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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
therap\/.ﬂ'28 It is therefore necessary to find other approaches to
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modulate sympathetic or parasympathetic activity. In that context, a clin-
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.*"® Qur 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 7). 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 CACNATB™ ™ 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 CACNATB 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.
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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
proBINP [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 failure and is predictive of patient prognosis.
[7].

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 B2-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 N'T-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.
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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-19SEa 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 NT-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 II 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=236) p

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

HD vintage, year (—)

Systolic BP, mmHg 1154173 142.2:224 <0.0001

Mean BP, mmHg 87.7+14.0 95.0£13.1 0.0071

Mean BP, mmHg 89.5+11.2

CTR,% 44.41+4.6 49.7%5.0 <0.0001

Hemoglobin, g/dl 14.0*+1.3 10.621.15 <0.0001

Diabetes mellitus () 27.8 (10)

Calcium channel blocker

Beta blocker 38.9%(14)

ARB 36.1%(13)

Digoxin 2.8%(1)

Aspirin 30.6%(11)

Echocardiographic data Not examined

PW thickness, mm 113520

Left atrium diameter, mm 37.9%+53

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 ¢jection 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
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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<<0.05 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
¢GMP 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. 4.4*1.7; ns.) 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, G, 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 =523), 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

ANP, pM 21.1%124

doi:10.1371/journal.pone.0092314.t002
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Healthy subjects (n=105)
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ESRD patients (n=36)

226227 <0.0001

44.3%+30.9 <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
c¢GMP, both before and after hemodialysis (Figure 3). In
particular, proBNP appeared to correlate more strongly with
cGMP 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 proBNP/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 discase 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 —0.086 0.621

proBNP —0.039 0.823

% total body fluid volume change

—0.096 0.580

—0.054 0.756

cGMP —0.047 0.785 —0.034 0.846
r is the correlation coefficient.
doi:10.1371/journal.pone.0092314.t003
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proBNP, glycoNT-proBNP, ANP and ¢cGMP, in healthy subjects
and ESRD patients, and found that all of them were higher in
ESRD patients, most of whom had preserved cardiac systolic
function (Table 1), than in healthy persons. These increases in
ESRD patients can be explained by reductions in their clearance
due to the renal failure, increased plasma volume, and diastolic
dysfunction caused by left ventricular hypertrophy, among others.
Moreover we also found that all of these molecules declined during
hemodialysis, though the magnitudes of the reductions did not
correlate with any indices of body fluid volume. These results may
be explained in part by dialyzer membrane-mediated removal.
The so-called super-flux membranes currently in use are able to
remove medium-sized molecular solutes, such as B2-microglobulin
(MW = 12,000), which enables removal of larger and protein-

bound uremic toxins. The pore size for the membranes used in the
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present study was 78-84 A, and the sieving coefficient for B2-
microglobulin was 0.99. It is therefore likely that the super-flux
membranes removed a great deal of BNP and BNP-related
molecules during hemodialysis.

Consistent with that idea, the reduction ratio for cGMP, which
has a molecular weight of about 500, was the largest, while the
reduction ratio for proBNP, which has a molecular weight of
about 20,000~25,000, was the smallest. The reduction ratio for
mature BNP (MW: 3,500) was similar to that of ANP (MW 3,000),
reflecting the similarity of their molecular weights. The reduction
ratio for total BNP was comparatively modest, because it is the
mean of the ratios for mature BNP and proBNP. It thus appears
that the magnitudes of the reductions in peptide concentration
associated with hemodialysis depends on their molecular weights.
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doi:10.1371/journal.pone.0092314.g004

Previously, we also reported the plasma levels of BNP,
nonglycoNT-proBNP, glycoNT-proBNP, ANP and c¢cGMP in
patients with chronic renal failure before and after hemodialysis.
[14] In that study, patients were hemodialyzed using older
generation dialyzers that removed less of the large solutes like
B2-microglobulin than the super-flux membrane we used in the
present study. In that earlier study the calculated reduction ratio
for each parameter during hemodialysis was as follows: BNP
37.9%, nonglycoNT-proBNP 23.0%, glycoNT-proBNP 4.4%,
ANP 61.0%, and cGMP 75.0%. The reduction ratio for
nonglycoNT-proBNP and glycoNT-proBNP, which are higher
molecular weight molecules, was much smaller than in the present
study, most likely due to the difference in the membrane’s ability
to remove large molecules.

In the present study, we used the Elecsys proBNP II assay
(Roche Diagnostics, Indianapolis, IN, USA) to measure non-
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glycoNT-proBNP and glycoNT-proBNP, with and without
deglycosylation enzyme treatment. This assay is the most
frequently used NT-proBNP assay in the world and contains a
capture monoclonal and a signal monoclonal antibody that
recognizes NT-proBNP[27-31] and NT-proBNP[42—46],
respectively. Notably, NT-proBNP[42—46] has a glycosylation
site at amino acid 44, and a recent study demonstrated that O-
linked oligosaccharide attachment markedly inhibits binding of the
antibody to its antigen peptide [16]. Consequently, Elecsys
proBNP II is thought to measure only nonglycoNT-proBNP. We
found that nonglycoNT-proBNP was greatly clevated in ESRD
patients and that levels of glycoNT-proBINP were 45 times higher
than those of nonglycoNT-proBNP. The remarkable increase of
nonglycoNT-proBNP in hemodialysis patients is thought to reflect
the following conditions: (1) NT-proBNP does not bind to the
natriuretic peptide receptor-A or -C; (2) NT-proBNP is not
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ESRD patients before (A) and after (B) hemodialysis. Values are expressed means = SE. (C, D) Individual changes and values of glycoNT-proBNP/
nonglycoNT-proBNP ratios in ESRD patients during hemodialysis. Values are expressed as mean * SE. *p<<0.001 vs. before hemodialysis. before,
before hemodialysis; after, after hemodialysis. (E) Reduction ratios for nonglycoNT-proBNP and glycoNT-proBNP during hemodialysis. *p<<0.001 vs.
nonglycoNT-proBNP. (F) Correlation between the glycoNT-proBNP/nonglycoNT-proBNP ratio and the serum parathyroid hormone (PTH) levels. R is

the correlation coefficient.
doi:10.1371/journal.pone.0092314.g005

metabolized by neutral endopeptidase; and (3) clearance of N'T-
proBNP is Jargely dependent on excretion from the kidney. The
glycoNT-proBNP/nonglycoNT-proBNP ratio was larger after
hemodialysis than before it. This is most likely because the
molecular weight of glycoNT-proBNP is much larger than that of
nonglycoNT-proBNP, so it is less likely to be affected by
membrane-dependent removal than nonglycoNT-proBNP.

Using gel-filtration HPLC combined with direct chemilumines-
cent immunoassay, in the present study we showed that the major
molecular form of proBNP in the plasma of hemodialysis patients
is glycosylated proBNP. Similarly, recent studies have also shown
that the major molecular form of plasma proBNP in patients with
heart failure and control is glycosylated proBNP [9]. It is thus
possible that proBNP in human plasma is glycosylated. We found
that proBNP levels were closely correlated with those of total BNP,
mature BNP, nonglycoNT-proBNP, glycoNT-proBNP and ANP.
This suggests proBNP may also be a useful biomarker of
cardiovascular discase, like BNP and NT-proBNP, two well-
established biomarkers of cardiovascular discase in ESRD
patients. In addition, levels of proBNP correlated significantly
with ¢cGMP before hemodialysis, suggesting proBNP may be a
good marker of the biological action of natriuretic peptides. After
hemodialysis, proBNP still correlated significantly with cGMP, but
the correlation coeflicient was modest. "This may be because the
reduction ratio for proBNP is small, while that for cGMP is large.

Interestingly, the proBNP/total BNP ratio correlated positively
with hemodialysis vintage and correlated negatively with LAD and
blood pressure. Longer hemodialysis vintage may lead to
accumulation of the glycosylated proBNP, and diastolic dysfunc-
tion and/or increased afterload may alter the processing of
glycosylated proBNP to BNP and glycoNT-proBNP. Notably, the
glycoNT-proBNP/nonglycoNT-proBNP ratio correlated positive-
ly with parathyroid hormone levels in hemodialysis patients. Given
that parathyroid hormone induces cardiac hypertrophy via its
receptor on myocytes [33], its signal may influence glycosylation
within cardiac myocytes and thus the glycoNT-proBNP/non-
glycoNT-proBNP ratio. Further studies will be needed to elucidate
the mechanism involved.

It has been suggested that hemodialysis reduces natriuretic
peptide levels through dialytic clearance or by improving volume
control, which results in decrcased cardiac overload and reduced
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sccretion from the heart [34]. A limitation of the present study is
that we evaluated changes in volume status during hemodialysis
based only on changes in body weight or estimated total body fluid
volume. No other methods (e.g., bioimpedance analysis) were
used. In addition, we did not perform echocardiography after
hemodialysis. Had we evaluated changes in cardiac load during
hemodialysis using different methods, perhaps some relationship
might have been found between changes of the levels of natriuretic
peptide-related molecules during hemodialysis and the magnitude
of the reduction in cardiac load. Nonetheless, our results suggest
that the reduction in the natriuretic peptide-related molecules after
hemodialysis is due not only to the reduction in atrial overload, but
also to removal via the super-flux dialyzer.

In conclusion, this is a first report showing the hemodialysis-
associated changes of natriurctic peptide-related molecules,
including proBNP, in ESRD patients in the super-flux dialyzer
era. With the development of the super-flux dialysis membrane,
there has been a marked change in the kinetics of molecules before
and after hemodialysis. In addition, recent studies have shown that
glycosylated proBNP is a major molecular form in human plasma
and that glycosylated NT-proBNP is underestimated by the NT-
proBNP assay system currently being used. Under these condi-
tions, correct interpretation of the peptide levels in the plasma of
ESRD patients undergoing hemodialysis and their clinical
application may require careful consideration. Further study will
be necessary to determine which BNP-related peptides, including
proBNP, are most indicative of cardiac complications and
predictive of prognosis in hemodialysis patients.
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Abstract Dyslipidemia is an independent risk factor for
the development and progression of diabetic nephropathy
(DN). In this review, we summarize mouse models with
both diabetes and dyslipidemia, and their associated com-
plications. We then discuss molecules potentially involved
in deterioration of DN by dyslipidemia. We focus espe-
cially upon toll-like receptor 4 (TLR4) and one of its
endogenous ligands, myeloid-related protein 8 (MRP8 or
S100A8), since we have found that their mRNA levels are
commonly increased in glomeruli of type 1 (streptozotocin
[STZ]-induced) and type 2 (A-ZIP/F-1 lipoatrophic) dia-
betic mice. Gene expression of MRPS and Tir4 is further
upregulated during worsening of STZ-induced DN by a
high fat diet (HFD). Moreover, these HFD-induced chan-
ges are accompanied by enhanced gene expression of
CCAAT element binding protein § and phosphorylation of
c-Jun N-terminal kinase in the kidney, which have also
been reported in pancreatic [ cells under diabetic-
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hyperlipidemic conditions. Effects of a HFD upon DN are
cancelled in 77r4 knockout mice. Macrophages are the
predominant source of MRP8 in glomeruli. In cultured
macrophages, combinatorial treatment with high glucose
and palmitate amplifies MRP8 expression in a 7Tlr4-
dependent manner, and recombinant MRP8 protein mark-
edly increases gene expression of the inflammatory cyto-
kines interleukin-1f and tumor necrosis factor o. Here, we
propose ‘macrophage-mediated glucolipotoxicity’ via
activation of MRP8/TLR4 signaling as a novel mechanism
of pathophysiology for DN.

Keywords Diabetic nephropathy - Glucolipotoxicity -
Macrophage - Toll-like receptor

Introduction

Since only one-third of patients with type 1 diabetes
develop diabetic nephropathy (DN), we should consider the
role of factors other than hyperglycemia in the patho-
physiology of DN, including genetic, epigenetic, environ-
mental and metabolic aspects. Several reports describe
hyperlipidemia or dyslipidemia as an independent risk
factor for the progression of DN in type 1 and type 2
diabetes, as well as for atherosclerotic complications [1-4].
Using type 1 (streptozotocin [STZ]-induced) and type 2
(db/db) diabetic mouse models, we have confirmed that
treatment of diabetic mice with a high fat diet (HFD)
exacerbates albuminuria and glomerular lesions [5]. Of
note, single nucleotide polymorphisms in acetyl-CoA car-
boxylase B gene, which plays an important role in the
regulation of fatty acid metabolism, exhibit a potent asso-
ciation with proteinuria in patients with type 2 diabetes
[6, 7]. Accordingly, a concept of synergistic toxicity caused



Clin Exp Nephrol (2014) 18:584-592

585

by glucose and lipid, described as ‘glucolipotoxicity’, has
emerged in recent years. However, the underlying molec-
ular mechanism is still obscure, especially in renal com-
plication [8]. Here we will discuss diabetic-hyperlipidemic
mouse models and glucolipotoxicity in the kidney.

Diabetic-hyperlipidemic mouse models

As described above, several clinical and experimental
phenomena have highlighted the synergistic effects of
hyperglycemia and hyperlipidemia upon the development
and progression of diabetic complications including
nephropathy. Despite the fact that there are several limi-
tations associated with the difference in hyperlipidemia
between rodents and humans, mouse models are still most
widely used to study complications caused by diabetes and
hyperlipidemia. The reasons include small animal size,
short generation time, the ease of induction of diabetes,
hyperlipidemia or gene manipulation, and cost effective-
ness [9]. Hence, in the last decade diabetic-hyperlipidemic
mouse models have been used for genetic modification,
pharmacological treatment and/or some particular chow
diets that abundantly contain fat and/or cholesterol. In this
section, representative mouse models are summarized.

Apolipoprotein E-deficient mice treated
with streptozotocin (ApoE KO + STZ)

ApoE KO 4 STZ mice are one of the most popular dia-
betic-hyperlipidemic mouse models. This model shows not
only hypercholesterolemia and hypertriglyceridemia, but
also accelerated aortic atherosclerotic lesions [10-12] and
nephropathy [13-15] associated with diabetes. These
reports revealed that advanced glycation end-products [13,
14] and endoplasmic reticulum (ER) stress [16, 17] are
candidate mediators of glucolipotoxicity in ApoE KO +
STZ mice.

Fig. 1 Effects of STZ and/or

HFD upon mesangial expansion A
(a), urine volume (b) and 2000 -
creatinine clearance (c) in wild- &
type mice. nSTZ-ND non STZ- g_ 1500 -
normal diet, nSTZ-HFD non =
STZ-high fat diet, STZ-ND o
STZ-normal diet, STZ-HFD = 10004
STZ-high fat diet. Data are ks))
mean # SEM. n = 4-11. & 500
*p < 0.01, **p < 0.001. 8
Modified from Kuwabara and = 0

others [5]

nSTZ-ND
nSTZ-HFD
STZ-ND
STZ-HFD

Low-density lipoprotein (LDL) receptor-deficient mice
treated with STZ (LDLR KO + STZ)

LDLR KO + STZ mice show dyslipidemia including high
LDL cholesterol, low high-density lipoprotein (HDL)
cholesterol levels and hypertriglyceridemia, mimicking
human metabolic syndrome [18]. Moreover, addition of a
HFD exacerbates hypertriglyceridemia, hypercholesterol-
emia, and diabetic renal lesions (including glomerular and
tubulointerstitial macrophage infiltration) in this model
[19]. The authors [19] referred to an earlier work indicating
that irradiation-induced depletion of bone marrow cells
(including monocytes) reduces renal injury in STZ-diabetic
rats [20].

STZ-induced diabetic mice with HFD feeding
(STZ + HFD)

A supplemental HFD on STZ-treated diabetic mice
increases blood triglyceride and free fatty acid concentra-
tions, at least in part, because of insulin deficiency, sug-
gesting that this model might be useful especially for
analyzing pathophysiology by high triglyceride-rich lipo-
protein and/or high free fatty acids coexisting with high
glucose conditions. In STZ + HFD mice, there are several
reports describing vascular complications such as cardio-
vascular dysfunction [21], retinopathy [22], neuropathy
[23] and nephropathy [5, 24].

Treatment of wild-type mice with STZ and HFD syn-
ergistically increases albuminuria [5] and expands mesan-
gial area (Fig. 1). Induction of diabetes by STZ causes a
marked increase in urine volume and creatinine clearance
of normal diet-fed and HFD-fed animals, respectively,
suggesting that glomerular hyperfiltration has occurred. On
the other hand, HFD treatment reduces urine volume and
creatinine clearance in STZ mice (Fig. 1), suggesting that
HFD is not causing more hyperfiltration but is causing non-
hemodynamic actions which will be discussed below.
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A-ZIP/F-1 lipoatrophic diabetic mice

A-ZIP/F-1 mice are a genetic mouse model of lipoatrophic
diabetes, characterized by severe insulin resistance, dysli-
pidemia including hypertriglyceridemia and high free fatty
acids, and fatty liver [25, 26]. This model is based upon
dominant-negative expression of B-ZIP transcription fac-
tors of both C/EBP and Jun families under the control of
aP2 enhancer/promoter, causing paucity of adipose tissue.
A-ZIP/F-1 mice may serve as a useful tool for studying
DN, because they manifest severe nephrotic syndrome and
typical histopathological renal lesions which are glomeru-
lar hypertrophy, diffuse and pronounced mesangial
expansion and accumulation of extracellular matrix [27].
Notably, these renal changes are reversible to some extent
by replacement therapy with a fat-derived hormone leptin
[27].

Other mouse models

There are a few other diabetic-hyperlipidemic mouse
models such as non-obese diabetic mice or Ins2”*® dia-
betic mice combined with HFD feeding [28, 29], but their
renal involvement has not been characterized well.
Regardless of the models described above, differences in
genetic backgrounds critically affect glucose and lipid
metabolism among mouse strains [30]. Furthermore, even
similar levels of hyperglycemia cause distinct renal chan-
ges among different strains and species. For instance, the
DBA/2 strain is highly susceptible to DN, whereas the
C57BL/6 strain is relatively resistant [31-33]. In addition,
since cholesteryl ester transfer protein is inactive in
rodents, HDL is the dominant lipoprotein in mice [34].
Apolipoprotein B in rodents also differs from that in
humans [35].

Molecules involved in glucolipotoxicity in the kidney
and pancreatic f cells

Although glucotoxicity and lipotoxicity were originally
proposed as independent concepts, Prentki et al. reported a
novel concept of glucolipotoxicity in pancreatic B cells in
1996. They reported that elevated ambient levels of glu-
cose and free fatty acid cause synergistic inhibition of
insulin secretion [36]. On the other hand, they reported that
increased intracellular glucose-derived metabolites inhibit
enzymes for B-oxidation, leading to cytosolic accumulation
of lipids [37]. Subsequently, there have been several
reports about the molecular mechanism underlying gluco-
lipotoxicity involved in pancreatic B cell dysfunction and
insulin resistance [38-40]. Furthermore, phenomena of
glucolipotoxicity are also observed in DN of humans [1-4]
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and rodents [41, 42], but their pathophysiology remains
largely unknown [8]. Here, we will compare glucolipo-
toxicity upon pancreatic B cell dysfunction and DN.

¢-Jun N-terminal kinase (JNK)

JNK plays a pivotal role in ER stress-induced ‘unfolded
protein response’ in innate immune system [43]. It was later
revealed that ER stress-induced JNK activation is associated
with chronic inflammation or high ambient fatty acid levels
in obesity or type 2 diabetes [44, 45]. In pancreatic B-cells,
high glucose concentrations augment lipotoxicity through
INK activation, at least partly, in an ER stress-dependent
manner [46, 47]. In our diabetic-hyperlipidemic model [5],
treatment with STZ and HFD synergistically increases
phosphorylation of IxB and mRNA expression of pro-
inflammatory genes in the kidney, in parallel with phos-
phorylation of JNK, but not with phosphorylation of other
mitogen-activated protein (MAP) kinases such as p38 or
extracellular signal-regulated kinase (ERK) (Fig. 2).

CCAAT element binding protein beta (C/EBPP)

CCAAT element binding protein beta (C/EBPp) is one of
the transcriptional repressors of insulin gene and induced

nSTZ-ND
nSTZ-HFD
STZ-ND
STZ-HFD

p-p38

t-p38

pERK

tERK

pJNK
tINK

plkB

GAPDH

Fig. 2 Western blot analysis for phosphorylation of MAP kinases
and IxB in kidney of STZ + HFD mice. p-/t-p38 phosphorylated/total
p38 MAP kinase, p/tERK phosphorylated/total extracellular signal-
regulated kinase, p/t/NK phosphorylated/total c-Jun N-terminal
kinase, plkB phosphorylated inhibitor of kB. Modified from Kuwa-
bara and others [5]
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by chronic hyperglycemia [48]. C/EBPf is increased by
fatty acids through the Per-Arnt-Sim kinase (PASK)
pathway [49] in pancreatic B cells. Since PASK is also
induced by high glucose conditions, these mechanisms may
possibly exert glucolipotoxic effects. In the kidney,
C/EBPB is increased in diabetic rats, but not other C/EBP
isoforms [50]. Furthermore, renal upregulation of C/EBPpJ
mRNA in STZ-induced diabetic mice is further enhanced
by additional HFD feeding in our experiments [5].

Of note, INK/AP-1 and C/EBPp pathways may also
contribute to glucolipotoxicity-induced renal damage
through upregulation of myeloid-related protein 8§ (MRPS,
also known as S100A8 or calgranulin A), whose gene
promoter region contains AP-1 binding site [51, 52] and
C/EBP motif [53, 54], as discussed in the next section.

Fetuin A

Over the last few years, there has been growing evidence
for fatty acid-induced lipotoxicity, such as insulin resis-
tance, through toll-like receptor 4 (TLR4) [55-57]. How-
ever, it is still controversial whether fatty acid stimulates
TLR4 directly or indirectly. Recently, fetuin A has been
identified as an adopter protein combining fatty acids and
TLR4 [58], and its plasma levels are elevated in diabetic
humans and mice [59, 60]. ER stress induced by high
glucose and palmitate increases the expression of fetuin A
[60], suggesting that fetuin A could hypothetically partic-
ipate in glucolipotoxicity upon macrophages.

MRPS/TLR4

MRP8 was originally identified as a cytoplasmic calcium-
binding protein in neutrophils and monocytes [61]. MRPS,
by making a heterodimer with MRP14 (or S100A9), has
become widely recognized as a potent endogenous ligand
for TLR4 in various diseases including septic shock and
vascular and autoimmune disorders [62-64]. To identify
candidate disease-modifying molecules in DN, we have
performed microarray analysis using isolated glomeruli
from two different diabetic models of mice—STZ-induced
insulin-dependent diabetic mice and lipoatrophic insulin-
resistant A-ZIP/F-1 mice. We then focused upon MRPS
and TIr4, because expression of both genes is commonly
increased in these two models [5]. It is noteworthy that
diabetic-hyperlipidemic mice such as STZ-HFD mice or A-
ZIP/F-1 mice show remarkable upregulation of MRPS and
Tir4 compared to control non-diabetic mice (Fig. 3). Since
macrophages are identified as the major source of MRPS8 in
the glomeruli of STZ-HFD mice [5], we examined the
effects of high glucose and fatty acid on the expression of
MRPS8 (Fig. 4) and TIr4 in cultured macrophages. This
in vitro study showed that treatment with fatty acid
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Fig. 3 Glomerular gene expression of MRP8 (a) and Tir4 (b) in
STZ + HFD and lipoatrophic A-ZIP/F-1 mice determined by Tag-
Man real-time PCR. White bars non-diabetic control group, striped
bars diabetic group, black bars diabetic-hyperlipidemic group. Data
are mean = SEM. n = 4-7. *p < 0.01, **p < 0.001. Modified from
Kuwabara and others [5]

amplifies MRP8 expression only under high ambient glu-
cose conditions. Although Tir4 is expressed slightly more
in high glucose conditions than in low glucose conditions,
fatty acid does not alter 7/r4 expression [5]. In addition,
synergistic effects with high glucose and fatty acid on
macrophages and diabetic kidneys are abrogated by 7ir4
deletion [5] (Fig. 4). Moreover, we have observed that
recombinant MRP8 protein markedly increases gene
expression of the inflammatory cytokines interleukin-1f
and tumor necrosis factor o (TNF-o) in cultured macro-
phages (submitted) [62]. Similarly, macrophages also play
an important role in insulin resistance and B-cell dysfunc-
tion through fatty acid-induced TLR4 activation [65, 66].
Particularly in the kidney, MRPS8 produced by infiltrated
macrophages might exert glucolipotoxic effects upon dia-
betic glomeruli in a paracrine manner, potentially leading
to mesangial expansion, podocyte injury, glomerular scle-
rosis and albuminuria (Fig. 5), because TLR4 is reportedly
expressed in healthy or injured glomerular intrinsic cells
including mesangial cells [67, 68], endothelial cells [67,
69] and podocytes [70, 71]. Taken together, we propose
‘macrophage-mediated glucolipotoxicity’ via activation of
MRPS/TLR4 signaling as a novel concept for pathophysi-
ology of DN (Fig. 5).

To understand the clinical implication of MRP8 expres-
sion in humans, we have carried out immunohistochemical
analysis of MRP8 expression in renal biopsy samples from
patients with DN, obesity-related glomerulopathy (ORG)
and non-obese, non-diabetic controls (which are minor glo-
merular abnormality [MGA] and minimal change nephrotic
syndrome [MCNS]). We have not been able to obtain reliable
antibody against TLR4 to date. The rank orders of glomer-
ular and tubulointerstitial MRPS8 protein expression levels
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