B No response % Opoints & 1point [@2points B 3 points

(n =1,252)
0.80 0.97 0.92 1.00 178 0.27 1.09 0.39 Mean

Fig. 1. Distribution of points for each JESS
question. Chance of dozing in a given situ-
ation: Q1 = Sitting and reading; Q2 =
watching TV; Q3 = sitting inactive in a pub-
lic place (e.g. a theater or a meeting); Q4 =
as passenger in a car for an hour without a
break; Q5 = lying down to rest in the after-
noon when circumstances permit; Q6 = sit-
ting and talking to someone; Q7 = sitting
quietly after a lunch without alcohol; Q8 =
in a car, while stopped for a few minutes in
traffic. 0 = No chance of dozing; 1 = slight
chance of dozing; 2 = moderate chance of Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8
dozing; 3 = high chance of dozing.

Table 2. Association of JESS score groups and other variables on all-cause mortality

JESS score (ref. low score)

Intermediate score 1.427 0.808-2.518 0.220 1.131 0.627-2.040 0.684
High score 3.396 1.922-5.998 <0.001 2.312 1.267-4.220 0.006
Elderly group (270 years) 4.043 2.508-6.519 <0.001 2.859 1.704-4.799 <0.001
Vintage (per 1 year) 0.998 0.968-1.028 0.875 1.026 0.990-1.064 0.157
Male gender 1.175 0.753-1.832 0.477 1.555 0.942-2.568 0.085
Primary disease (DM) 1.496 0.959-2.334 0.076 1.035 0.616-1.738 0.896
Comorbidities
Congestive heart failure 2.985 1.920-4.642 <0.001 2.094 1.301-3.370 0.002
Cancer (other than skin) 2.012 1.098-3.688 0.024 1.290 0.691-2.411 0.424
Hypertension 1.233 0.760-2.000 0.396 1.161 0.701-1.922 0.562
Lung disease 6.658 3.261-13.59 <0.001 4.282 1.908-9.609 <0.001
Neurologic disorder 2.352 1.394-3.967 0.001 1.642 0.910-2.961 0.100
CVD composite 2.149 1.383-3.342 <0.001 1.159 0.711-1.888 0.555
BMI (ref. Q1, <19.00)
Q2 (19.00-20.99) 0.578 0.327-1.021 0.059 0.597 0.324-1.101 0.099
Q3 (21.00-22.99) 0.551 0.298-1.017 0.057 0.487 0.240-0.987 0.046
Q4 (=23.00) 0.555 0.314-0.981 0.043 0.699 0.370-1.322 0.271
Albumin (ref. T1, <3.70 g/dl)
T2 (3.70-3.99) 0.495 0.302-0.812 0.005 0.595 0.356-0.994 0.047
T3 (24.00) 0.286 0.159-0.515 <0.001 0.388 0.209-0.719 0.003
Dialysis time 2240 min/session 0.713 0.436-1.165 0.177 0.843 0.464-1.532 0.576
Dialysis frequency (<3 times/week) 1.529 0.432-5.417 0.511 1.414 0.371-5.388 0.612
Single pool Kt/V 21.2 0.938 0.569-1.544 0.801 0.958 0.521-1.764 0.891
Erythropiesis-stimulating agent 1.057 0.599-1.865 0.849 0.899 0.490-1.648 0.731
Hypnotic agent 1.146 0.735-1.787 0.548 0.871 0.548-1.383 0.558

DM = Diabetes mellitus; T = tertile. Values set in boldface are significant.
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variables such as serum albumin, creatinine, and total
cholesterol were significantly lower among those with
high JESS scores.

Responses to each question of the JESS questionnaire
are summarized in figure 1. We obtained more than 95%
of responses for each question. The mean score was 0.89
(0.46 SD), ranging from 0.27 to 1.78. Among the ques-
tions, the JESS score was highest (1.78) for question num-
ber 5, ‘While lying down and taking a rest in the after-
noon’. It was lowest (0.27) for question number 6, ‘While
sitting and talking with someone’. The mean total JESS
score was 7.13 (5.09 SD). There were 971 (77.6%) subjects
who were grouped as low-risk, 191 (15.3%) as intermedi-
ate-risk, and 90 (7.2%) as high-risk.

Sleepiness and Survival in Hemodialysis
Patients

Outcomes

During the study period, there were 85 deaths. The
overall mortality rate was 36.4 per 1,000 patient-years.
Causes of death were CVD in 32 (37.6%), malignancies in
13 (15.3%), infection in 12 (14.1%), miscellaneous in 5
(5.9%), and unknown in 23 (27.1%) patients. Cumulative
survival rates of the three subgroups according to baseline
JESS score are shown in figure 2. With higher JESS scores,
survival was poor. The adjusted HR was 2.312 (95% CI
1.267-4.220; p = 0.006) compared to those with low JESS
scores (table 2). Results of the Kaplan-Meier method with
the log-rank test have been summarized for the younger
group (age <70 years) and elderly group (age 270 years).
The relative risk of death was significantly higher in high-
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Table 3. Factors associated with high JESS score (216) and patients background

Elderly group (=70 years) 2.631 1.699-4.074 <0.001 1.750 1.078-2.841 0.024
Vintage, years 1.053 1.014-1.093 0.007 0.981 0.941-1.023 0.377
Primary disease (DM) 1.910 1.231-2.965 0.004 1.485 0.545-4.052 0.440
Comorbidities

Congestive heart failure 1.724 1.047-2.837 0.032 1.241 0.731-2.105 0.424

Cerebrovascular disease 2.474 1.404-4.358 0.002 1.969 1.079-3.592 0.027

DM 1.841 1.193-2.842 0.006 0.849 0.308-2.341 0.752

Neurologic disorder 1.839 1.022-3.307 0.042 1.105 0.580-2.102 0.762
Creatinine (ref. Q1, <9.00 mg/dl)

Q2 (9.00-10.99) 0.505 0.296-0.861 0.012 0.603 0.336-1.085 0.091

Q3(11.00-12.99) 0.157 0.072-0.340 <0.001 0.248 0.108-0.572 0.001

Q4 (213.00) 0.340 0.188-0.614 <0.001 0.625 0.303-1.290 0.203
Hemoglobin (ref. Q1, <9.70 g/dl)

Q2 (9.70-10.46) 0.562 0.307-1.028 0.062 0.655 0.351-1.223 0.184

Q3(10.50-11.25) 0.669 0.372-1.202 0.178 0.841 0.454-1.558 0.582

Q4 (=11.30) 0.612 0.332-1.127 0.115 0.863 0.444-1.676 0.663
Serum phosphorus (ref. T1, <4.77 mg/dl)

T2 (4.80-5.89) 0.733 0.434-1.236 0.244 0.997 0.572-1.737 0.991

T3 (25.90) 0.679 0.403-1.143 0.145 1.022 0.575-1.817 0.941
Dialysis time >240 min/session 0.638 0.394-1.035 0.069 1.109 0.640-1.921 0.713
Phosphate binder (ref. no)

Calcium based 0.507 0.303-0.849 0.010 0.768 0.439-1.346 0.357

Non-calcium based 0.511 0.253-1.032 0.061 1.077 0.486-2.386 0.856

Combined 0.232 0.093-0.579 0.002 0.503 0.184-1.375 0.181
Erythropiesis-stimulating agent 2.196 1.046-4.608 0.038 1.741 0.783-3.869 0.174

DM = Diabetes mellitus; T = tertile. Values set in boldface are significant.

scoring groups, even after multiple adjustments. Among
patients aged >70 years, outcomes for the high-scoring
JESS group were significantly worse when compared with
the low-scoring JESS group [adjusted HR 2.401 (95% CI
1.086-5.305); p = 0.030; fig. 3]. There was no interaction
between age and JESS score.

Factors Related to the High JESS Score

Elderly patients (=70 years) with comorbid conditions
such as cerebrovascular disease had significantly higher
JESS scores (216). In the high-scoring JESS group, the
serum creatinine level seemed to be rather low (table 3).

Discussion
We observed that high JESS scores predicted poor

survival, particularly in elderly patients. Although the
high JESS scores were associated with several clinical
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and laboratory factors (table 1), early detection of sleep-
iness would be beneficial for survival. The HD vintage
was shorter among those with high JESS scores, possi-
bly reflecting survival bias, as death rates are high in
such patients. Phosphate binders and vitamin D deriva-
tives were used less frequently among those with high
JESS scores. We found a reported positive relation [14]
between phosphate levels and SQ, restless legs syn-
drome, and survival, but others did not [15, 16]. The
Japanese HD population had a higher prevalence of
pruritus than that of the USA [17]. Pruritus, which has
often been associated with hyperphosphatemia, was
shown to increase odds of poor JESS scores [18, 19].
Hypercalcemia was associated with poor mental health
in Japanese HD patients [19]. Others suggested an ef-
fect of depression and the use of benzodiazepines on
survival [20].

The present study supports the notion that the JESS
questionnaire is a reliable and valid tool to evaluate
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sleep disorders and SQ for Japanese HD patients. De-
tails of the modification, reliability, and validation were
reported previously in a non-HD population [9]. Pa-
tients with higher JESS scores showed worse daytime
function as measured with the Pittsburgh Sleep Quality
Index. However, there might be further concerns re-
garding the translation and cultural adaptation of the
questionnaire [21]. To our knowledge, this is the first
application to chronic HD patients, in particular to aged
HD patients. Accordingly, the present result is clinical-
ly relevant as the prevalence of elderly HD patients is
close to 50% of the total patient population in Japan
(www.jsdt.or.jp).

Daytime sleepiness may be related to the disturbance of
the sleep-wake rhythm. The circadian rhythm of melato-
nin produced by the pineal gland is often blunted in dialy-
sis patients [22]. Also, melatonin secretion is often de-
creased in chronic HD patients [23]. Exogenous melatonin
may be effective in such cases. B-Blockers have also been
shown to depress nocturnal production of melatonin.
However, they are not often used in Japanese HD patients.

Sleep apnea syndrome is common in pre-HD and HD
chronic kidney disease patients, and they often have
CVDs. Obesity (BMI 225) is often associated with sleep
apnea. However, obesity is rare among Japanese HD pa-
tients; therefore, a simple questionnaire like the JESS
would be better motivated. Among the DOPPS countries,
the mean SQ score was highest and the death risk was
lowest in Japan [8]. Sleep disorders have been reported as
a predictor of mortality in HD patients [24]. However, the
number of subjects was small and the mortality rate was
very high; the annual mortality rate was >20% [24]. The
evidence that sleep disorders and sleep apnea induce
CVD in end-stage renal disease remains circumstantial
[25]. According to previous DOPPS papers, a longer HD
treatment time, a relatively low blood flow rate, and a pre-
dominant use of native arteriovenous fistulae are charac-
teristic in Japanese dialysis units [26]. However, the mor-
tality rate is rather low despite higher levels of blood pres-
sure and lower hemoglobin levels [27].

A limitation of our study is that SQ has not been vali-
dated among Japanese dialysis patients. However, we
used a similar questionnaire concerning SQ [28-30]. The
DOPPS does not collect data on the daytime and night-
time shift of dialysis. Most HD patients are lying in bed
during HD sessions in Japan. Therefore, it is common for
them to fall asleep during HD, as reported previously [31,
32]. Currently, more than 85% of the HD patients are di-
alyzed during the day. It is possible that a shift change in
HD may change sleepiness [33]. We could not complete-

Sleepiness and Survival in Hemodialysis
Patients

ly adjust for the impact of residual confounding variables
(27, 34]. Daytime sleepiness may differ from sleepiness in
the dark laboratory conditions used to measure the Mul-
tiple Sleep Latency Test (MSLT), and we did not confirm
the presence of sleep apnea by polysomnogram [35, 36].

In conclusion, our results showed that the assessment
of sleepiness by JESS scores is useful for identifying pa-
tients at risk of death among chronic HD patients, in par-
ticular aged patients. There was no interaction between
age and JESS score. In patients with high JESS scores
(216), lifestyle modifications such as exercise [37] and
further evaluation of sleep disturbance would be warrant-
ed. Future studies are necessary to examine the causes of
sleepiness and survival [38, 39] and the impact of treat-
ment of sleepiness on survival. Mechanisms of adverse
effects of sleepiness on survival are unknown. A better
fluid clearance and attenuation of sympathetic activation
would be expected by adequate sleep [40-42].
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Renal denervation has blood pressure-independent
protective effects on kidney and heart in a rat model

of chronic kidney disease
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*Department of Integrated Therapy for Chronic Kidney Disease, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

We elucidate the underlying mechanisms of bidirectional
cardiorenal interaction, focusing on the sympathetic nerve
driving disruption of the local renin-angiotensin system
(RAS). A rat model of N”-nitro-L-arginine methyl ester
(L-NAME; a nitric oxide synthase inhibitor) administration
was used to induce damage in the heart and kidney, similar
to cardiorenal syndrome. L-NAME induced sympathetic
nerve-RAS overactivity and cardiorenal injury accompanied
by local RAS elevations. These were suppressed by bilateral
renal denervation, but not by hydralazine treatment, despite
the blood pressure being kept the same between the two
groups. Although L-NAME induced angiotensinogen (AGT)
protein augmentation in both organs, AGT mRNA decreased
in the kidney and increased in the heart in a contradictory
manner. Immunostaining for AGT suggested that renal
denervation suppressed AGT onsite generation from
activated resident macrophages of the heart and circulating
AGT excretion from glomeruli of the kidney. We also
examined rats treated with L-NAME plus unilateral
denervation to confirm direct sympathetic regulation of
intrarenal RAS. The levels of urinary AGT and renal
angiotensin Il content and the degrees of renal injury from
denervated kidneys were less than those from contralateral
innervated kidneys within the same rats. Thus, renal
denervation has blood pressure-independent beneficial
effects associated with local RAS inhibition.
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Chronic kidney disease (CKD) may lead to heart failure and is
associated with high mortality,' and heart failure may lead to
renal failure.” Cardiac and renal dysfunction amplifies the
failure of the other organ in acute and/or chronic situations.
A new classification® was proposed to help the ‘clinical’ under-
standing of heart and kidney interactions, but understanding of
the ‘biological’ mechanisms of this interaction remains limited.
The sympathetic nervous system, the renin-angiotensin system
(RAS), and nitric oxide (NO) are thought to have key roles in
the cardiorenal cycle.! To investigate sympathetic nerve-RAS
interaction, we developed a cardiorenal syndrome model with
induced chronic NO depletion.

Although several clinical studies have reported the
potential efficacies of renal sympathetic denervation (DNx)
for resistant hypertension,” left ventricular hypertrophy,®
albuminuria,” glucose metabolism,® sleep apnea syndrome,’
arterial stiffness,'® and CKD,'! most studies were uncon-
trolled. A recent study, the SYMPLICITY-HTN-3 trial, was a
blinded, randomized sham-controlled trial and failed to
show any benefit of catheter-based DNx.!> Currently, the
underlying mechanisms are unclear and information on the
procedure is limited.!” Many clinicians think the clinically
refractory nature of cardiorenal syndrome is an attractive
target for intervention. The current study examined the
beneficial effects of DNx on the sympathetic cross-talk with
RAS in cardiorenal syndrome, with a focus on local RAS in
the heart and kidney.

Local RAS has paracrine and intracrine roles independent
of circulating RAS, and have been extensively reviewed.'47
Physiologically, intrarenal RAS regulates the glomerular
filtration rate,'® blood pressure, and proximal tubular
reabsorption.!” Brain RAS modulates drinking behavior®?
and blood pressure.?! Cardiac RAS has inotropic and chrono-
tropic effects.?? Pathophysiologically, a long-term elevation
in local RAS leads to organ dysfunction: for example,
hypertension and progression of CKD in the kidney,?*2°
hypertension in the brain,?® cardiac hypertrophy, fibrosis,
and remodeling in the heart.?” Despite vast amounts of
research on the local regulation of RAS, its mechanisms
remain controversial.?®3! This study also addressed the
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Figure 1| The validity of renal denervation, blood pressure, and circulating factors in protocol 1. (a) Serial measurements of tail-cuff
pressure. (b) Urinary nitrate/nitrite. Nitric oxide metabolite (NOx) levels at weeks 4 and 10 were equally suppressed among the three
groups. (c) Renal cortical norepinephrine content levels were measured to confirm the validity of renal denervation. (d) Plasma norepinephrine
and (e-g) RAS components were measured at the end of the study (week 10). Values are mean £s.e.m. *P<0.05 vs. control rats, 'P<0.05
vs. Bil. DNx rats, “P<0.05 vs. L-NAME rats, *P<0.05 vs. baseline values (week 0). Bil. DNx, bilateral renal denervation; L-NAME; N”-nitro-L-

arginine methyl ester.

currently highly debated issue of the origin (tubular origin®!
or leakage from glomeruli*®) of intrarenal angiotensinogen
(AGT).

RESULTS

Renal denervation drives blood pressure-independent
cardiorenal protection

We employed a cardiorenal syndrome model with NO
depletion, which induced CKD and heart failure and
bidirectional interaction between both damaged organs.
In protocol 1, chronic N“-nitro-L-arginine methyl ester
(L-NAME) administration induced a progressive elevation in
tail-cuff pressure that reached approximately 220 mmHg over
10 weeks, and also showed lower body weights and
hypoalbuminemia at the end of the study compared with
other groups (Supplementary Table S1 online). Bilateral renal
denervation (Bil. DNx) ameliorated the severe hypertension
induced by L-NAME, resulting in tail-cuff pressure of
approximately 150 mmHg at week 10. Tail-cuff pressures in
rats treated with L-NAME and hydralazine were comparable
to those in Bil. DNx rats (Figure la). These differences
among L-NAME-treated groups were observed despite equal
suppression of urinary and tissue NO metabolite production
(Figure 1b and Supplementary Table S1 online). DNx was
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confirmed by a marked decrease in norepinephrine content
in the denervated kidney at week 10 (Figure Ic). Systemic
sympathetic nerve activity was inferred from plasma and
urinary norepinephrine levels at week 10 (Figure 1d and
Supplementary Table SI online). These elevations were sup-
pressed by Bil. DNx, but not by hydralazine (Figure 1d).
Plasma renin activity was markedly suppressed in Bil. DNx
rats compared with the other groups (Figure le). Plasma
angiotensin II (AIl) levels were higher in L-NAME- or
hydralazine-treated rats compared with control or Bil. DNx
rats (Figure 1g). There were no significant differences in
plasma AGT levels, liver AGT protein, or mRNA levels among
the groups (Figure 1f and Supplementary Figure S1 online).
L-NAME administration induced severe proteinuria, glomer-
ulosclerosis, and interstitial fibrosis (Figure 2a-e) and
elevation in serum creatinine and blood urea nitrogen levels
(Supplementary Table S1 online). Treatment with Bil. DNx,
but not with hydralazine, suppressed all these changes in the
kidney (Figure 2a-e), despite blood pressure being the same
between these two groups (Figure 1a). L-NAME administra-
tion also induced cardiac hypertrophy, fibrosis, and systolic
dysfunction. L-NAME-treated rats showed increased heart
weight corrected by body weight (Figure 3a) and had left
ventricular hypertrophy accompanied by cardiac fibrosis
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Figure 2| Renal histological changes and proteinuria in protocol 1. Representative images using (a) Periodic acid-Schiff stain and (b) Sirius
red stain (original magnification x200). (c) Serial changes in proteinuria from 24-h urine collection. (d) The glomerulosclerosis index was
assessed as previously described.?®39 (e) Interstitial fibrosis using a point-counting technique.3®39 Values are mean * s.e.m. *P<0.05 vs.
control rats, "P<0.05 vs. Bil. DNx rats, “P<0.05 vs. L-NAME rats, *P<0.05 vs. baseline values (week 0). Bil. DNx, bilateral renal denervation;

L-NAME; N”-nitro-L-arginine methyl ester.

(Figure 3b; pale blue stain at interior side of left ventricle).
Sirius red-stained representative images at high magnifica-
tion are shown in Figure 3c. In echocardiography (Supple-
mentary Table S2 online), L-NAME-treated rats exhibited
increased left ventricular masses, left ventricular diastolic
dimension dilation, left ventricular wall thickening that was
expected from concentric hypertrophy (Figure 3d), and
systolic dysfunction (Figure 3e). L-NAME administration
also increased plasma brain natriuretic peptide and mRNA
expression of brain natriuretic peptide in the left ventricle
(Figure 3f and Supplementary Figure S3a online). Hydrala-
zine treatment partially attenuated all changes related to
cardiac injury that were suppressed to almost normal levels
by Bil. DNx.

Renal denervation ameliorated local RAS in the heart and
kidney

We investigated the local RAS components of heart and
kidney tissues in protocol 1. L-NAME-treated rats showed
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progressive increases in urinary AGT, a feasible biomarker of
intrarenal RAS.'>3? Treatment with Bil. DNx suppressed
these increases at levels comparable to those of control rats,
but hydralazine treatment did not (Figure 4a). Western blot
analyses (Figure 4b and c) revealed that renal cortical AGT
protein levels were augmented in L-NAME-treated rats. We
confirmed that renal cortical AIl levels were significantly
elevated in L-NAME-treated rats compared with control rats.
Bil. DNXx, but not hydralazine treatment, prevented elevations
in cortical AIl content (Figure 4d). Immunostaining for
AGT to determine distribution in the kidney showed a faintly
stained blush border of proximal tubules in control and
Bil. DNx-treated rats. In contrast, rats treated with L-NAME
or hydralazine showed strong staining of proximal tubules
reaching the basal membrane and some glomerulus
(Figure 4e).

Immunohistochemistry of cardiac tissue showed that AGT
was expressed at void spaces of desmin-labeled myocytes
consisting of normal cardiac interstitial spaces in control and
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Figure 3 | Histological and functional changes of the heart in protocol 1. (a) Heart weight divided by body weight. (b) Representative
images using Masson’s trichrome stain (original magnification x5). (c) Representative images using Sirius red stain (original magnification
x200). (d) Relative wall thickness [(AWTd + PWTd)/LVDd] and (e) fractional shortening measured by echocardiography. (f) Plasma brain
natriuretic peptide levels measured at week 10. Values are mean * s.e.m. *P<0.05 vs. control rats, 'P<0.05 vs. Bil. DNx rats, “P<0.05 vs.
L-NAME rats. AWTd, anterior wall thickness in diastole; Bil. DNx, bilateral renal denervation; BNP, brain natriuretic peptide; L-NAME; N”-nitro-L-
arginine methyl ester; LVDd, left ventricular dimension in diastole; PWTd, posterior wall thickness in diastole; wt, weight.

Bil. DNx rats, or pathological inflammatory/profibrotic lesions
in L-NAME- and hydralazine-treated rats (Figure 5a). AGT
(Figure 5b and ¢) and AII (Figure 5d) protein levels in the left
ventricle were significantly higher in L-NAME-treated rats
compared with control rats. These changes were suppressed by
Bil. DNXx, but not by hydralazine, treatment.

To examine the ‘onsite generation’ of local RAS components,
we analyzed mRNA expression by RT-PCR. Tissue renin and
angiotensin-converting enzyme (ACE) mRNA expression in-
creased with L-NAME administration in both the left ventricle
and renal cortex, and treatment with Bil. DNx normalized
elevations in these mRNA expressions, but hydralazine treat-
ment had limited effect (Figure 6a, b, d, and e). Interestingly,
despite AGT protein augmentation in both the left ventricle
and renal cortical tissue, AGT mRNA in each tissue was

Kidney International (2015) 87, 116-127

regulated in a contradictory manner: an upregulation of AGT
mRNA in the left ventricle and a downregulation in the renal
cortex (Figure 6c and f). These changes were also observed
in AII type la receptor (Supplementary Figure S2a and S3b
online). Increases in local RAS components in both organs
induced elevation of profibrotic mRNA expression. Bil. DNx,
but not hydralazine, treatment ameliorated these changes
(Supplementary Figure S2b—e and S3c-f online).

Exploring the origin of locally regulated AGT protein in the
heart and kidney

To clarify how local RAS components are regulated in each
organ, we examined the origin of tissue AGT protein. In
protocol 1, L-NAME administration amplified renal cortical
AGT protein levels, despite the contradictory downregulation

119

— 423 —



basic research

M Eriguchi et al.: Renal denervation in cardiorenal syndrome

a 14, b Control L-NAME L-NAME + Bil. DNx  L-NAME + Hyd
[ Contral xt
12 M L-NAME AGT
] L-NAME + Bil. DNx
10 E5 L-NAME + Hyd B-Actin
g
25
= c 3 d 1000, “f
2
> 6 o 2.5 ;C-.
Ry wT L= B
£ o8& 24 c @
o] G .9 % 3
44 51 15 BE
< g 59
% 14 Flk=t
2 * < 2=
- T @ k=l
. X © 05 3
Week 8 Week 10 Control  L-NAME L-NAME L-NAME Control L-NAME L-NAME L-NAME
+ Bil. DNx + Hyd + Bil. DNx  + Hyd
d Immunostaining for AGT protein
Control L-NAME L-NAME + Bil. DNx L-NAME + Hyd

.

Figure 4 |Local renin-angiotensin system (RAS) components in the kidney in protocol 1. (a) Urinary AGT excretion at week 8 and 10.
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methyl ester.

of AGT mRNA expression. Immunostained images (Figure 7a
and b) suggested that L-NAME administration induced AGT
protein excretion through synaptopodin-labeled podocytes
and desmin-labeled podocytes/mesangial cells; this change
was suppressed by Bil. DNx. We then analyzed factors that
affect urinary AGT. Urinary AGT was a feasible indicator
of renal cortical AIl (R®=0.82; Figure 7c), as previously
described.’? Urinary protein excretion as a marker of glome-
rular permeability disorder had a strong positive association
with urinary AGT levels (R®=0.96; Figure 7d). In contrast,
renal cortical AGT mRNA expression levels were negatively
associated with urinary AGT levels (R”=0.25; Figure 7e).
These results suggest that filtrated circulating AGT was the
precursor of renal cortical All, and renal denervation might
ameliorate glomerular AGT permeability.

In the left ventricle with a normal AGT regulatory
condition, cardiac fibroblasts that were spindle-shaped
vimentin-positive cells in the cardiac interstitial space rarely
expressed AGT signals (Figure 7f(i) and f(ii)). Other
vimentin-positive cardiac interstitial cells (macrophages,
vascular smooth muscle cells, and pericytes) did not express
AGT signals (Figure 7f(iii) and f(iv)). L-NAME induced
proliferations of vimentin-positive cells in pathological
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interstitial lesions (Figure 7g(ii)), including cardiac fibro-
blasts, macrophages, vascular smooth muscle cells, pericytes,
and a-smooth muscle actin (SMA)-positive activated cardiac
fibroblast (so-called ‘myofibroblast’).

In the early phase of inflammatory lesions, strong AGT
signals were expressed, and many cardiac fibroblasts,
especially ED-1-labeled monocyte/macrophages, that pro-
duced AGT were seen (Figure 7g(i)-g(iil)). In contrast, in
the late phase of fibrogenic lesions there were many o-SMA-
positive cells, including myofibroblasts, pericytes, and
vascular smooth muscle cells, with weak AGT deposition
(Figure 7g(iv)). Renal denervation ameliorated local produc-
tion of AGT in left ventricle tissue by abolishing infiltration
of AGT-producing cardiac fibroblasts or macrophages, and
suppressed myofibroblast proliferation as a result of the
transformation of activated cardiac fibroblasts (Figure 7f).

Renal sympathetic nerves directly regulate intrarenal RAS

In protocol 1, Bil. DNx attenuated plasma RAS levels. This is
reported to affect intrarenal RAS.'>*? To confirm direct
intrarenal RAS modulation by renal denervation, we
observed rats treated with L-NAME + unilateral DNx and
examined the laterality between the two kidneys of rats in

Kidney International (2015) 87, 116-127

— 424 —



M Eriguchi et al.: Renal denervation in cardiorenal syndrome

basic research

a AGT [ Desmin/ DAPI

Control L-NAME

b Control

L-NAME

L-NAME + Bil. DNx L-NAME + Hyd

L-NAME +Bil. DNx  L-NAME + Hyd

AGT

GAPDH &

0

1.6 7
1.4 4
1.2 4

0.8 1
0.6 1
0.4 4
0.2 4

Heart AGT protein
densitometric ratio

Control L-NAME L-NAME L-NAME
+ Bil. DNx + Hyd

o

200

—
(o4
o

—
o
o

(pg/g tissue)

Heart angiotensin Il
n
o

Control L-NAME L-NAME L-NAME
+ Bil. DNx  + Hyd

Figure 5]Local renin-angiotensin system (RAS) components in the heart in protocol 1. (a) Representative images of AGT and desmin
immunostaining from left ventricle (original magnification x400; oil). (b, ¢) AGT protein expression in the left ventricle using western blot
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protocol 2. First, we confirmed the validity of the findings that
unilateral DNx and norepinephrine content levels of DNx
kidneys were suppressed throughout the study (Figure 8a).
In contrast to Bil. DNx treatment, unilateral DNx treat-
ment could not suppress elevations in blood pressure,
systemic sympathetic nervous activity, and RAS, and
resulted in progressive renal failure (Supplementary Table S3
online).

Figure 8b and c¢ show serial changes in intrarenal RAS
between denervated (DNx) and contralateral innervated
(non-DNx) kidneys. Urinary AGT excretion and cortical
All content levels of DNx kidneys were significantly or
slightly lower than those of non-DNx kidneys at weeks 4, 8,
and 10. Serial changes in renal cortical mRNA expression
demonstrated that DNx kidneys had significantly lower
expression of renin mRNA compared with non-DNx kidneys
(Figure 8d). In contrast, AGT and ACE mRNA levels of DNx
kidneys tended to be higher compared with those of non-
DNx kidneys. As with protocol 1, AGT mRNA expression

Kidney International (2015) 87, 116-127

tended to decrease inversely over time, despite gradual
increases in urinary AGT (Figure 8e and f).

Proteinuria excretion increased gradually with chronic
administration of L-NAME, but proteinuria levels in DNx
kidneys remained low up to week 8 and were significantly
lower than those of non-DNx kidneys. These differences
diminished at week 10 (Figure 8g). Histological examination
showed that DNx treatment significantly attenuated glomer-
ulosclerosis and interstitial fibrosis at week 10 compared with
non-DNx kidneys within the same rats (Figure 8h and i).

DISCUSSION

We observed that renal denervation showed blood pressure
control-independent beneficial effects on cardiorenal syn-
drome accompanied by local RAS inhibition in both the
kidney and the heart. Chronic NO inhibition induced local
AGT elevations in the heart and kidney with different origins,
seemingly circulating AGT in the kidney and cardiac
macrophages in the heart, and decreases in renal AGT mRNA
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Figure 6 | mRNA expression associated with renin-angiotensin system (RAS) components in the left ventricle and renal cortex in
protocol 1. {(a, d) Renin mRNA, (b, e) ACE mRNA, and (¢, f) AGT mRNA expression levels were analyzed in (a-¢) the left ventricle and

(d-f) renal cortex (n = 6-8). Renin mRNA expression levels in the left ventricle were very weak and 400 ng of cDNA was needed to analyze
the amplification by real-time PCR. Values are mean + s.e.m. *P<0.05 vs. control rats, 'P<0.05 vs, Bil. DNx rats, "P<0.05 vs. L-NAME rats.
ACE, angiotensin-converting enzyme; AGT, angiotensinogen; Bil. DNx, bilateral renal denervation; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; L-NAME; N”-nitro-L-arginine methyl ester.

suggested a negative feedback mechanism affected by incre-
ases in exogenous AGT inflow into the kidney. We confirmed
that the renal sympathetic nerve directly regulated intrarenal
RAS and provided renoprotective effects using a unilateral
DNx rat model.

Cardiorenal interaction is a multifactorial syndrome in-
volving hemodynamic, neurchumoral, and inflammatory
pathways.* For neurohumoral factors, interaction between
the sympathetic nervous system, RAS, and NO is intricately
intertwined and has a crucial role in cardiorenal
syndrome.»*>%¢ Sympathetic cross-talk with NO?**7 and
NO-RAS interaction® were observed to be closely related. A
strength of this study is that the sympathetic nerve-RAS axis
was comprehensible to analysis by controlling the interaction
between NO and the other two factors by chronic NO
inhibition. This chronic L-NAME administration model
demonstrates CKD**3? and heart failure’® accompanied by
elevations in local®®” and circulating®® RAS and sympathetic
overactivity.4!

In clinical situations of cardiorenal syndrome, many
patients demonstrate coexistence of CKD and heart failure
with Dbidirectional organ cross-talk and it is difficult to
classify unidirectional mechanisms, these being type 2 and 4
cardiorenal syndrome as devised by Ronco et al.> Although
most experimental studies report observing unidirectional
interaction between one insulted organ and the other affected
organ,®® for example, renal changes in heart failure*? (a type
2 cardiorenal syndrome) or cardiac changes in CKD*® (a type
4 cardiorenal syndrome), the pathophysiology of cardiorenal
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syndrome in ‘dual-failure’ models is poorly understood.*
The current study is a dual-failure model with bidirectional
cardiorenal interaction and is useful for studying the effects
of treatment on clinically common cardiorenal syndrome.
Experimental studies of DNx for anti-Thy-1 glomerulone-
phritis, CKD by subtotal nephrectomy,® albuminuria
induced by aortic regurgitation,*> and renal fibrosis in
unilateral ureteral obstruction*® demonstrated mechanisms
associated with inflammation,**® oxidative stress,*>* and
intrarenal RAS.*> We observed that bilateral DNx, but not
unilateral DNXx, suppressed cardiorenal interaction, and
unilateral DNx showed partial renoprotective effects as a
consequence of limited attenuation of intrarenal RAS. These
observations indicate that the ipsilateral denervated efferent’s
effects from the DNx kidney are relatively small, and the
contralateral innervated afferent has an important role in the
progression of cardiorenal interaction and SNA-RAS over-
activity. Questions remain as to why the SYMPLICITY-HTN-
3 trial failed to show efficacy.'” Putting aside discussions
about regression to the mean, a placebo effect or the
Hawthorne effect, we suggest two most likely reasons: (1) the
use of an unsuccessful interventional device; from our own
observations of the unilateral DNx model, we noted that
incomplete DNx caused blood pressure elevation and organ
injury; and (2) inappropriate patient selection for the device;
we confirmed DNx did not affect all disease models; for
example, DNx did not affect proteinuria and blood pressure
in puromycin aminonucleoside nephropathy (data not
shown). The current model of NO depletion demonstrated,
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Figure 7 | Angiotensinogen (AGT) protein regulation in the heart and kidney. (a) Glomerular immunostaining for AGT, (i, iii) synaptopodin-
labeled podocytes, and (i, iv) desmin-labeled podocytes and mesangial cells. L-NAME induced strong AGT signals in podocytes/mesangial
cells (arrows and cropped images; original magnification x630; water). (b) 3D image of L-NAME-induced glomerular injury showed AGT protein
was excreted outside the capillary lumen. (c-e) Association between urinary AGT and kidney angiotensin II, urinary protein, or AGT mRNA
in protocol 1. (f, g) Double staining for AGT and (i, ii) vimentin as a marker of cardiac fibroblasts, macrophages, vascular smooth muscle cells,
or pericytes, (iii) ED-1-labeled monocytes/macrophages, or (iv) 2-SMA as a label of vascular smooth muscle cells, pericytes, or cardiac
myofibroblasts in left ventricle tissue. Arrows and cropped images indicate AGT-producing cells (original magnification x630; water). Bil. DNx,
bilateral renal denervation; DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; L-NAME; N“-nitro-L-
arginine methyl ester; a-SMA, a-smooth muscle actin.
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Figure 8| The validity of renal denervation and protein and mRNA expression of intrarenal renin-angiotensin system (RAS)

components and renal injuries in protocol 2. (a) Renal cortical norepinephrine content levels were measured to confirm the validity of renal
denervation over the study. (b) Serial changes in urinary AGT levels from split urine samples. Both ureters were cannulated to collect split urine
samples from each DNx and non-DNx kidney. Serial changes in (c) renal cortical angiotensin Il content levels. Serial changes in renal cortical
MRNA expression levels of (d) renin, (e) AGT, and (f) ACE (n = 6-8). AGT mRNA levels tended to decrease (P for trend = 0.054) and ACE mRNA
tended to increase (P for trend = 0.07) over time. (g) Serial changes in urinary protein excretion from DNx and non-DNx kidneys. (h) The
glomerulosclerosis index at week 10 was assessed as previously described.3839 (i) Interstitial fibrosis at week 10 using a point-counting
technique.383 Further information about kidney weight, urinary volume, urinary creatinine excretion, and creatinine clearance is available in
Supplementary Figure S4 online. Values are mean * s.e.m. %P < 0.05 vs. non-DNx kidney for paired t-tests. ACE, angiotensin-converting enzyme;
AGT, angiotensinogen; Cr, creatinine; DNx, renal sympathetic denervation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; a-SMA, o-

smooth muscle actin.

in part, that the renal sympathetic nerve has a critical role
in the disruption of blood pressure control and progression
of cardiorenal syndrome. Availability of reliable markers
to identify and possibly treat patients with DNx is very
important and they require to be investigated through further
clinical studies.

The mechanisms for increasing local RAS activities are
complex, and functional and pathological regulation in the
heart!628294748  and  kidney!>17:30:313342 i5 inconsistent.
Several mechanisms, uptake from circulating RAS*4
and onsite generation,!>31:33424748 and a combination of
both,'®1729 have been proposed. The complexity of local RAS
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regulation increases with the many components involved in
the generation of All, such as AGT, renin, ACE, and
nonclassical RAS components (cathepsins and chymase),
and the possibility that not all components are generated in
local tissues—for example, cardiac renin.?®»?° Among current
approaches, conditional AGT transgenic models of the
heart?” and kidney,”»* but not ACE,**! revealed increases
in local All, indicating that AGT is a rate-limiting factor for
local AIl generation.!>'7 We examined local RAS generation
with a focus on AGT and suggest that intrarenal AGT is
caused by increases in proximal tubule uptake of filtered
AGT, and cardiac AGT is caused by proliferation of activated
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AGT-generating cardiac fibroblasts and macrophages in
pathological conditions with chronic NO depletion.

Recently, the origin of AGT in the kidney has been
debated. One report suggests that renal AGT is regulated by
uptake of liver-origin circulating AGT.>® Another suggests
onsite generation in proximal tubules.*"? The results of the
current study align with the former mechanism.3**’ We think
that such a result is not inconsistent because local AGT is
augmented in many different mechanisms. Chronic plasma
AIl elevation augments AGT mRNA and protein®® in the
kidney but suppresses it in the heart.*® Singh et al*’ also
reported that beta-adrenergic myocyte stimulation increased
AII levels in cells along actin filaments and medium, but high
glucose myocyte stimulation increased AIl levels only
intracellularly in perinuclear and nuclear regions. Different
tissues and conditions may involve several mechanisms for
local RAS regulation.

From observations of the unilateral denervation model,
despite increases in histological renal injury in the non-DNx
kidney compared with the contralateral DNx kidney, the non-
DNx kidney tended to show increased creatinine clearance
compared with that of the contralateral DNx kidney
(Supplementary Figure S4c and d online). This may indicate
that the glomerular filtration fraction of the non-DNx kidney
is greater than that of the contralateral DNx kidney; the non-
DNx kidney might represent glomerular hyperfiltration.

A limitation of the current study is that it remains unclear
whether renal denervation decreases both proteinuria and
urinary AGT as a consequence of decreases in intraglomerular
pressure, or whether the renal nerve modulates urinary AGT
through other mechanisms—for example, AGT generation
in podocytes,’?> glomerular sieving of AGT through slit
diaphragm signaling and regulation, and AGT transcytosis
across podocytes in the same manner as that previously
reported for albumin excretion from podocytes.>® Although
these hypotheses are conjectural, the conditional AGT-KO
model may help us further understand the molecular
mechanisms.

Another limitation is that the renorenal reflex!>3% was
not controlled in protocol 2. The renorenal reflex has a
crucial role in balancing total sympathetic nervous activity
between kidneys by a negative feedback mechanism.5>
Unilateral renal sympathetic denervation with suppression
of ipsilateral afferent signals stimulates contralateral renal
efferent signals.>

With regard to AGT/AIl generation in cardiac tissue,
cardiac myocytes,”’ fibroblasts,*® myofibroblasts,’® and
monocyte/macrophages®”>® have the potential to generate
AGT. In the current study, increases in cardiac AGT could be
attributed to cardiac fibroblasts and macrophages. Levick
et al. reported sympathetic modulation of inflammatory
cells in the remodeling heart,”® and we first observed the
possibility of renal sympathetic regulation of macrophages
associated with local AGT generation in the heart. Further
studies are needed to identify specific signaling that connects
the renal nerve and cardiac macrophages.

Kidney International (2015) 87, 116-127

MATERIALS AND METHODS
A detailed methods section is available in the Supplementary
Information online.

Ethical considerations

All experimental protocols were performed according to the Ethics
Committee on Animal Experimentation, Kyushu University Faculty
of Medicine. Eight-week-old male Wistar rats (Kyudo, Saga, Japan)
were individually housed in a specific pathogen-free environment
on a 12-h day/night cycle and allowed free access to chow containing
2% salt (Oriental Yeast, Tokyo, Japan) and tap water.

Renal denervation

Rats were either bilaterally or unilaterally denervated. Operations
were performed 2 days before starting the protocol. DNx was
performed as previously described, with slight modification, 424446
The validity of DNx was confirmed by a decrease in norepinephrine
content of the denervated kidney to about 5% compared with the
innervated kidney. Vehicle-treated and hydralazine-treated rats
underwent sham operations.

Experimental protocol 1

Rats were divided into four groups (n=28-10) for a 10-week
treatment period. Control rats received untreated drinking water.
L-NAME was administered in drinking water (50 mg/kg/day; Sigma,
St Louis, MI). L-NAME-treated rats were divided into three groups:
(1) vehicle-treated rats; (2) Bil. DNx-treated rats; and (3) hydralazine-
treated rats (15mg/kg/day; Wako Pure Chemical Industries, Osaka,
Japan). Tail-cuff pressure was measured in a conscious state using a
blood pressure monitor (MK-2000; Muromachi Kikai, Tokyo, Japan)
at weeks 0, 4, 8, and 10. Twenty-four-hour urine samples were
collected in metabolic cages at weeks 0, 4, 8, and 10. All rats were
killed for sample collection at week 10 after echocardiography
examination.

Experimental protocol 2

Rats (n=32) received unilateral DNx and L-NAME in drinking
water (50 mg/kg/day). Received doses of L-NAME were adjusted as
in protocol 1. Groups of eight rats had split urine collection at weeks
0, 4, 8, and 10. Under short-duration anesthesia, bilateral ureters
were exposed via bilateral flank incisions and cannulated with a
0.025-inch outer diameter polyurethane tube (MRE025; Braintree
Scientific, Braintree, MA) to permit urine collection separately from
each ureter. Rats were placed in stabilizers to perform 4-h split urine
collection below the level of consciousness. Rats were killed for
sample collection after split urine collection.

Echocardiography

Transthoracic echocardiography was performed under anesthesia
with sevoflurane with an iU22 (Philips, Andover, MA) equipped
with an L15-7io transducer (15 to 7MHz). Two-dimensional
B-mode cine-loops were recorded in mid-papillary short-axis views.

Measurements of RAS components, norepinephrine, and NO
metabolite concentrations

Plasma renin activity and Al protein levels were measured by a
radioimmunoassay as previously described.® AGT protein levels
were determined by ELISA (enzyme-linked immunosorbent assay).
Norepinephrine concentrations were determined by ELISA and
high-performance liquid chromatography. NO metabolite levels in
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urine and tissues were quantified with a nitrate/nitrite assay kit
(Cayman, Ann Arbor, MI) as previously described.®

Histological examination

Kidney and heart tissues embedded in paraffin were used for
histological study and immunohistochemistry. Two-micron sections
were stained with Masson trichrome, Sirius red, and Periodic acid-
Schiff. Degrees of glomerulosclerosis and renal interstitial fibrosis
were assessed as  previously described.*®  Representative
histological images were captured using a light microscope (BX53;
Olympus, Tokyo, Japan).

Immunohistochemistry

Rat tissues were prepared and stained as previously described, with
slight modification,” with primary and secondary antibodies as
follows: rabbit polyclonal anti-AGT (1:20, IBL); mouse monoclonal
anti-desmin (1:100, clone D33, Dako, Glostrup, Denmark); mouse
monoclonal anti-synaptopodin  (1:200, clone G1D4, Progen,
Heidelberg, Germany); mouse monoclonal anti-vimentin (1:50,
clone V9, Dako); mouse monoclonal anti-ED-1 (1:500, clone ED-1,
Millipore, Billerica, MA); mouse monoclonal anti-a-SMA (1:50,
clone 1A4, Abcam, Cambridge, UK); peroxidase-conjugated anti-
rabbit (Histofine Simple Stain MAX PO; Nichirei, Tokyo, Japan);
Alexa 488-conjugated goat anti-rabbit IgG (1:250, Life Technologies,
Carlsbad, CA); and Alexa 568-conjugated goat anti-mouse IgG
(1:250, Life Technologies). After counterstaining, representative
immunostained images were obtained by light microscopy (BX53;
Olympus) or confocal laser scanning microscopy (LSM 710; Carl
Zeiss, Oberkochen, Germany) and Z-stack images obtained by LSM
710 were reconstructed to three-dimensional images by image
analyzing software (Imaris; Bitplane, Belfast, UK).

Western blot analysis

Protein samples (15 mg) were separated on SDS-PAGE and blotted
onto a polyvinylidene difluoride membrane using an iBlot system
(Life Technologies). Immunoreactive bands were detected with
rabbit polyclonal anti-AGT (1:100, IBL, Fujioka, Japan), rabbit
polyclonal anti-B-actin (1:2000, Abcam), and mouse monoclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000,
Clone 6C5, Abcam). The density of each band was analyzed using a
chemiluminescence imaging system (AE-9300 Ez-capture MG; Atto,
Tokyo, Japan).

Real-time PCR

Total RNA was extracted from the tissue and complementary DNA
was synthesized. Using SYBR Premix Ex Taq (Takara Bio, Otsu, Japan)
and Applied Biosystems 7500 Real-Time PCR Systems (Applied
Biosystems, Foster, CA), real-time PCR was performed. Relative
amounts for renin, ACE, AGT, All type la receptor, brain natriuretic
peptide, transforming growth factor-p1, osteopontin, platelet-derived
growth factor-BB, and collagen I were determined by the relative
standard curve method using GAPDH as an internal reference.

Statistical analyses

Statistical analyses were performed using SPSS version 19.0 software
(IBM, Armonk, NY). Results are presented as mean + s.e.m. Diffe-
rences among groups were compared by one-way ANOVA (analysis
of variance), followed by Tukey’s honestly significant difference tests.
Sequential repeated measurement values were analyzed using two-
way repeated measures ANOVA followed by Dunnett’s tests for
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differences from baseline values, A paired f-test was used for
comparisons of paired values within the same rats. Linear trends in
serial mean values over time in protocol 2 were tested using linear
regression analysis. For all tests, a two-tailed P-value <0.05 was
considered statistically significant.
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Patients on Peritoneal Dialysis
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Abstract: Fibroblast growth factor (FGF) 23 plays an
important role in regulation of renal phosphate excretion
in patients with chronic kidney disease. However, it
remains undetermined whether FGEF23 is closely linked to
renal phosphate handling in patients with low glomerular
filtration rate (GFR). The present cross-sectional study
included 52 outpatients undergoing peritoneal dialysis with
urine volume > 100 mL/day. The primary outcome was
level of urinary phosphate excretion, and the secondary
outcomes were tubular maximal reabsorption of phosphate
normalized to GFR (TmP/GFR), an index of the renal
threshold for phosphate excretion, and level of peritoneal
phosphate excretion. Variates of interest were serum
FGF23 and parathyroid hormone (PTH) levels. The
median and interquartile range of serum FGF23 level,
TmP/GFR, and total urinary and peritoneal phosphate

excretion were 5610 (149311 430) ng/mL, 1.30 (0.44-1.86)
mg/dL, 117 (40-234) mg/day, and 208 (156-250) mg/day,
respectively. Multivariate linear regression analysis
revealed that serum FGF23 level was significantly (P <
0.05) associated with TmP/GFR negatively and signifi-
cantly (P < 0.05) associated with urinary phosphate excre-
tion positively, even after adjusting for confounders. In
contrast, none of the three outcome variates was associated
with serum PTH level. Neither serum FGF23 nor PTH
level was associated with peritoneal phosphate excretion.
The present study indicates that FGF23, but not PTH, is
involved in urinary phosphate regulation, even in patients
on peritoneal dialysis with residual renal function. Key
Words: Fibroblast growth factor 23, Parathyroid hormone,
Peritoneal dialysis, Residual renal function, Urinary phos-
phate excretion.

The prevalence of relative inorganic phosphate
(Pi) overload, as demonstrated by hyperphospha-
temia, increases as the residual renal function (RRF)
declines in patients undergoing peritoneal dialysis
(PD) (1-3). Urinary Pi excretion is primarily regu-
lated by the expression of the Na-Pi co-transporters
type II on the apical side of the renal proximal
tubules (4). The Na—Pi co-transporters are principally
regulated by parathyroid hormone (PTH) and fibro-
blast growth factor (FGF) 23 (5). When the serum
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PTH and FGF23 levels increase, the expression of
Na-Pi type II in the proximal tubules is down-
regulated, leading to a decrease in the tubular
reabsorption rate of Pi and a resultant increase in
urinary Pi excretion (6). In patients with chronic
kidney disease (CKD), both the serum FGF23 and
PTH levels begin to increase as early as CKD stage 2
and 3 (7), stimulating a compensatory increase in
urinary Pi excretion and achieving a normal serum Pi
level in the early stage of CKD.

The prevalence of overt hyperphosphatemia
increases as the stage of CKD progresses (7,8). These
results indicate that the phosphaturic effects of both
FGF23 and PTH are no longer sufficient to maintain
Pi homeostasis in the late CKD stage. Several clinical
studies have already investigated the association
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between these hormones and urinary Pi excretion in
post-transplant CKD patients and peritoneal dialysis
patients (9,10). However, it remains undetermined
whether FGF23 and PTH exert their phosphaturic
effect in patients with such decreased kidney function
as well as in PD patients.

Our main goal was to establish whether the
serum levels of FGF23 and PTH were closely linked
to urinary Pi excretion in patients with decreased
kidney function. We examined the association
between these two hormones and daily urinary Pi
excretion and/or tubular maximal reabsorption of
Pi normalized to glomerular filtration rate (TmP/
GFR) in PD patients with residual renal function
(RRF). Serum levels of various markers including
FGF23 and PTH are more stable in PD than in
hemodialysis patients. PD patients are suitable
targets for determining the association between
serum markers.

PATIENTS AND METHODS

Study design and participants

This single-center cross-sectional study included 60
prevalent outpatients who received PD at Kyushu
University Hospital between September 2010 and
April 2012. The present study was designed to inves-
tigate the correlation between the levels of serum
phosphaturic hormones (FGF23 and PTH) and
urinary and peritoneal Pi excretion. The primary
outcome variate was urinary Pi excretion. The
secondary outcome variates were TmP/GFR and
peritoneal Pi excretion. Covariates of interest were
serum FGF23 and PTH levels. Four patients who did
not undergo measurement of serum intact FGF23
levels were excluded. Another four patients with
urine volume <100 mL/day were excluded, because
we defined patients with urine volume 2100 mI./day
as having RRF. The remaining 52 patients were
enrolled in the present analysis.

The study protocol was approved by the local Ethics
Committee of Kyushu University Hospital (No.
24-56) and registered in the Clinical Trial Registry
(UMINO000009315).This study was performed accord-
ing to the Ethics of Clinical Research (Declaration of
Helsinki). Written informed consent was obtained
from each patient prior to study participation.

Data collection

Blood samples and 24-h urine and peritoneal
dialysates were simultaneously collected in the
morning with fasting at each 6-month examination.
Demographic and clinical data at the time of each
regular visit were also recorded. In the present
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study, calcium carbonate, sevelamer hydrochloride,
and lanthanum carbonate were used as Pi binders,
and alfacalcidol and calcitriol were used as vitamin
D receptor activators. No patients underwent par-
athyroidectomy at the time of entry. Samples of
blood, urine, and peritoneal dialysate were centri-
fuged at room temperature and stored at —80°C
until analysis.

Measurement of biochemical parameters

The levels of urea nitrogen, creatinine (Cr),
albumin, Pi, and corrected Ca in the serum, urine, and
peritoneal dialysate were measured according to
standard procedures (11). Enzyme-linked immuno-
sorbent assay kits were used to measure the serum
levels of intact FGF23 (Kainos Laboratories, Tokyo,
Japan) and whole PTH (Scantibodies Laboratory,
Santee, CA, USA) (12,13).

Calculation of outcome variates and indexes

As an index of renal threshold for Pi, we calculated
TmP/GFR instead of the fractional excretion of Pi
based on previous reports, because TmP/GFR is
more independent of GFR and serum Pi level, and is
useful when GFR is low (9,14,15). GFR was calcu-
lated by the arithmetic mean of urea clearance and
Cr clearance (16). Estimated Pi intake was calculated
based on the normalized protein catabolic rate: esti-
mated Pi intake (mg/day) = normalized protein cata-
bolic rate (g/kg per day)x body weight (kg)x 15
(mg/g) (17). Kt/V for urea, Cr clearance, and D/P Cr
at 4 h were calculated by standard methods (16).

Statistical analysis

The results are expressed as the mean (standard
deviation) for variates with a normal distribution, the
median (interquartile range) for variates with a
skewed distribution, and the frequency (percentage)
for categorical variates, as appropriate. In the present
study, the variates of interest were serum intact
FGF23 and whole PTH levels. Urinary and peritoneal
Pi excretion and serum levels of intact FGF23
and whole PTH were transformed into logarithms
to improve the skewed distributions. Differences
between the two groups were compared using
unpaired #-tests for parametric variates, Wilcoxon’s
signed-rank test for skewed distribution, and the %>
test for categorical variates. Linear regression analy-
ses were used to assess the associations between
serum intact FGF23 and whole PTH levels, and TmP/
GFR and total urinary and peritoneal Pi excretion.
Variates that exhibited a P-value <0.1 in the univa-
riate analysis were included in the multivariate linear
regression analysis. A two-tailed P-value <0.05 was
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considered to be statistically significant. All statistical
analyses were conducted using the JMP 10.0 software
program (SAS Institute, Tokyo, Japan).

RESULTS

Patient characteristics

A total of 52 PD patients were included in the
present analysis. A summary of the patients” baseline
characteristics is provided in Table 1. The mean
patient age was 56 13 years. A total of 34 patients
(65%) were male and 15 (29%) had diabetes mellitus.
The median and interquartile range of dialysis
vintage was 541 (24-980) days. The serum Cr level
was 839 +274 umol/L, serum corrected Ca level

was 2.37 £0.13 mmol/L, and serum Pi level was
1.65 +£0.36 mmol/L..  Serum FGF23 level, serum
whole PTH, TmP/GFR, and total urinary and perito-
neal Pi excretion were 5610 (1493-11 430) pg/mL, 74
(48-146) pg/mL, 1.30 (0.44-1.86) mg/dL, 117 (40-234)
mg/day, and 208 (156-250) mg/day, respectively. Eight
patients (15%) used cinacalcet and 25 (48%) used
vitamin D receptor activators,

Relationship between phosphaturic hormones,
TmP/GFR and total urinary Pi excretion

Linear regression analyses showed log serum
FGF23 to be negatively and significantly associated
with TmP/GFR, but positively with log urinary Pi
excretion, while log serum whole PTH was associated

TABLE 1. Patient characteristics

Variate Value
Age, years 56413
Sex (male), N (%) 34 (65)
Underlying kidney disease
Diabetes mellitus, N (%) 15 (29)
Dialysis vintage, day 541 (24, 980)
Body mass index, kg/m? 22.4+3.0
nPCR, g/kg per day 0.94+0.23
Serum biochemistry
Albumin, g/LL 3445
Urea nitrogen, mmol/L 23.3%53
Creatinine, mol/L 839 £274
Corrected calcium, mmol/L 237+0.13
Pi, mmol/L 1.6510.36
Whole PTH, pg/mL 74 (48,146)

FGF23, pg/mL

5610 (1493, 11430)

Parameters related to residual renal function and PD

Urine volume, mL/day
Dialysate volume, mL/day

Peritoneal ultrafiltration volume, mL/day

Renal creatinine clearance, L/week

Renal creatinine clearance, mL/min per 1.73 m*
Peritoneal creatinine clearance, L/week

Renal Kt/V for urea
Peritoneal Kt/V for urea

Use of automated peritoneal dialysis, N (%)

D/P creatinine at 4 h

Pi homeostasis related parameters
Urinary Pi excretion, mg/day
Peritoneal Pi excretion, mg/day
Estimated Pi intake, mg/day
TmP/GFR

Drug prescription
Use of Pi-binder, N (%)

Use of vitamin D receptor activator, n (%)

Use of cinacalcet, N (%)

750 (420, 1238)
6000 (4500, 8300)

400 (11, 712)

34.4 (13.6,54.5)

3.00 (0.75,4.55)

34.7 (26.1,40.2)
0.494 (0.286, 0.765)
1.128 (0.932, 1.305)

26 (50)
0.70+0.15

117 (40, 234)
208 (156, 250)
818 (673, 947)
1.30 (0.44, 1.86)

41 (79)
25 (48)
8(15)

Data for 52 patients. The data are presented as the mean * standard deviation, median
(25 percentile, 75 percentile) or number (percentage) of patients. D/P creatinine, dialysis
creatinine concentration per peritoneal creatinine concentration; FGF23, fibroblast growth
factor 23; Kt/V for urea, dialysis adequacy; nPCR, normalized protein catabolic rate; PD,
peritoneal dialysis; Pi, phosphate; PTH, parathyroid hormone; TmP/GFR, tubular maximal
Pi reabsorption normalized to glomerular filtration rate.
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