thereby modulating sympathetic ac-
tivity.*~¢ Our findings suggest that, by correcting their autonomic
dysregulation, NCC blockade could be an effective approach to prevent-
ing sudden arrhythmic death in patients with heart failure.

Cilnidipine failed to prevent the decline in cardiac function in
dnNRSF-Tg mice, whereas genetic titration tended to ameliorate the
adverse cardiac remodelling and cardiac dysfunction seen in dnNRSF-Tg
mice (Figures 2A—H, 4E, and 5A—F and Table 1). The reasons for the dif-
ference in the effects on cardiac function between cilnidipine and genetic
titration of NCCs remain unclear at present. It may be that cilnidipine’s
ability to block L-type Ca** channels has a detrimental effect on cardiac
function, as L-type Ca** channel blockers can adversely affect the pro-
gression of heart failure.*® Other possibilities are that the relatively low
dose of cilnidipine used in this study was not sufficient to prevent the
progression of cardiac dysfunction, though it did prevent lethal arrhyth-
mias, or that the NCC inhibition achieved in CACNA1TB™ ™ mice was
more prolonged and more stable than that achieved with cilnidipine,
which was not started until the mice were 8 weeks of age. The effects
on NCCs expressed in the central nervous system could also differ
between cilnidipine and genetic titration, as cilnidipine has little ability
to cross the blood—brain barrier®' These differences suggest the
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underlying mechanisms involved in the reduced incidence of lethal
arrhythmias, and the prolonged survival differ somewhat between cilni-
dipine treatment and genetic titration of CACNA1B in this study. Cilni-
dipine treatment, which improved autonomic imbalance and reduced
lethal arrhythmias without affecting cardiac remodelling, mainly sup-
pressed the triggering of lethal arrhythmias induced by autonomic
imbalance. On the other hand, genetic titration of CACNA1B, which
improved autonomic imbalance and also tended to prevent adverse
cardiac remodelling, suppressed lethal arrhythmias and improved sur-
vival in two ways: it inhibited the triggering of arrhythmias and also sup-
pressed the generation of arrhythmogenic substrates. In both cases,
correcting the autonomic imbalance associates with a reduction in the
incidence of sudden death attributable to lethal arrhythmias in
dnNRSF-Tg. However, because it is not possible to completely
exclude the possibility that some dnNRSF-Tg mice (especially older
mice) die due to congestive heart failure, irrespective of arrhythmias,
there is a possibility that genetic deletion of NCC may also prevent
this mode of death in addition to sudden arrhythmic death in dnNRSF-Tg
mice through suppression of excessive sympathetic activity.

In the present study, both pharmacological blockade of NCCs and
their genetic titration not only repressed sympathetic activity, as demon-
strated by a reduction in urinary norepinephrine levels, but also restored
parasympathetic activity, as indicated by HRV analyses. The precise
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mechanism by which NCC inhibition improves parasympathetic activity
is not clear at present. However, accumulating data indicate the sympa-
theticand parasympathetic nervous systems interact via several mechan-
isms at both the central and peripheral levels of the neuraxis.*? NCC
inhibition-induced reductions in sympathetic activity may affect these
interactions, ameliorating the reduction in parasympathetic activity, as
was observed in dnNRSF-Tg mice. In humans, cilnidipine reportedty
enhances parasympathetic activity in hypertensive patients while exert-
ing a concomitant sympathoinhibitory effect.™"3 Moreover, there is
now much evidence showing the anti-arrhythmic effects of parasympa-
thetic nervous activation. This suggests that, in addition to a reduction
in sympathetic activity, an increase in parasympathetic activity likely
contributes to the protective effects of NCC inhibition observed in
this study.?” Although further investigation is necessary, our study
suggests that agents able to selectively block NCCs could be clinically
useful for the prevention of sudden arrhythmic death in patients with
heart failure.

0
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Supplementary material is available at Cardiovascular Research online.
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Introduction

Hemodialysis patients exhibit a greatly heightened risk of
cardiovascular morbidity and mortality. For example, these
patients experience an extremely high prevalence of left ventric-
ular hypertrophy and heart failure. Consequently, there is a great
need for a good clinical biomarker enabling early identification of
dialysis patients at risk of cardiovascular events and mortality, as
well as earlier aggressive intervention.

B-type natriuretic peptide (BNP; also termed brain natriuretic
peptide) is a cardiac hormone produced and secreted mainly by
the ventricles; another cardiac hormone, atrial natriuretic peptide
(ANP), is produced and secreted by the atria. [1] Ventricular wall
stress and/or ischemia stimulate expression of the BNP precursor
proBNP [2,3], which is thought to be cleaved to BNP-32 (BNP or
mature BNP) and N-terminal proBNP (NT-proBNP) prior to its
secretion [4]. Plasma levels of BNP, NT-proBNP and ANP are
elevated in patients with cardiac hypertrophy or heart failure. [5]
They are also elevated in patients with chronic kidney disease,
especially those receiving dialysis. [6] This is likely related to left
ventricular dysfunction as well as to reduced clearance and
increased plasma volume. It is widely recognized that cardiac
function is a major confounder influencing levels of these peptides
in dialysis patients. Thus, even in dialysis patients with end-stage
renal disease (ESRD), BNP is used for diagnosis and evaluation of
the severity of heart fajlure and is predictive of patient prognosis.
(71.

Recent studies have shown that unprocessed precursor proBNP
circulates in healthy individuals [8], and that its levels in plasma
are increased in patients with severe heart failure. This is
noteworthy in part because the immunoassay system currently
being used to measure BNP also detects proBNP (the anti-BNP
antibody cross-reacts with proBNP). In fact, it appears that about
70% of the plasma BNP measured using the BNP immunoassay
system is proBNP in healthy human subjects. [9] In addition, it
was recently shown that recombinant proBNP derived from
mammalian cells has seven sites capable of O-linked oligosaccha-
ride attachment within the N-terminal portion of the peptide, [10]
and that both proBNP and NT-proBNP are glycosylated in
human plasma. [11] [12].

The latest dialyzer membranes used for hemodialysis have the
ability to remove large solutes, like $2-microglobulin. The function
of these “super-flux” membranes is to remove larger and protein-
bound uremic toxins. Earlier reports showed that plasma BNP and
ANP levels are reduced after hemodialysis using a “low-flux”
membrane, most likely due to body fluid volume removal and/or
dialyzer membrane-mediated removal. However, the effect of
super-flux membranes on BNP and BNP-related molecules, such
as glycosylated proBNP and glycosylated NT-proBNP, remains
unknown. In the present study, therefore, we examined the levels
of total BNP, proBNP, mature BNP, glycosylated NT-proBNP,
nonglycosylated NT-proBNP, ANP and cGMP in ESRD patients,
before and after hemodialysis using a super-flux membrane.

Subjects and Methods

Patients

105 healthy subjects and 36 ESRD patients attending routine
outpatient hemodialysis sessions were included in the study.
Ethical approval was granted by the Kyoto University Hospital
Ethical Committee. The aims of study were explained to each
participant, and written consent was obtained. All clinical
investigations were conducted according to the principles
expressed in the Declaration of Helsinki.

PLOS ONE | www.plosone.org
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In the ESRD group, all the patients underwent regular
hemodialysis three times a week. The clinical characteristics of
the healthy subjects and ESRD patients in this study are listed in
Table 1. In the ESRD group, all the patients were dialyzed using
super-flux polysulphonedialyzers: PES-198Ea eco in 4 cases, PES-
21SEa eco in 8 cases, PES25SEa eco in 3 cases (Nipro, Tokyo,
Japan), PS-15EL in 4 cases, APS18EL in 4 cases, APS-21EL in 11
cases and KF-20C in 2 cases (Asahikasei, Tokyo Japan). The mean
dialysis session time was 3.96%£0.30 h, and the QB was
209+25.1 ml/h. Cardiac function, heart size and blood pressure
were relatively well controlled. Total body fluid volume was
estimated using the equation: body weightx0.6 [13]. The percent
changes in total body fluid volume were calculated as: body weight
change/calculated total body weight before hemodialysis.

Blood Sampling

Venous blood was collected before and immediately after
dialysis for measurement of total BNP, proBNP, mature BNP,
nonglycoNT-proBNP, glycoNT-proBNP, ANP and cGMP. Blood
samples were transferred to chilled glass tubes containing disodium
EDTA (1 mg/ml) and aprotinin (500 U/ml) and immediately
centrifuged at 4°C, after which the resultant plasma was frozen
and stored at —80°C until used. We also measured levels of
hemoglobin, serum c-reactive protein, albumin and parathyroid
hormone, among others.

Biochemical Analyses

Measurement of plasma ANP, cGMP, total BNP, proBNP,
and mature BNP. Plasma ANP levels were measured using a
specific immunoradiometric assay, while levels of cGMP were
measured using a radioimmunoassay, as previously described.!”

Plasma total BNP and proBNP levels were measured using an
immunochemiluminescent assay, as previously described. [9] All
BNP assays, regardless of the source (e.g., Shionogi, Biosite), cross-
react with proBNP, because the two antibodies used in the assays
recognize epitopes common to BNP and proBNP. For that reason,
total BNP means the sum of proBNP plus mature BNP, most of
which is BNP[1-32]. In the present study, we measured total BNP
and proBNP separately and calculated the mature BNP as follows:
mature BNP = total BNP — proBNP. [9].

Measurement of plasma glycoNT-proBNP and
nonglycoNT-proBNP in HD patients. ProBNP is post-trans-
lationally glycosylated to varying degrees in its N-terminal region,
at Thr36, Ser37, Ser44, Thr48, Ser53, Thr58 and Thr71. [10]
NT-proBNP is similarly glycosylated. The Elecsys proBNP II
system (Roche Diagnostics, Germany) is comprised of a capture
monoclonal antibody that recognizes N'T-proBNP[27-31] and a
monoclonal signal antibody that recognizes NT-proBNP[42—-46],
which contains a glycosylation site at amino acid residue 44. [14]
Notably, O-linked oligosaccharide attachment inhibits the binding
of the signal antibody to NT-proBNP. [15,16] We therefore
postulated that NT-proBNP measured using Elecsys proBNP 1I is
actually only nonglycoNT-proBNP. To measure total NT-
proBNP, plasma samples were incubated for 24 h at 37°C with
or without a cocktail of deglycosylating enzymes, included O-
glycosidase (Roche Diagnostics) and neuraminidase (Roche
Diagnostics) at final concentrations of 4.25 and 42.5 mU/ml,
respectively, as described previously. [10] [14] NT-proBNP levels
were then measured using Elecsys proBNP II, after which the
glycoNT-proBNP level was calculated as: total NT-proBNP —
nonglycoNT-proBNP.

Echocardiographic measurements. An experienced echo-
cardiographer without knowledge of the clinical features of the
patients performed the echocardiography using a cardiac ultra-
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Table 1. Clinical profiles of the healthy subjects and ESRD patients enrolled in this study.

Healthy subjects (N=105) ESRD patients (N=36) P

Sex, m/f 50/55 20/16 0.2663
i

HD vintage, year (~)

Systolic BP, mmHg 1154%17.3 142.2+224 <0.0001

Mean BP, mmHg

Systolic BP, mmHg 128.5+19.9

Mean BP, mmHg

Cre, mg/dl 0.76:0.14 10.59+1.27 <0.0001

Hemoglobin, g/di 14013 10.62+1.15 <0.0001

Diabetes mellitus (=) 27.8 (10)

Calcium channel blocker 44.4%(16)

Beta blocker 38.9%(14)

ARB 36.1%(13)

2.8%(1)

30.6%(11)

Echocardiographic data Not examined

PW thickness, mm 11.35%20

Left atrium diameter, mm

LV end-systolic diameter, mm 26.6+6.1

doi:10.1371/journal.pone.0092314.t001

sound unit (Logic 500 MD; GE Healthcare, England) before glycosylated in hemodialysis patients. Eluate lyophilized after
hemodialysis in the ESRD group. Left atrial diameter, interven- extraction on a Sep-Pak C18 column (Waters, Milford, MA, USA)

tricular thickness, posterior wall thickness, left ventricular end- was dissolved in phosphate buffer and incubated with or without a
diastolic diameter and left ventricular end-systolic diameter were cocktail of deglycosylation enzymes for 24 h at 37°C, as described
all measured. Fractional shortening (FS), left ventricular mass above. The eluate was then lyophilized again and dissolved in 30%
index (LVMI) and left ventricular ejection fraction (LVEF) were acetonitrile containing 0.1% TFA. The resultant solution was
calculated using standard formulae according to the recommen- separated by gel filtration high-performance liquid chromatogra-
dations of the American Society of Echocardiography. phy (HPLC) on a Superdex 75 10/300 GL column

Gel filtration chromatography. We analyzed immunore- (10x300 mmx2, GE Healthcare) using the same buffer at a flow
active proBNP levels in plasma to determine whether it is rate of 0.4 mL/min. The column effluent was fractionated every
PLOS ONE | www.plosone.org 3 March 2014 | Volume 9 | Issue 3 | e92314
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minute into polypropylene tubes containing bovine serum albumin
(100 mg), after which each fraction was analyzed using our
recently developed total BNP and proBNP immunochemilumi-
nescent assay [9].

Statistical Analyses

All values are expressed as means®SE. The statistical signifi-
cance of differences between two groups was evaluated using
Fisher’s exact test or paired Student’s t test, as appropriate. The
distribution of plasma peptide levels was normalized by log
transformation, when appropriate. The statistical significance of
differences among three or more groups was evaluated using one-
way analysis of variance followed by Bonferroni’s multiple
comparison test. Correlation coefficients were calculated using
linear regression analysis. Values of p<t0.05 were considered
significant.

Results

The clinical profiles of the healthy subjects and ESRD patients
enrolled in this study are shown in Table 1. The healthy subjects
received no medication. Among the ESRD patients, 86% were
prescribed antihypertensive medication (Table 1). The average
percentage weight loss during hemodialysis was 4.9% (2.2% to
8.4%), with a post-dialysis relative extracellular fluid volume of
20.2% (11.1% to 31.5%). Standard two-dimensional transthoracic
echocardiography revealed an average cardiac ejection fraction of
64% (36% to 92%), and the cardiothoracic ratio measured on
posterior-anterior chest X-rays was 50=5%.

Plasma Concentrations of Total BNP, proBNP, Mature
BNP, nonglycoNT-proBNP, glycoNT-proBNP, ANP and
cGMP in Healthy Subjects and ESRD Patients Before
Hemodialysis

Plasma levels of total BNP, proBNP, mature BNP, nonglycoNT-
proBNP, glycoNT-proBNP, ANP and ¢cGMP in healthy subjects
and ESRD patients before hemodialysis are shown in Table 2. All
seven parameters were significantly higher in the hemodialysis
patients than the healthy subjects (p<<0.0001). In addition,
glycoNT-proBNP levels was significantly higher than nongly-
coNT-proBNP in both groups. There was no significant difference
in the glycoNT-proBNP/nonglycoNT-proBNP ratio (healthy
subject vs. ESRD patients: 4.6+1.8 vs. 44*1.7; n.s.) between
the two groups.

Molecular Form of BNP in Hemodialysis Patients

Differences in the Plasma Concentrations of Total BNP,
proBNP, Mature BNP, nonglycoNT-proBNP, glycoNT-
proBNP, ANP and cGMP before and after Hemodialysis

We next focused on the profile of natriuretic peptide-related
molecules in ESRD patients. We initially evaluated the changes in
plasma levels of total BNP, proBNP, mature BNP, nonglycoNT-
proBNP, glycoNT-proBNP, ANP and cGMP associated with
hemodialysis. As shown in Figure 1A, B, C, D, E, F and G, levels
of all seven parameters were significantly lower after hemodialysis
(p<<0.001).

As shown in Figure 1H, the reduction ratios were calculated
using the formula (A—B)/A, where A and B were the plasma
concentrations before and after hemodialysis, and the values
obtained give the relative magnitudes of the reductions. The
reduction ratio for proBNP was smaller than the others, whereas
the ratio for ¢cGMP, which had the smallest molecular weight
(MW =528), was the largest among the molecules tested. The
reduction ratio for mature BNP (MW = 3500) was significantly
greater than that for proBNP, but was about the same as those for
ANP (MW =3000) and nonglycoNT-proBNP (MW =8500). And
not surprisingly, the reduction ratio for total BNP, which includes
proBNP plus mature BNP, was between the ratios for mature BNP
and proBNP.

It is well known that decreasing cardiac load reduces circulating
levels of BNP and ANP, and that decreasing total body fluid
volume could reduce cardiac preload. We therefore evaluated the
relationship between dialysis-induced loss of body weight and total
body fluid volume and the plasma levels of total BNP, proBNP,
nonglycoNT-proBNP, glycoNT-proBNP and ANP. However, we
found no significant correlation between the percent body weight
change or percent total body fluid volume loss and the percent
reduction of any of these peptides (Table 3).

Gel-filtration Chromatography Before and after
Deglycosylation Procedure

Figure 2A shows two immunoreactive BNP peaks detected using
the total BNP assay with gel filtration fractions. The first peak
appeared in fractions 52-55 and the second peak in fractions 72—
75. When subjected to gel filtration, recombinant proBNP,
glycosylated proBNP and BNP were eluted mainly in fractions
53, 56 and 74, respectively. Treating the same plasma sample with
an enzyme cocktail catalyzing deglycosylation shifted the first peak
to fractions 54-56, which is consistent with the proBNP peak.
These results suggest the major molecular form of proBNP in the
plasma of hemodialysis patients is glycosylated proBNP.

Table 2. Natriuretic peptide-related molecules in healthy subjects and ESRD patients.

proBNP, pM 1.2+12

Nonglyco-NT-proBNP, pM 44.8+64.5

doi:10.1371/journal.pone.0092314.t002
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ESRD patients (n=36)

22.6%22.7 <0.0001

600.3+779.1 <0.0001
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Figure 1. Changes in plasma levels of individual parameters during hemodialysis. (A-G) Individual changes in the levels of total BNP (A),
proBNP (B), mature BNP (C), nonglycoNT-proBNP (D), glycoNT-proBNP (E), ANP (F) and cGMP (G) in ESRD patients during hemodialysis. Values are
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means * SE. *p<<0.001 vs. before hemodialysis. Before, before hemodialysis; After, after hemodialysis. (H) Reduction ratios for total BNP, proBNP,
mature BNP, nonglycoNT-proBNP, glycoNT-proBNP, ANP and cGMP in ESRD patients during hemodialysis. Values are means = SE.

doi:10.1371/journal.pone.0092314.g001

Relationship between proBNP and Total BNP, Mature
BNP, nonglycoNT-proBNP, glycoNT-proBNP and ANP

We next evaluated the relationships between proBNP and the
other natriuretic peptide molecules in hemodialysis patients
(Figure 2B, C, D, E and F). We found that levels of proBNP
significantly correlated with those of total BNP, mature BNP,
nonglycoNT-proBNP, glycoNT-proBNP and ANP, most of which
are established biomarkers.

Relationship between cGMP and Total BNP, proBNP,
Mature BNP, nonglycoNT-proBNP, glycoNT-proBNP and
ANP in ESRD Patients before and after Hemodialysis

When we evaluated the correlation between the levels of cGMP
and those of natriuretic peptide-related molecules, we found that
levels of total BNP, proBNP, mature BNP, nonglycoNT-proBNP,
glycoNT-proBNP and ANP all correlated significantly with
cGMP, both before and after hemodialysis (Figure 3). In
particular, proBNP appeared to correlate more strongly with
c¢GMP before hemodialysis than did the other molecules. After
hemodialysis, ANP showed the highest correlation with ¢cGMP
among the natriuretic peptide-related molecules.

ProBNP/Total BNP Ratios, Biochemical Parameters and

Patient Profiles

It was previously suggested that the ratio of proBNP to total
BNP varied widely, depending on the patient’s heart failure status.
[8] We next evaluated proBINP/total BNP ratios in ESRD
patients. As shown in Figure 4, ProBNP/total BNP ratios were
significantly increased after hemodialysis, which could, in part,
reflect the fact that the relative reduction in proBNP was smaller
than that for total BNP. There was also a significant (but weak)
positive correlation with hemodialysis vintage. Upon examination
of the patient profiles, we found no significant correlation between
the proBNP/total BNP ratios and any other biochemical
parameter. ProBNP/total BNP ratios showed weak but significant
negative correlations with systolic and mean blood pressures
(R=-0.358, P=0.014, R=-0.350, P=0.036), and tended
toward a negative correlation with left atrial diameter (R=—
0.302, p=0.073).

reduction in natriuretic peptide-related molecules.

NonglycoNT-proBNP and glycoNT-proBNP in
Hemodialysis Patients

We also compared the levels of glycoNT-proBNP with those of
nonglycoNT-proBNP in hemodialysis patients. We found that
levels of glycoNT-proBNP were several times higher than those of
nonglycoNT-proBNP in the patients before hemodialysis; none-
theless, the glycoNT-proBNP/nonglycoNT-proBNP ratio was
significantly larger after hemodialysis than before it (Figure 5).
This is in part because the relative reduction in nonglycoNT-
proBNP during hemodialysis was significantly greater than that for
glycoNT-proBNP. We then evaluated the correlations between the
glycoNT-proBNP/nonglycoNT-proBNP ratios and other bio-
chemical parameters, which revealed the ratio correlated signif-
icantly with serum parathyroid hormone levels in the patients, but
not with serum calcium or phosphate levels (data not shown).

Discussion

Plasma BNP and NT-proBNP levels are elevated in patients
with heart failure, [17] [18] [19] correlate strongly with LV filling
pressure, and increase with increasing severity of heart failure
evaluated based on New York Heart Association Class [20] [21],
functional capacity [22], or systolic and diastolic dysfunction
[23,24]. Even in patients with chronic kidney disease and ESRD,
left ventricular end-diastolic wall stress remains a strong determi-
nant of circulating BNP levels [25]. Moreover, in ESRD patients
receiving long-term dialysis, BNP and NT-proBNP levels are
strongly associated with the severity of LV hypertrophy and
systolic dysfunction [6] [26,27,28,29,30], and their elevation also
reflects the presence of myocardial ischemia and is indicative of
the severity of coronary artery disease [31]. Finally, BNP and NT-
proBNP are highly predictive of subsequent cardiac events and
mortality in hemodialysis patients. [32].

It was once thought that proBNP is cleaved to BNP and NT-
proBNP within cardiac myocytes and then secreted into the
circulation. However, recent studies have shown that circulating
levels of unprocessed precursor proBNP are elevated in heart
failure. In addition, proBNP and NT-proBNP contain seven sites
suitable for O-linked oligosaccharide attachment within their N-
terminal regions. In the present study, therefore, we measured
plasma levels of proBNP, total BNP, mature BNP, nonglycoNT-

Table 3. Correlation coefficients and p values relating changes in percent body weight or total body fluid volume to the percent

% body weight change

total BNP

cGMP

0.823

% total body fluid volume change

—0.047 0.785 -0.034 0.846
r is the correlation coefficient.
doi:10.1371/journal.pone.0092314.t003
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