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Yamada S, Tokumoto M, Tatsumoto N, Taniguchi M, Noguchi
H, Nakano T, Masutani K, Ooboshi H, Tsuruya K, Kitazono T.
Phosphate overload directly induces systemic inflammation and mal-
nutrition as well as vascular calcification in uremia. Am J Physiol
Renal Physiol 306: F1418-F1428, 2014. First published May 7, 2014;
doi:10.1152/ajprenal.00633.2013.—Hyperphosphatemia contributes
to increased cardiovascular mortality through vascular calcification
(VC) in patients with chronic kidney disease (CKD). Malnutrition and
inflammation are also closely linked to an increased risk of cardio-
vascular death in CKD. However, the effects of P; overload on
inflammation and malnutrition remain to be elucidated. The aim of the
present study was to investigate the effects of dietary P; loading on the
interactions among inflammation, malnutrition, and VC in CKD. We
used control rats fed normal diets and adenine-induced CKD rats fed
diets with different P; concentrations ranging from 0.3% to 1.2% for
8 wk. CKD rats showed dietary P; concentration-dependent increases
in serum and tissue levels of TNF-« and urinary and tissue levels of
oxidative stress markers and developed malnutrition (decrease in body
weight, serum albumin, and urinary creatinine excretion), VC, and
premature death without affecting kidney function. Treatment with
6% lanthanum carbonate blunted almost all changes induced by P;
overload. Regression analysis showed that serum P; levels closely
correlated with the extent of inflammation, malnutrition, and VC.
Also, in cultured human vascular smooth muscle cells, high-P; me-
dium directly increased the expression of TNF-« in advance of the
increase in osteochondrogenic markers. Our data suggest that dietary
P; overload induces systemic inflammation and malnutrition, accom-
panied by VC and premature death in CKD, and that inhibition of P;
loading through dietary or pharmacological interventions or anti-
inflammatory therapy may be a promising treatment for the prevention
of malnutrition-inflammation-atherosclerosis syndrome.

chronic kidney disease; inflammation; malnutrition; phosphate; vas-
cular calcification; malnutrition-inflammation-atherosclerosis syn-
drome

HYPERPHOSPHATEMIA, which is highly prevalent in patients with
chronic kidney disease (CKD), is the manifestation of the
relative P; overload due to decreased P; clearance in CKD (12).
Mounting evidence has revealed that hyperphosphatemia con-
tributes to increased cardiovascular and all-cause mortality in
CKD patients, which is considered to be mediated by vascular
calcification (VC) (4, 23). Both clinical and preclinical studies
have shown that dietary P; restriction and P; binder use can
prevent hyperphosphatemia and retard the progression of VC,
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thereby lowering the mortality rate in CKD (13, 16, 31),
suggesting the importance of maintaining an appropriate P;
balance in the management of CKD patients.

Another important disorder of CKD is malnutrition-inflam-
mation-atherosclerosis (MIA) syndrome, a recently identified
missing piece that partly explains the high cardiovascular
mortality rate in CKD patients (25, 41, 42, 48). Clinical studies
have reported that CKD is associated with elevated levels of
inflammatory markers (3, 37) and that chronic inflammation in
CKD promotes malnutrition and atherosclerosis (42). Further-
more, malnutrition has been reported to induce chronic inflam-
mation (17). Accordingly, malnutrition and inflammation form
a vicious cycle in CKD, leading to the development of cardio-
vascular disorders, VC, and subsequently increased mortality.

Recent experimental studies have revealed the underlying
mechanisms by which P; directly impairs the cardiovascular
system (15, 39, 43). Hyperphosphatemia induces VC via trans-
differentiation of vascular smooth muscle cells (VSMCs) into
osteoblast-like cells and via apoptosis of VSMCs, which is
triggered by P; entry into cells through P; transporter (Pit)-1
(15, 35, 43). Hyperphosphatemia also promotes endothelial
dysfunction via impairment of nitric oxidase synthesis (39).
Given that Pit-1 is expressed ubiquitously (44), it is plausible
to speculate that excessive P; loading has harmful effects not
only on the cardiovascular system but also on other tissues,
probably via inflammation and malnutrition, that may account
for the development of several CKD-related disorders. How-
ever, studies focused on the potential influence of P; overload
on the interactions among inflammation, malnutrition, and VC
are lacking.

Based on the above background, it was hypothesized that P;
overload is located on the upstream of MIA syndrome and
triggers multistep inflammation, oxidative stress, malnutrition,
and atherosclerosis (arterial medial calcification) cascades,
leading to premature death in uremic milieu. To investigate this
hypothesis, the effects of P; overload on inflammation and
malnutrition as well as VC in adenine-fed uremic rats and on
cultured human VSMCs and HepG2 cells were examined. Our
main objective was to clarify whether P; loading is directly
involved in the development of chronic inflammation and
malnutrition in uremia.

METHODS

Cell cultures. Human umbilical arterial smooth muscle cells
(HUASMC:s) and HepG?2 cells (a frequently used human liver hepa-
tocytoma cell line for examining hepatocyte biology) were grown in
a humidified 5% CO, incubator at 37°C in DMEM containing 4.5 g/l
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glucose supplemented with 10% FBS, 10 mM sodium pyruvate, and
1% penicillin-streptomycin. Media were changed every 2 days. Cells
were cultured on 12-well plates and grown until confluency. After
reaching confluency, HUASMCs and HepG2 cells were cultured in
DMEM with either of the following P; concentrations: 0.9 mM
(normal P; concentration) or 2.9 mM (high P; concentration). The P;
concentration was adjusted by the mixture of Na,HPO, and
NaH,PO,. On day [ after exposure to each medium, total RNA was
extracted and used for real-time PCR for the determination of relative
mRNA expression.

Animals and materials. All protocols were reviewed and approved
by the Committee on Ethics of Animal Experiments of Kyushu
University Faculty of Medicine (A23-198-0). Male Sprague-Dawley
rats (10 wk old) were purchased from Kyudo (Saga, Japan). Animals
were housed in a climate-controlled space with a 12:12-h day-night
cycle and allowed free access to food and water. Standard diet (1.0%
Ca* and 1.2% P;, Oriental Yeast, Tokyo, Japan) was used as the diet
for control rats and for all rats during the acclimatization period.

It has been a challenge to create a uremic animal model that
consistently develops extensive arterial medial calcification without
genetic manipulation (2, 38). To create such a rat model, a new rodent
diet was used that modified the conventional adenine-based diet in the
following three ways. First, a 0.3% adenine diet was used to slow the
progression of CKD; a 0.75% adenine diet induces severe and rapid renal
failure, leading to high mortality in 4—6 wk (51). Second, a casein-based
diet was selected for the protein source because it can promote Ca®* and
P; absorption from the gastrointestinal tract (26). Finally, 20% lactose
was added to the diet to further enhance Ca®* and P; absorption from the
gastrointestinal tract (19). This synthetic rodent diet provided a rat model
exhibiting extensive and robust arterial medial calcification with a rela-
tively longer lifespan, enabling researchers to investigate the complex
mechanisms of arterial medial calcification in uremia. All synthetic
rodent diets were purchased from Oriental Yeast.

Experimental protocols. Male Sprague-Dawley rats (n = 66) were
fed the standard diet for 7 days to acclimatize. On day I, rats were
randomly subdivided into the following six groups, and each group
was fed one of the specific diets for 8 wk (until day 56): control rats
(CNT group; 1.2% P;, n = 10), CKD rats fed a low-P; diet (CKD-LP
group; 0.3% P;, n = 10), CKD rats fed a moderate-P; diet (CKD-MP
group; 0.6% P;, n = 10), CKD rats fed a high-P; diet (CKD-HP group;
0.9% P, n = 12), CKD rats fed an extremely high-P; diet (CKD-EP
group; 1.2% P;, n = 14), and CKD rats fed an extremely high-P; diet
and 6% lanthanum carbonate (CKD-LaC group; 1.2% P;, n = 10).
Diets in the CKD groups contained 0.3% adenine to induce renal
failure and 1.0% Ca®*, 20% lactose, and 19% casein-based protein to
accelerate intestinal Ca?* and P; absorption. The diet in the CNT group
contained 1.0% Ca?*, 1.2% P;, and 19% grain-based protein but did not
contain lactose. The content of each diet is shown in Table 1.

Every 2 wk, rats were housed in metabolic cages for 24 h, and food
intake and urine volume were recorded. The systolic blood pressure
level was monitored in the conscious state using the tail-cuff method
(BP monitor MK-2000, Muromachi Kikai, Tokyo, Japan) at weeks 2,

Table 1. Content of the animal diets
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4, and 6 in each group. Collected urine was centrifuged at 3,000 g for
15 min, and the supernatant was stored at —30°C until analysis. At
euthanization (after 8 wk), the blood, aorta, kidney, heart, and liver
were collected. Serum was separated by centrifugation at 5,000 g and
stored at —80°C until analysis. The aorta was weighed using a
microbalance. The aorta, heart, kidney, and liver were dissected into
several samples. One sample was immersed in formalin for histolog-
ical analysis; the others were stored at —80°C until later analyses.

Biochemical parameters. Serum and urinary levels of Ca*, P;,
albumin, and creatinine (Cr) were measured with an automated
analyzer (Hitachi, Tokyo, Japan). Cr clearance was determined using
the standard method: urinary Cr concentration X urine volume/serum
Cr concentration/1,440 (ml/min). The following biochemical param-
eters were determined by commercially available rat ELISA Kits:
intact parathyroid hormone (Immutopics, San Clemente, CA), serum
calcitriol (Wuhan EIAab Science, Wuhan, China), serum intact FGF,3
(Kainos Laboratories, Tokyo, Japan), serum fetuin-A (Wuhan EIAab
Science), urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG; JalCA,
Shizuoka, Japan), and serum TNF-a (R&D Systems). All kits were
used according to the manufacturers’ instructions, and their qualities
were within analytic levels.

Examination of arterial medial calcification and kidneys. Four-
micrometer sections from the paraffin-embedded aorta were deparaf-
finized and processed for von Kossa staining using the standard
method. To evaluate the degree of aortic medial calcification quanti-
tatively, frozen aortic tissue was weighed and then hydrolyzed in 1 ml
hydrochloride (6 mol/1) for 24 h. The Ca®* content of the supernatant
was determined by the o-cresolphthalein complexone method using a
commercially available kit (Calcium E-test, Wako, Osaka, Japan) and
normalized to wet tissue weight (in pg/mg wet wt). Digital micro-
graphs of the stained aorta were captured on an Eclipse E800 micro-
scope (Nikon, Tokyo, Japan). For kidneys, 4-pm sections from
paraffin-embedded kidneys were deparaffinized and processed using
Masson trichrome staining using the standard method.

Immunohistochemistry. Four-micrometer sections from the paraf-
fin-embedded aorta were deparaffinized, rehydrated, and prepared for
antigen retrieval. Antigen retrieval was performed using a microwave
for 15 min in citrate buffer (pH 6) or with 0.1% proteinase K solution
for 20 min. Inactivation of intrinsic peroxidase was then performed by
incubation in 0.3% H,0,. To reduce nonspecific background staining,
sections were treated with 5% skim milk for 30 min at room temper-
ature and then incubated in a humidified chamber for 1 h at 37°C with
the following primary antibodies: rabbit polyclonal anti-phosphory-
lated-NF-«B p65 (Ser®’S, diluted 1:50, Santa Cruz Biotechnology,
Santa Cruz, CA) and mouse monoclonal anti-8-OHdG (diluted 1:200,
JaICA). After being washing with PBS and Tween 20 [0.2% (vol/vol)]
for 5 min three times, sections were incubated with secondary anti-
body with peroxidase (4 wg/ml, Nichirei, Tokyo, Japan) for 30 min at
room temperature. Horseradish peroxidase was visualized by a reac-
tion with 3,3’-diaminobenzidine tetrahydrochloride and H,O,. Digital
micrographs of the immunohistochemistry were captured on an
Eclipse E800 microscope (Nikon). Immunohistochemically stained

Group Ca**, % Pi, % Protein Lactose, % Adenine, % Lanthanum Carbonate, %
CNT 1.0 1.2 19% (grain based) 0 0 0
CKD-LP 1.0 0.3 19% (casein based) 20 0.3 0
CKD-MP 1.0 0.6 19% (casein based) 20 03 0
CKD-HP 1.0 0.9 19% (casein based) 20 0.3 0
CKD-EP 1.0 1.2 19% (casein based) 20 0.3 0
CKD-LaC 1.0 1.2 19% (casein based) 20 0.3 6

On day 1, rats were randomly subdivided into the following six groups, and each group was fed one of the specific diets for 8 wk (until day 56): control rats
(CNT group; 1.2% P;, n = 10), CKD rats fed a low-P; diet (CKD-LP group; 0.3% P;, n = 10), CKD rats fed a moderate-P; diet (CKD-MP group; 0.6% P;, n =
10), CKD rats fed a high-P; diet (CKD-HP group; 0.9% P;, n = 12), CKD rats fed an extremely high-P; diet (CKD-EP group; 1.2% P;, n = 14), and CKD rats
fed an extremely high-P; diet and 6% lanthanum carbonate (CKD-LaC group; 1.2% P;, n = 10). Diets in the CKD groups contained 0.3% adenine.
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Fig. 1. Effects of dietary P; loading on survival and vascular calcification. A: the Kaplan-Meier method and log-rank test were used to compare survival among
groups. B: representative photomicrographs of the abdominal aorta stained with von Kossa. Original magnification: X40. C: quantification of Ca>* content in
the abdominal aorta. On day I, rats were randomly subdivided into the following six groups, and each group was fed one of the specific diets for 8 wk (until
day 56): control rats (CNT group; 1.2% Pi, n = 10), rats with chronic kidney disease (CKD) fed a low-P; diet (CKD-LP group; 0.3% Pi, n = 10), CKD rats fed
a moderate-P; diet (CKD-MP group; 0.6% Pi, n = 10), CKD rats fed a high-P; diet (CKD-HP group; 0.9% Pi, n = 12), CKD rats fed an extremely high-P; diet
(CKD-EP group; 1.2% P;, n = 14), and CKD rats fed an extremely high-P; diet and 6% lanthanum carbonate (CKD-LaC group; 1.2% Pi, n = 10). Diets in the
CKD groups contained 0.3% adenine. Data are expressed as means & SE. One-way ANOVA followed by the Tukey-Kramer test was performed. Two-tailed
P values of <0.05 were considered statistically significant. *P < 0.05 vs. the CNT group; #P < 0.05 vs. the CKD-EP group.

areas for 8-OHdG were quantitatively assessed and expressed as  manufacturer’s instructions and used to prepare cDNA by reverse
arbitrary units using National Institutes of Health ImageJ software  transcription using a PrimeScript RT reagent kit (Perfect Real Time,
(http://rsb.info.nih.gov/ij/). Takara Bio, Otsu, Japan). Real-time quantitative PCR was performed

Real-time PCR. Total RNA was extracted from HUASMCs and  using SYBR Premix Ex Taq (Takara Bio), Applied Biosystems 7500
HepG2 cells and frozen rat tissue in liquid nitrogen using TRIzol real-time PCR systems (Applied Biosystems), and the following
reagent (Invitrogen Life Technologies, Carlsbad, CA) using the gua-  primers purchased from Takara Bio: rat GAPDH, RA015380; rat
nidinium thocyanate phenol-chloroform method according to the TNF-«, RA043092; rat albumin, RA065413; rat fetuin-A, RA065433;

Table 2. Serum and urinary biochemical parameters at week 8

Parameters CNT Group CKD-LP Group CKD-MP Group CKD-HP Group CKD-EP Group CKD-LaC Group
Serum Ca**, mmol/l 250 +0.10 337 £ 0.15%F 3.19 = 0.08%F 2.77 £ 0.207 1.80 = 0.55* 3.19 = 0.10%
Serum Pj, mmol/l 2.64 = 0.10 1.94 £ 0.13% 3.07 £ 0.13+ 4.65 = 0.39%y 9.11 # 0.32% 2.62 £ 0.131
Serum intact parathyroid hormone, pg/ml  41.6 £ 4.7 35.8 = 4.5t 202.1 & 58.4%% 463.1 = 110.5% 778.5 = 116.6* 82.2 & 14.2%¢
Serum FGFz3, pg/ml 438 =33 5,186 = 799+ 30,188 + 4,360%t 87,462 * 23,662*% 132,754 = 32,513*% 21,485 % 7,4047
Serum calcitriol, pg/ml 954 =252 5.2 & 1.4%f 5.1 £ 0.8%F 18.2 = 4.0* 18.5 = 5.2%* 6.0 = 1.9%F
Urinary P; excretion, mg/day 0.6 £0.1 1.0 = 041 15.3 + 0.8%F 49.3 £ 3.2%F 101.8 £ 4.2% 6.6 = 1.01

Data are means = SE. Diets in the CKD groups contained 0.3% adenine. One-way ANOVA followed by the Tukey-Kramer test was performed. P values of
<0.05 were considered statistically significant. *P < 0.05 vs. the CNT group; #P < 0.05 vs. the CKD-EP group.
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Table 3. Blood pressure levels at each week
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Parameters CNT Group CKD-LP Group CKD-MP Group CKD-HP Group CKD-EP Group CKD-LaC Group
Systolic blood pressure, mmHg
Week 2 1053 109 =7 102 =3 111 £5 103 + 4 110 x4
Week 4 103 £3 118 =4 110 x4 115*x4 106 £ 2 106 £ 3
Week 6 102 =7 103 =5 112 £4 110 =5 110 £7 112+ 4

Data are means = SE. Diets in the CKD groups contained 0.3% adenine.

rat Slc20al (Pit-1), RA011281; human GAPDH, HA607812; human
albumin, HA118070; human fetuin-A, HA149248; human TNF-q,
HA198263; human Klotho, HA148243; human NADPH oxidase 4
(Nox4), HA184575; and human bone morphogenetic protein-2,
HA193805. The cycling condition was 30 s at 95°C followed by 40
cycles of 5 s at 95°C for denaturation and 40 s of annealing at 60°C.
The specificity of the PCR products was confirmed by analysis of the
melting curves and additionally by agarose gel electrophoresis. All
measurements were performed in duplicate, and mRNA fold changes
were calculated using the 2~24% method (where C, is threshold cycle)
using GADPH as an internal reference.
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Statistical analysis. Statistical analyses were performed using JMP
(version 10.0, SAS institute, Tokyo, Japan). Data are presented as
means *= SE. Differences among groups were analyzed by an un-
paired r-test for two groups and one-way ANOVA followed by a
Tukey-Kramer test for more than three groups. Univariable and
multivariable linear regression analyses were performed to determine
correlations among parameters. For regression analysis, data from
CKD-LP, CKD-MP, CKD-HP, and CKD-EP rats were used (n = 40).
Serum Cr was used as the covariate in multivariable analysis. For all
tests, two-tailed P values of <0.05 were considered statistically
significant.
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Fig. 2. Effects of dietary P; loading on kldney histology, kidney function, and proteinuria. A: representative photomicrographs of the kidney stained by the Masson
trichrome method in each group. Original magnification: X 100. B: serum creatinine (Cr). C: Cr clearance. D: urinary P; excretion. n.s., not significant. CNT: P;
1.2%; CKD-LP: P; 0.3%; CKD-MP: P; 0.6%; CKD-HP: P; 0.9%; CKD-EP: P; 1.2%; CKD-LaC: P; 1.2% and 6% lanthanum carbonate. Diets in the CKD groups
contained 0.3% adenine. Values are means = SE. One-way ANOVA followed by a Tukey-Kramer test was performed. A 2-tailed P < 0.05 was considered

statistically significant. *P << 0.05 vs. CNT.
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RESULTS

Dietary P; loading induces a short lifespan. To determine
the effects of P; loading and P; binder use, rats were divided
into the following six groups and given different amounts of P;:
CNT, CKD-LP, CKD-MP, CKD-HP, CKD-EP, and CKD-
LaC. The content of each diet is shown in Table 1. Four rats in
the CKD-EP group and two rats in the CKD-HP group died
during the study period (8 wk). All rats in the other four groups
survived. Log-rank tests revealed a significant difference in
survival curves (Fig. 14).

Dietary P; loading induces aortic medial calcification. Fig-
ure 1B shows representative photomicrographs of the abdom-
inal aorta stained using the von Kossa method. CKD-HP and
CKD-EP rats developed moderate to severe degrees of aortic
calcification, respectively; the other four groups did not. Aortic
Ca’* content increased in a dietary P; loading-dependent
fashion in CKD rats. Lanthanum carbonate lowered the Ca**
content, which had increased with P; loading (Fig. 1C).

Dietary P; loading induces biochemical disorders in a con-
centration-dependent manner. Table 2 shows the findings of
serum and urinary biochemical analyses after 8 wk. Dietary P;
loading increased the amount of urinary Pj excretion, serum levels
of P;, intact parathyroid hormone, and serum FGFa3 in a dose-
dependent manner. Lanthanum carbonate significantly attenuated
these Pj-related changes. The serum Ca’" level was dependent on
the Ca?*-to-P; ratio in an inverse relationship with dietary P;

A B
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content. Serum levels of calcitriol in all CKD rats were signifi-
cantly lower than those levels in CNT rats. Calcitriol levels in
CKD rats were comparable among groups. Serum levels of
fetuin-A were comparable among CKD rats (data not shown).

Dietary P; loading does not influence systolic blood pressure
level, kidney function, and urinary protein excretion. The
effects of diets on systolic blood pressure, kidney histology,
kidney function, and proteinuria were determined (Table 3 and
Fig. 2). Systolic blood pressure levels were comparable among
groups at each time point, ruling out the effects of different
diets on blood pressure level and blood pressure-related vas-
cular changes, including VC. Histological evaluation of the
kidney by Masson trichrome staining revealed that tubuloin-
terstitial fibrosis, cellular infiltration, and deposition of adenine
crystals in renal tubules and the renal interstitium were present
in all CKD groups, and Ca®"*-P; deposition was observed only
in CKD-HP and CKD-EP rats, reflecting the relatively high P
burden on the kidneys in these two groups (Fig. 2A4). However,
the extent of tissue injury was almost comparable among the
five CKD groups. In fact, serum Cr levels in all CKD rats were
significantly higher than those levels in CNT rats, and Cr
clearances in all CKD rats were significantly lower than in
CNT rats, whereas there was no significant difference among
the five CKD groups (Fig. 2, B and C). There was no statistical
difference in urinary protein excretion among the six groups
(Fig. 2D).
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Fig. 3. Effects of dietary P; loading on nutntlonal status and systemic inflammation and oxidative stress markers. A: body weight. B: serum albumin level.
C: urinary Cr excretion. D: mean daily food intake. E: serum TNF-a level. F: urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG)-to-Cr ratio (8-OHdG/Cr). Mean
daily food intake was calculated using the arithmetic mean of food intake at weeks 2, 4, 6, and 8. Data are expressed as means = SE. One-way ANOVA followed
by the Tukey-Kramer test was performed. Two-tailed P values of <0.05 were considered statistically significant. *P < 0.05 vs. the CNT group; #P < 0.05 vs.

the CKD-EP group.
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Dietary P; loading induces malnutrition in a concentra-
tion-dependent manner. To determine the effects of dietary
P; loading on nutritional status, body weights and serum
albumin levels were measured. Urinary Cr excretion was
used as the surrogate marker for total muscle mass. Body
weight, serum albumin, and urinary Cr excretion at week 8
decreased in a P; concentration-dependent manner. Lantha-
num carbonate abrogated all changes related to dietary P;
overload (Fig. 3, A-C). Food intake in CKD-EP rats was
significantly higher compared with CKD-LP, CKD-MP, and
CKD-LaC rats (Fig. 3D), indicating that the decrease in
body weight was not caused by reduced food intake.

Dietary P; loading promotes systemic inflammation and
oxidative stress. To determine the effects of P; loading on
systemic inflammation and oxidative stress, serum TNF-« and
urinary 8-OHdG/Cr levels were measured. Dietary P; loading
increased serum TNF-« levels in CKD rats dose dependently.
Lanthanum carbonate significantly inhibited the increase (Fig.
3E). Similarly, dietary P; loading dose dependently increased
urinary 8-OHdG/Cr levels in CKD rats, which was ameliorated
by lanthanum carbonate (Fig. 3F).

The level of serum P; is strongly correlated with the extent of
MIA syndrome. To determine the association between derange-
ment in P; metabolism and MIA components, simple linear
regression analysis was performed. The serum P; level was
significantly correlated with each MIA component, including
serum TNF-« levels (Fig. 4, A—F). Furthermore, serum TNF-«
was significantly correlated with MIA components (body
weight, serum albumin, aortic Ca®* content, and 8-OHdG/Cr;
Fig. 5, A-D).
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Multivariable analysis showed that the serum TNF-a level
was significantly correlated with body weight, serum albumin
level, urinary 8-OHdG level, and aortic Ca?* content even
after adjusting for Cr clearance, indicating that these associa-
tions were independent of kidney function [body weight (r =
—0.353, P < 0.05), serum albumin (» = —0.523, P < 0.05),
aortic Ca®>* content (r 0.405, P < 0.05), and urinary
8-OHdG/Cr (r = 0.663, P < 0.05)].

P; loading increases oxidative stress and inflammation in the
kidney, heart, and aorta. To determine whether P; loading
induces local inflammation, relative mRNA levels of TNF-«a in
the aorta, heart, and kidney in the CNT, CKD-LP, CKD-EP,
and CKD-LaC groups were examined. mRNA levels of TNF-«
in the aorta, heart, and kidney of CKD-EP rats were signifi-
cantly higher than those levels in CNT rats. The increases were
significantly attenuated with low dietary P; loading and lantha-
num treatment (Fig. 6, A-C).

Next, to determine local oxidative stress levels, immunohis-
tochemistry for 8-OHdG in the aorta was performed (Fig. 6D).
The 8-OHdG-positive number in CKD-EP rats was signifi-
cantly increased compared with CNT rats. The positive num-
bers in CKD-LP and CKD-LaC rats were lower than CKD-EP
rats, a finding that was confirmed by semiquantitative analysis
(Fig. 6E). Immunohistochemistry of the aorta for Ser?’® phos-
phorylated p65 was also performed. Strong staining of phos-
phorylated p65 was observed only in the calcified area of
CKD-EP rats (Fig. 6F). The positive areas in CKD-LP and
CKD-LaC rats were lower than CKD-EP rats, a finding that
was confirmed by semiquantitative analysis (Fig. 6G). These
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Fig. 4. Correlations between serum P; and components of malnutrition-inflammation-atherosclerosis (MIA) syndrome. A—F: correlation of serum P; with body
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results indicate that both inflammation and oxidative stress are
activated in the calcified area of the aorta.

To determine the effect of P; loading on the expression of
Pit-1, the relative mRNA expression of Pit-1 in the aorta was
examined. mRNA levels of Pit-1 in the aorta of CKD-EP rats
were significantly higher than those levels in CNT rats. Addi-
tionally, the increase was significantly attenuated by low di-
etary P; loading and lanthanum treatment (Fig. 6H).

P; loading and uremia inhibit albumin and fetuin production
in the rat liver. To determine the effects of P; loading on
negative acute-phase protein, mRNA levels of albumin and
fetuin-A in the rat liver were determined. mRNA expression
levels of albumin and fetuin-A significantly decreased in CKD-
LP, CKD-EP, and CKD-LaC rats. The lowest level was ob-
served in CKD-EP rats (Fig. 7, A and B). However, the
difference in albumin and fetuin-A mRNA levels induced by P;
loading was relatively small compared with the effect of CKD.

P; loading directly induces local inflammation in cultured
HUASMCs but does not reduce negative acute-phase protein
synthesis in HepG2 cells. To determine the direct effects of P;
loading on local inflammation, oxidative stress, and protein
synthesis, an in vitro experiment using cultured HUASMCs
and human HepG?2 cells (a frequently used human liver hepa-
tocytoma cell line for examining hepatocyte biology) was
performed. High-P; medium (2.9 mM) directly increased
mRNA expression of TNF-o and Nox4 and decreased expres-
sion of Klotho in HUASMCs on day I compared with nor-
mal-P; medium (0.9 mM; Fig. 8, A-C). Bone morphogenetic
protein-2 (a bone-related marker) did not increase at this time
point, indicating that inflammation and oxidative stress precede
the transdifferentiation of HUASMC:s into osteoblast-like cells
(Fig. 8D). High-P; medium (2.9 mM) did not influence the

synthesis of either albumin or fetuin-A in HepG2 cells compared
with normal-P; medium (0.9 mM) for 1 day (Fig. 8, E and F).

DISCUSSION

MIA syndrome is a prominent feature in CKD patients and
contributes to increased mortality (41, 42, 48). Growing evi-
dence has revealed the harmful effects of P; overload on the
cardiovascular system (4, 15, 23, 39, 43). However, the effects
of P; overload on the interactions among inflammation, malnutri-
tion, and VC have not been investigated. To the best of our
knowledge, the present study is the first to report that dietary P;
loading dose dependently induces inflammation and malnutrition
as well as VC and premature death in uremic rats without
affecting kidney function. Furthermore, use of a P; binder and
dietary P; restriction almost reversed all of the P; overload-related
changes described above. These findings suggest that MIA syn-
drome is partially mediated by P; overload in CKD and that
appropriate management of P; through dietary or pharmacological
intervention or anti-inflammatory therapy may be a promising
therapeutic strategy for the prevention of MIA syndrome in CKD.

Chronic inflammation is a common feature and a major
cause of cardiovascular and other complications of CKD (50).
Clinical studies have reported that serum P;, Ca®>*-P; product,
and FGF»3 correlate well with serum inflammatory markers in
CKD patients (22, 28, 30). In the present study, P; loading dose
dependently induced inflammation in the aorta, heart, and
kidneys and increased serum TNF-a levels in uremic rats.
Linear regression analysis showed that there was a close
association between P; overload and serum TNF-a levels.
Furthermore, in the present in vitro study, P; overload directly
increased the expression of TNF-« in VSMCs. Zhao et al. (53)
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Fig. 6. Effects of P; loading on local inflammation and oxidative stress levels. A-C: relative mRNA levels of tissue TNF-« in the rat aorta (4), heart (B), and
kidney (C). D: representative microphotographs of immunohistochemistry for 8-OHdG in the aorta. Original magnification: X200. E: quantification of the
positively stained area for 8-OHdG in the aorta. F: representative microphotographs of immunohistochemistry for phosphorylated p65 (Ser?”¢, RelA) of the aorta.
Original magnification: X200). G: quantification of the positively stained area for phosphorylated p65 in the aorta. H: relative mRNA level of P; transporter
(Pit)-1 in the aorta. mRNA expression was corrected to the level of GAPDH. AU, arbitrary units. Data are expressed as means * SE. One-way ANOVA followed
by the Tukey-Kramer test was performed. Two-tailed P values of <0.05 were considered statistically significant. *P < 0.05 vs. the CNT group; #P < 0.05 vs.

the CKD-EP group.

reported that P; loading induces the generation of mitochon-
drial ROS, leading to the activation of NF-kB signaling and
VC in vivo and in vitro, an effect ameliorated by antioxidative
drug treatment. In addition, TNF-o,, which is induced by
activation of the NF-«kB pathway, in turn activates the NF-kB
pathway (27). Collectively, these results strongly suggest that
P; loading directly induces local inflammation in uremia.

P; inflow into the intracellular space by Pit-1 is one of the
possible mechanisms of Pi-induced cellular inflammation. Re-
cently, Voelkl et al. (47) reported that the expression of TNF-«
was increased in the various tissues of Klotho knockout mice and
that Pit-1 downregulation reversed the upregulation of TNF-« and
calcification in VSMCs. P; enters into cells via Pit-1, a Na™-P;
co-transporter that is ubiquitously expressed in the cell membrane.
This suggests that Pit-1 is critical for triggering P;-induced local
inflammation and the resulting VC in Klotho knockout mice. In

the present study, cultured VSMCs exposed to P; overload directly
increased their mRINA expression of TNF-o and Nox4 (one of the
NADPH oxidase family members), which occurred in parallel
with decreases in Klotho mRNA, in advance of the increase in
bone morphogenetic protein-2 (a marker of osteoblastic transdif-
ferentiation). Furthermore, Pit-1 expression increased in aortas of
CKD-EP rats. Collectively, the results of the present study suggest
that P; overload directly induces local inflammation and oxidative
stress in a Pit-1-dependent manner and subsequently causes the
adverse outcomes, including VC, in CKD.

Experimental studies have reported that oxidative stress and
inflammation promote VC in CKD (10, 49, 53). An animal
study (52) reported that inhibition of the NF-kB pathway
ameliorated VC. Because both oxidative stress and inflamma-
tory responses share the NF-kB pathway, and because phos-
phorylation of p65 indicates the activation of NF-«kB signaling,

AJP-Renal Physiol - doi:10.1152/ajprenal.00633.2013 - www.ajprenal.org
— 383 —



F1426

Fig. 7. Effects of P; loading on the synthesis of albumin
and fetuin-A in the rat liver. A and B: mRNA expres-
sion of albumin (A) and fetuin-A (B) in the rat liver,
mRNA  expression was corrected to the level of
GAPDH. Data are expressed as means = SE. One-way
ANOVA followed by the Tukey-Kramer test was per-
formed. Two-tailed P values of <0.05 were considered
statistically significant, *P < 0,05 vs, the CNT group;
#P < 0.05 vs. the CKD-EP group.

Liver albumin mRNA
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the results of the present study are consistent with the hypothesis
that aortic medial calcification is mediated by oxidative stress and
inflammation in CKD (1, 52). Given the tight link between P;
loading and oxidative stress, the cross-talk between ROS and the
NF-xB signaling pathway, and the important role of the NF-«xB
pathway in the pathogenesis of inflammation, inhibition of NF-«kB
signaling by antioxidant treatment has the potential to prevent the
progression of Pi-induced MIA syndrome.

Another potential mechanism of Pi-induced inflammation
other than the Pit-1 pathway should be considered because P
entry through Pit-1 has been reported to be already saturated at
physiological P; concentrations (46), although upregulation of
Pit-1 can increase the total P; inflow into the intracellular space
under high-P; conditions. The fetuin-mineral complex (also
called the calciprotein particle, matrix vesicle, or basic calcium
phosphate crystal) is emerging as a substance that is thought to
induce cardiovascular diseases (11, 14, 40). This is because the
fetuin-mineral complex is formed extracellularly under high-P;
conditions, and the complex is incorporated into VSMCs via
endocytosis and induces various type of responses that can
promote VC, for example, apoptosis of VSMCs and a Ca**
burst (34). Interestingly, VC was prevented by chelating the
extracellular fetuin-mineral complex in an in vitro study of
VSMCs exposed to high P;. Furthermore, recent experimental
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Fig. 8. Direct effects of P;i loading on the
phenotype of human umbilical arterial
smooth muscle cells (HUASMCs) and
HepG2 cells. A-F: mRNA expression of
a-Klotho (4), TNF-« (B), NADPH oxidase 4
(Nox4; C), and bone morphogenetic protein
(BMP)-2 (D) in HUASMCs and albumjn (£) 0
and fetuin-A (F) in HepG2 cells. HUASMCs
and HepG2 cells were exposed to culture
media containing 0.9 or 2.9 mM P; for 1 day.
mRNA expression was corrected to the level “]
of GAPDH. Data are expressed as means =
SE. An unpaired s~test was performed. Two-
tailed P values of <0.05 were considered
statistically significant. *P < 0.05 vs. 0.9
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studies have reported that the fetuin-mineral complex directly
induces macrophages/monocytes to release an array of cyto-
kines, including TNF-« (29, 32). Given that high P; loading
increases the levels of the fetuin-mineral complex in serum and
tissue in an adenine-fed rat model (24), the fetuin-mineral
complex may be a direct cause of local and systemic inflam-
mation and malnutrition in uremic rats with P; overload.
Further studies are needed to clarify the precise pathogenesis of
Pi-related inflammation and the progression of VC,

The mechanism of P; overload-induced malnutrition is an-
other important subject. In the present study, malnutrition may
be partly explained by chronic inflammation and oxidative
stress (7, 21). Proinflammatory cytokines (TNF-«, IL-1, and
IL-6) are known to induce oxidative stress, decrease hepatic
albumin synthesis, cause systemic catabolism (including mus-
cle degradation), and increase energy expenditure, leading to a
decrease in body weight and muscle atrophy (9, 33). Oxidative
stress also produces inflammatory cytokines in the liver and
muscle (8). Collectively, these results explain our present
observation that P; overload decreased serum albumin level,
body weight, and muscle mass by P; overload-related chronic
inflammation. Furthermore, as albumin also acts as a very
important serum antioxidant by exerting glutathion-linked thiol
peroxidase activity (5), the reduction in serum albumin facili-
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tates oxidative stress and inflammation, leading to the vicious
cycle between malnutrition and inflammation.

The Pj-induced decrease in the serum albumin level is
another interesting issue. In the present study, both decreased
kidney function and P; loading might be equally involved in
decreased albumin synthesis. With regard to decreased albu-
min synthesis, P;-induced systemic inflammation might be
possible, because P; loading did not directly decrease albumin
synthesis in HepG2 cells. Because the decrease in the serum
albumin level was not proportional to the decrease in albumin
synthesis in the rat liver, albumin degradation might be in-
volved in the reduction in the serum albumin level; the serum
albumin level is determined by the balance between albumin
synthesis and albumin degradation. Experimental studies have
shown that inflammation promotes albumin degradation
through the neonatal Fc receptor pathway (6, 20, 45). These
results indicate that Pj-induced inflammation could have also
accelerated albumin degradation in the present in vivo study.
Collectively, the P;-induced reduction in the serum albumin
level can be explained by both decreased albumin synthesis
and enhanced albumin degradation. However, further studies
are required to identify the precise mechanisms for how P;
overload induces hypoalbuminemia.

The effects of dietary P; restriction and P; binder use on
inflammation and malnutrition were compared. Both dietary P;
restriction and P; binder use equally decreased the levels of
TNF-a and urinary 8-OHdG/Cr, ameliorated VC, and pro-
duced a survival advantage. These results indicate that the
amount of P; absorbed from the gut primarily determines the
degree of MIA syndrome. In contrast, dietary P; restriction is
frequently accompanied by protein restriction (18), and clinical
studies have suggested the potential harm of P; restriction (36).
However, no detrimental effects were observed in CKD-LP
rats in the present study because P; and protein restriction were
successfully separated by providing synthetic diets. Given that
P; restriction inevitably induces protein restriction in clinical
medicine, P; binder use may be a more practical way of
preventing Pj-related MIA syndrome in CKD patients.

There are several limitations in the present study. First,
urinary P; excretion in CNT rats was extremely decreased
compared with the CKD-EP rats, although the P; concentra-
tions in these two groups were identical. This is because the
food for CNT rats contained grain-based protein and did not
contain 20% lactose; these differences in the diet directly
affected the absorption rate of P; from the intestine. Second, the
level of food intake in each group was slightly different.
However, the amount of food intake in rats fed the extremely
high-P; diet was greater than that observed in rats fed the
low-P; diet, indicating that malnutrition was not induced by
decreased food intake but rather by P; overload in the setting of
CKD. Third, we observed an association among P; loading,
inflammation, and malnutrition but did not examine the puta-
tive cause-effect relationship by directly intervening in the
inflammatory process related to P; loading. We did not deter-
mine the precise mechanism for how P; induces inflammation
via Na™-P; cotransporters and/or via the formation and endo-
cytosis of the Pj-related fetuin-mineral complex. However,
taking into account these limitations, we believe that P; over-
load induces inflammation and malnutrition as well as VC in
subjects with CKD and that the present study sheds light on
another important harmful effect of P; overload on CKD status.

F1427

In conclusion, this study demonstrated that dietary P; over-
load directly induces chronic inflammation and malnutrition as
well as VC in CKD rats. These data suggest that chronic
inflammation induced by P; overload plays a pivotal role in the
pathogenesis of MIA syndrome in CKD and that inhibition of
P; loading through dietary or pharmacological intervention or
anti-inflammatory therapy may be a promising treatment for
the prevention of MIA syndrome.
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ABSTRACT

Aims: We previously reported that chronic uremia induces spatial working memory dysfunction in mice, and that
itis attributed to cerebral oxidative stress. The source of oxidative stress was considered to be uremic toxins, but
this remains unclear. In the present study, we examined whether the brain renin-angiotensin system was acti-
vated in the CKD mouse model, and whether it contributed to cognitive impairment.

Main methods: CKD was induced in 8-week-old male mice by 5/6 nephrectomy. Mice were divided into four
groups: control mice administered tap water (Cont-V), control mice treated with 0.5 mg/kg/day telmisartan,
an angiotensin If (All) receptor blocker, for 8 weeks (Cont-T), CKD mice administered tap water (CKD-V), and
CKD mice treated with 0.5 mg/kg/day telmisartan for 8 weeks (CKD-T). After the treatment period, a radial
arm water maze (RAWM) test was performed, and angiotensin II (All) concentrations and markers of oxidative
stress were measured in the brains of mice.

Key findings: Errors in the RAWM test were more frequent in the CKD-V group than in the Cont-V group. In ad-
dition, errors in the CKD-T group were comparable to control mice, Tissue brain All concentrations were greater
in the CKD-V group compared with the other groups. Oxidative DNA damage and lipid peroxidation in the brain
were also greater in the CKD-V group compared with the other groups.

Significance: Our results suggest that brain All levels were exaggerated in CKD mice, and that this contributes to
cognitive impairment through oxidative stress.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Researchers exploring the nature of cognition in CKD speculated that a
number of potential causes related to CKD, such as oxidative stress,

Chronic kidney disease (CKD) is a growing global health problem,
having a prevalence of 10-16% in Asia, Europe, and the United States,
and with elderly patients showing the highest incidence (Wen et al.,
2008; Hallan et al., 2006; Coresh et al., 2007). Decreased glomerular
filtration is independently correlated with all-cause mortality, cardio-
vascular diseases, and other comorbid diseases (Matsushita et al., 2010).

In addition to the diverse comorbidity of CKD, many clinical trials
have confirmed the independent association between cognitive impair-
ment and CKD (Khatri et al,, 2009; Elias et al.,, 2009; Etgen et al., 2009).

* Corresponding author at: Department of Integrated Therapy for Chronic Kidney
Disease, Graduate School of Medical Sciences, Kyushu University. 3-1-1 Maidashi,
Higashi-ku, Fukuoka 812-8582, Japan. Tel.: +81 92 642 5843; fax: + 81 92 642 5846.

E-mail address: tsuruya@intmed2.med.kyushu-u.ac.jp (K. Tsuruya).

http://dx.doi.org/10.1016/j.1fs.2014.07.032
0024-3205/© 2014 Elsevier Inc. All rights reserved.

local inflammation, and the renin-angiotensin system (RAS), are attrib-
uted to the association (Madero et al., 2008; Bugnicourt et al,, 2013).

Cognitive symptoms are typical manifestations of uremic encepha-
lopathy. Researchers reported that accumulated uremic toxins
(i.e., guanidino compounds and parathyroid hormone) induced excit-
atory neurological damage in patients with uremia (De Deyn et al.,
2009). However, dialysis modalities and pharmacological intervention
against secondary hyperparathyroidism are not likely to be effective at
preventing the progression of cognitive impairment (Kurella-Tamura
et al., 2013). Other factors, like neuro-endocrinal factors, may affect
the pathophysiology of cognitive impairment in chronic dialysis pa-
tients, but this remains to be confirmed.

We recently reported that brain oxidative stress has a major role in
spatial working memory dysfunction in a mouse model of chronic
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uremia (Fujisaki et al., 2014). In that study, treatment with an antioxi-
dant, tempol, readily prevented memory dysfunction and neuronal
damage of the hippocampus in mice, The essential cause of brain oxida-
tive stress was considered to be uremic toxins, but the exact mechanism
for the generation of oxidative stress was not determined.

In salt-induced hypertensive rats and chronic cerebral ischemia
models, brain RAS was reported as a risk factor for oxidative stress in
the brain and for cognitive dysfunction, which were prevented by RAS
inhibition (beyond its blood pressure-lowering effect) (Pelisch et al.,
2011; Inaba et al., 2009; Mogi et al,, 2006; Tota et al., 2012). Recently,
several reports suggest that uremic toxin may activate RAS. Shimizu
et al. (2013) reported that indoxy! sulfate, a uremic toxin, induced ex-
pression of angiotensinogen via phosphorylation of CREB and activation
of NF-kappa B in human renal tubular cells. Additionally, NF-kappa
B could bind to a promoter region which regulates the activity of
angiotensinogen in human renal tubular cells (Acres et al., 2011).
These findings indicated that RAS could possibly be activated by certain
uremic toxin. Therefore, we hypothesized that local brain RAS was one
of the causative agents for accelerated cognitive dysfunction in CKD;
and that telmisartan, the blocker of angiotensin Il (All) receptor, could
prevent the local secretion of brain All, leading to suppression of oxida-
tive stress and improvement in memory dysfunction. To clarify these
hypotheses, we used a uremic mouse model to examine the effects of
telmisartan on cognitive dysfunction in CKD mice.

Materials and methods
Preparation of mice

Adult male C57BL/6 | mice were purchased from Nihon CLEA Corpo-
ration (Tokyo, Japan) and maintained on a 12-h light/dark cycle at 24 4
1 °C and 40-70% relative humidity with free access to food and water at
our facility. Eight-week-old mice were randomly divided into two
groups: (1) the CKD group; and (2) the control group. Chronic renal fail-
ure was induced in mice in the CKD group using unilateral nephrectomy
and 2/3 electrocoagulation of the contralateral renal cortex under
anesthetization with inhaled induction of sevoflurane and an injection
of pentobarbital (40 mg/kg body weight i.p.). Surgery was performed
on 43 mice, with four of them dying within a few days after the opera-
tion. Sham operations were performed on control group mice. The
following day, mice were further divided into groups: (1) control mice
with orally administered vehicle (Cont-V, n = 18); (2) control mice
treated with telmisartan (Cont-T, n = 19); (3) CKD mice orally ad-
ministered vehicle (CKD-V, n = 20); and (4) CKD mice treated with
telmisartan (CKD-T, n = 19). Telmisartan was dissolved in 1 mL of 1 N
sodium hydroxide and neutralized by 1 N hydrochloric acid (HCl),
then administered for 8 weeks at 0.5 mg/kg/day in drinking water.
Blood pressure was measured using the indirect tail-cuff method with
a blood pressure monitor (MK-2000; Muromachi Kikai Co., Tokyo,
Japan), as described previously (Fujisaki et al., 2014).

All experimental procedures were conducted with the approval
of the ethics committee for animal research at Kyushu University
(#A24-167-2). The number of mice used and animal suffering were
minimized in accordance with the Declaration of Helsinki.

Radial arm water maze (RAWM) test for spatial working memory
assessment

To evaluate spatial working memory, the RAWM test was performed
8 weeks after the operation, as per the study of Fujisaki et al. Briefly, the
water maze consisted of a circular tank 1 m in diameter. A clear circular
platform was placed at the edge of the wall and submerged so that the
top was just above the water surface. An electric lamp was placed outside
the maze as a visual spatial cue. The maze was sectioned into six equal
arms (each 19 cm wide), which radiated out from an open central area.
The platform was moved at random to different corners of the arms

each day. A mouse would swim from a randomly selected corner of the
other five arms in each trial. Trials consisted of four acquisition trials
(T1-T4) and one memory retention trial (T5). Each mouse was permit-
ted to view the location of the platform for 1 min for each acquisition
trial, After four acquisition trials, the mouse was kept in a cage for
30 min, before being made to swim for 1 min from the same corner as
in the fourth trial (the memory retention trial). “Error” was defined as
either: (1) the mouse went into the non-goal arm; or (2) the mouse
did not reach the platform after entering the goal arm. For each error,
the mouse was returned to the starting corner and the trial resumed. In
the final trial on the last day, the number of errors in the RAWM test
was counted.

Measurement of plasma and brain All

All levels of the brain cortex containing the hippocampus and blood
plasma were examined. Mice were anesthetized with inhaled diethyl
ether before blood was collected using the retro-orbital bleeding tech-
nique. Following transcardial perfusion with 20 mL saline, the brain
was removed, and both cortex and hippocampus were dissected from
the sample. For brain All measurements, ipsilateral brain samples
were homogenized in 1 mL of 0.1 N HCl and centrifuged at 10,000 x g
at 4 °C for 30 min. The supernatant was used for radioimmunoassay of
All levels as described previously (Omata et al., 1996). First, for extrac-
tion of All, Florisil adsorption and elution with acetone-HCl solution
were used. Briefly, 300 (. of sample was mixed with 700 pL of Tris buffer
(pH 8.6) and 30 mg of Florisil for 10 min. After centrifugation at 3,500 x
gat 4 °Cfor 5 min, the supernatant was discarded, and the pellet was
washed with distilled water twice. Then, the pellet was mixed with
250 pL of 0.5 N HCl and 750 L of acetone for 10 min, and centrifuged
at 3,500 x g at 4 °C for 5 min. The elution process was repeated twice.
The supernatant was discarded and dried under a N, stream at 45 °C.
Then, the sample was dissolved in Tris buffer contained EDTA-2Na and
Tween-20 (pH 8.6). Next, for radioimmunoassay, 100 pL of extract
was incubated with 100 pl of antibody solution (anti-All rabbit
serum) overnight at 4 °C. lodinated All ('*°I-Angiotensin II) was
added the following day and incubated overnight at 4 °C. On the 3rd
day, 100 pL of anti-rabbit IgG goat serum as the second antibody and
100 pL of 25% polyethylene glycol solution were added, and the mixture
was incubated for 1 h at 4 °C. After centrifugation at 3,500 x g at4 °C for
20 min, the radioactivity of the pellet was determined using a gamma-
counter. Concentrations were calculated using a standard curve, Results
are expressed as femtomoles (fmol) per gram of tissue. The cross-
reactivity of angiotensin I and angiotensin III for anti-All rabbit serum
is reported to be 0.035% and 21%, respectively, and the minimum
measurable concentration is 0.96 fmol/mL (Omata et al., 1996). Blood
plasma was extracted by centrifugation of the collected blood in a BD
Microtainer tube (#365973; BD Diagnostics, Franklin Lakes, NJ) at
3,500 x g at 4 °C for 15 min and All was measured using the same
method mentioned above.

Immunohistochemistry for oxidative stress markers in the brain

We examined oxidative DNA damage in the CA3 sub-region of hip-
pocampi by immunohistochemistry. Mice were perfused with 20 mL
of 4% paraformaldehyde in phosphate buffered saline (PBS), pH 7.4.
After the brain was removed, it was fixed with 10% formaldehyde for
24 h at room temperature. The sample was cut on a tissue slicer
(MK-MC-01; Muromachi Kikai Co., Tokyo, Japan) and dehydrated in
ethanol. Sections were then transferred to 1:1 (v/v) ethanol-xylene,
cleared in toluene and embedded in Paraplast (Fisher Scientific, Pitts-
burgh, PA). The embedded sections were cut (4 pm thick) and mounted
on glass slides. For immunohistochemistry, the sections were
deparaffinized with xylene, dehydrated with ethanol and washed with
distilled water. For antigen retrieval, the sections were digested by
0.1% proteinase K (Wako Pure Chemical Industries Ltd., Osaka, Japan)

— 388 —



N. Haruyama et al. / Life Sciences 113 (2014) 55-59 57

for 15 min. To detect 8-hydroxy-2'-deoxyguanosine (8-OHdG) in nucle-
ar DNA, the sections were pretreated with RNase A (10 mg/mL; Sigma-
Aldrich, St Louis, MO) for 1 h and with 2 N HCl for 30 min. They were
then blocked with 5% skim-milk in PBS for 30 min at room temperature.
The sections were incubated at 4 °C overnight with 1 ug/mL of mouse
monoclonal primary antibodies (clone N45.1; JaICA, Fukuroi, Japan) di-
luted in 0.2% Triton X-100/PBS. For endogenous peroxidase blocking,
sections were incubated with 0.3% hydrogen peroxide diluted in meth-
anol for 30 min. After several washes with 0.2% Triton X-100/PBS,
sections were incubated with secondary antibodies (HRP conjugated
goat anti-mouse (Fab’) IgG, Nichirei Bioscientific Inc., Tokyo, Japan) for
30 min at room temperature. They were then incubated with 0.02%
3,3'-diaminobenzidine tetrahydrochloride (Nichirei) for ~5 min.
Reactions were allowed to develop until judged sufficient using a light
microscope. The intensity of 8-OHdG immunoreactivity in the section
of the hippocampus was measured in each digital image using Image ]
1.43 imaging software (National Institute of Mental Health, Bethesda,
MD).

Determination of malondialdehyde

Malondialdehyde levels were determined using a thiobarbituric acid
reactive substances assay kit (Northwest Life Science Specialties,
Vancouver, Canada). The thiobarbituric acid reactive substances assay
is generally used for estimation of lipid peroxidation and peroxidative
tissue injury, which are reliable indices for indirect analyses of oxidative
stress. Protein samples were obtained by homogenizing brain tissue
with phosphate buffer (pH 7.0) and EDTA, and concentrations were
determined using bicinchoninic acid protein assay reagent (Thermo
Scientific, Waltham, MA) according to the manufacturer’s protocol.
Briefly, samples were mixed on ice with 10 L butylated hydroxytolu-
ene, 1 M phosphoric acid, and 250 pL 2-thiobarbituric acid. After vortex
vigorously for 5 s, the reaction mixture was incubated for 60 min at
60 °C and centrifuged at 10,000 x g for 3 min. The supernatant was
read at 532 nm. The signal was analyzed using a malondialdehyde
standard curve, Results are expressed as nmol per mg protein.

Statistical analysis

All values are expressed as mean =+ standard error of the mean
(SEM). Statistical significance was assessed using one-way analysis of
variance. A P value of <0.05 was considered statistically significant.

Results
Blood laboratory findings and group characteristics

Table 1 shows the characteristics of the four groups after evaluating
for spatial memory function. In the CKD-V group, systolic blood pressure
was significantly higher than that in the Cont-V group. Administration
of telmisartan did not influence blood pressure in the CKD-T and
Cont-T groups. Body weight and the degree of anemia were significantly
lower in the CKD-V group compared with the Cont-V group. Adminis-
tration of telmisartan did not change these values. For renal dysfunction,
there was no significant difference between the CKD-V and CKD-T
groups. Plasma All was measured in all groups and was found to have

Table 1
Characteristics of the four groups after RAWM test.

increased in the CKD-T and Cont-T groups. Plasma All of the CKD-V
group had a tendency to be higher than that of the Cont-V group, but
it was not significant.

Increase in All concentrations in the brain of CKD mice and prevention by
telmisartan

Brain All concentrations in the CKD-V group were greater than in the
Cont-V group (CKD-V: 161.2 4 53.6; Cont-V: 88.2 & 26.7 fmol/g of tis-
sue in each group). Increases in brain All concentrations in the CKD-V
group were prevented with administration of telmisartan (CKD-T:
109.1 4 10.5 fmol/g of tissue) (Fig. 1). This result was inconsistent
with data of plasma angiotensin Il concentrations from each group.

Accumulation of 8-OHdG in the hippocampus of CKD mice and prevention
by telmisartan

The CA3 sub-region of the hippocampus in the CKD-V group exhib-
ited stronger 8-OHdG immunoreactivity than that of the Cont-V
group. In addition, telmisartan prevented its accumulation in both the
CKD-T and Cont-T groups (Fig. 2).

Increase in malondialdehyde concentrations in the brain of CKD mice and
prevention by telmisartan

The concentration of malondialdehyde was greater in the CKD-V
group compared with the Cont-V group (CKD-V: 3.1 + 0.4; Cont-V:
1.9 4+ 0.4 nmol/mg protein, n = 8 in each group). Similar to brain All
concentrations, increases in malondialdehyde concentrations were
less in the CKD-T group compared with the CKD-V group (1.3 +
0.3 nmol/mg protein, n = 8) (Fig. 3).

Increase in errors in the RAWM test in CKD mice and prevention by
telmisartan

Errors recorded for the RAWM test on the final day of trials (day 5)
were greater in the CKD-V group than in the Cont-V group (3.9 + 0.6
vs. 1.8 & 0.6, respectively). The number of errors in the CKD-T group
was comparable to the control groups (1.9 + 0.4) (Fig. 4).

Discussion

The results of this study suggest that brain RAS was activated in CKD
mice, and that inhibition of brain RAS contributed to the improvement
in spatial working memory through attenuation of oxidative stress.
These phenomena were independent of blood pressure or the degree
of anemia.

It is well known that RAS components have various roles in the
brain. For example, brain RAS maintains thirst, fluid metabolism, and
sympathetic nerve activation in the subfornical organ and the hypotha-
lamic paraventricular nucleus (Wilson et al., 2005; Huang and Johns,
2001; Dupont and Brouwers, 2010). A recent experimental study has
shown that cognitive function is also affected by brain RAS (Dong
et al.,, 2011). Brain renin is reported to be produced by neurons, and
brain angiotensinogen mRNA was mainly observed in glial cells
(Lavoie et al., 2004; Saavedra, 1992; Unger et al., 1988). Pelisch et al.

Groups Body weight (g) SBP (mmHg) Hematocrit (%) Serum creatinine (mg/dL) BUN (mg/dL) Plasma All (fmol/mL)
Cont-V (n = 8) 259 + 0.6 120 £ 2 47.1 £ 08 0.12 £ 0.01 25+ 2 12.8 + 438

Cont-T (n = 8) 267 £ 02 118 &5 456 + 0.4 0.12 £+ 0.01 294+ 2 378 +£ 1852

CKD-V (n = 8) 2334+ 05°? 132412 404 + 09° 0.27 £ 0.01? 69 + 42 210 £ 68

CKD-T (n = 8) 250 + 0.7° 128 + 4° 410 + 1.8° 025 + 0.01° 68 + 4P 351 +95°¢

Data are expressed as mean 4 SEM. a: P < 0.05 vs. Cont-V, b: P<0.05 vs. Cont-T, c: P < 0.05 vs. CKD-V. All: angiotensin I, BUN: blood urea nitrogen, RAWM test: radial arm water maze test,

SBP: systolic blood pressure.
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Fig. 1. Angiotensin Il concentrations in brain tissue. Concentrations are expressed in
femtomoles (fmol) per gram of tissue. Five mice were used in the CONT-V group; six in
the CONT-T group; four in the CKD-V group; and six in the CKD-T group. Data are
expressed as mean = SEM. a: P = 0.01, b: P< 0,05,

(2010) reported that systemic infusion of All did not affect the amount
of brain All Therefore, it is thought that brain RAS does not penetrate
through a disrupted blood-brain barrier but arises locally in brain tis-
sues. In the present study, local expression of All increased in the CKD
group compared with the control groups; but this expression was sup-
pressed by systemic administration of telmisartan. This result is consis-
tent with findings of the RAWM test, and indicated that brain RAS is a
crucial factor of cognitive impairment in CKD. The precise mechanism
by which telmisartan prevented the increase of brain All remains
unclear, but we speculate that blockade of All receptor by telmisartan
contributed somehow not only to neurons but also to other brain paren-
chymal cells to cause a decrease in expression of RAS components in this
uremic mouse model (Grobe et al., 2008; Fiichtbauer et al,, 2011; Zhou
et al., 2006).

There are numerous studies examining the role of brain RAS in cog-
nitive dysfunction in experimental models of hypertension and cerebral
ischemia (Pelisch et al,, 2011; Inaba et al., 2009; Mogi et al,, 2006; Tota
et al,, 2012), and the results suggest that inhibitors of RAS can preserve
cognitive function without blood-lowering effects. Pelisch et al. (2011)
used Dahl salt-sensitive rats to study increases in brain All. This model
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Fig. 3. Malondialdehyde concentrations in brain tissue, Data are expressed as mean +
SEM. a: P= 0.05.

showed disruption of the blood-brain barrier of the hippocampus
through elevated brain oxidative stress and cognitive impairment. Similar
to our study, olmesartan prevented increases in brain All and preserved
cognitive performance independent of blood pressure. Inaba et al.
(2009) reported elevation of oxidative stress in the brain and decreases
in cerebral blood flow in chimera mice produced by mating human
angiotensinogen transgenic mice with renin transgenic mice. A shuttle
avoidance test suggested that the cognitive function of the mice was
impaired, but olmesartan preserved their cognitive function and cerebral
hemodynamics. These reports suggest that activation of brain RAS has a
poor effect on brain physiological functions via oxidative stress.
Telmisartan migrates from the blood circulation to brain parenchy-
ma through the blood-brain barrier, at least in part. Shimizu et al.
(2012) reported that radioisotope-labeled telmisartan was distributed
in the brain using positron emission tomography. Although we did not
compare telmisartan with other AT1 receptor blockers in the present
study, numerous in vivo studies of non-CKD models have reported sim-
ilar results using angiotensin receptor blockers other than telmisartan.
However, the mechanism via the AT1 receptor to brain parenchymal
cells has not yet been determined. In addition, as another specific effect,
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1

Immunoreactivity for 8-OHdG

Fig. 2. Immunohistochemical detection of 8-OHdG in the hippocampus. The images on the left show detection of 8-OHdG in the hippocampus (A: a Cont-V mouse, B: a Cont-T mouse, C: a
CKD-V mouse, and D: a CKD-T mouse). Scale bar: 200 um. The graph on the right shows immunoreactivity intensities for each group (n = 5). Data are expressed as mean + SEM.

a: P < 0.01. 8-OHdG: 8-hydroxy-2'-deoxyguanosine.
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Fig. 4. RAWM test errors. The frequency of errors with RAWM tests during final trials on
the 5th day (n = 8 in each group). Data are expressed as mean = SEM. a: P < 0.05.
RAWM test: radial arm water maze test.

telmisartan has a partial agonistic effect on peroxisome proliferative ac-
tivator receptor-y (PPAR-vy). Tsukuda et al. (2009) reported that
telmisartan protected cognitive function in a diabetic mouse model.
The authors suggested that these results may be attributed not only to
blockade of the AT1 receptor, but also activation of PPAR-y. The present
study did not examine the agonistic effect of PPAR-v, and research on
this point is required.

Conclusion

The results of this study suggest that telmisartan has a protective
effect against impaired spatial working memory through inhibition of
oxidative stress in uremic mice. The origins of brain RAS in CKD remain
to be elucidated, and further studies are required to determine the exact
pathophysiology of the disease.
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Impact of combined losartan/hydrochlorothiazide on
proteinuria in patients with chronic kidney disease

and hypertension

Kiichiro Fujisaki"®, Kazuhiko Tsuruya’®$, Toshiaki Nakano!, Masatomo Taniguchi!, Harumichi Higashi’,
Ritsuko Katafuchi®, Hidetoshi Kanai®, Masaru Nakayama®, Hideki Hirakata’ and Takanari Kitazono!

on behalf of Impact of Combined Losartan/Hydrochlorothiazide on Proteinuria in Patients with Chronic
Kidney Disease and Hypertension (ILOHA) Study Investigators

It is unknown whether the use of diuretics is optimal over other antihypertensive agents in patients with chronic kidney disease
(CKD) whose blood pressure remains uncontrolled despite treatment with renin-angiotensin system (RAS) inhibitors. In this
study, we assessed the additive effects of hydrochlorothiazide (HCTZ) on reducing proteinuria in CKD patients under treatment
with losartan (LS). We conducted a multicenter, open-labeled, randomized trial. One hundred and two CKD patients with
hypertension and overt proteinuria were recruited from nine centers and randomly assigned to receive either LS (50 mg, n=51)
or a combination of LS (50 mg per day) and HCTZ (12.5 mg per day) (LS/HCTZ, n=>51). The primary outcome was a decrease
in the urinary protein-to-creatinine ratio (UPCR). The target blood pressure was < 130/80 mm Hg, and antihypertensive agents
(other than RAS inhibitors and diuretics) were added if the target was not attained. Baseline characteristics of the two groups
were similar. After 12 months of treatment, decreases in the UPCR were significantly greater in the LS/HCTZ group than in the
LS group. There were no significant differences in blood pressure or the estimated glomerular filtration rate between the two
groups. LS/HCTZ led to a greater reduction in proteinuria than treatment with LS, even though blood pressure in the LS group
was similar to that in the LS/HCTZ group following the administration of additive antihypertensive agents throughout the
observation period. This finding suggests that LS/HCTZ exerts renoprotective effects through a mechanism independent of blood

pressure reduction.

Hypertension Research (2014) 37, 993-998; do0i:10.1038/hr.2014.110; published online 26 June 2014
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INTRODUCTION

Data from many large-scale clinical trials demonstrate that renin—
angiotensin system (RAS) inhibitors such as angiotensin-converting
enzyme inhibitor (ACEI) and angiotensin II type 1 receptor
blocker (ARB) have an evident effect on kidney protection.!™
Recent guidelines on hypertension management®’ recommend the
concomitant use of several types of antihypertensive drugs when the
target blood pressure is not reached. The guidelines recommended the
strict control of blood pressure in patients with chronic kidney disease
(CKD) with a complication of hypertension; however, the appropriate
target value of blood pressure decline is almost never reached using a
single RAS inhibitor.

In various combined therapies, the combined use of RAS inhibitors
such as ARB or ACEI and calcium channel blocker (CCB) or small
amounts of thiazide diuretics has been determined as being effective.
However, whether to select CCB or diuretics for concomitant use
following RAS inhibitor is clinically an important consideration. The
appropriate approach was verified by the GUARD study® and the
ACCOMPLISH study.®'? Subjects of the GUARD study were diabetic
nephropathy patients. Subjects of the ACCOMPLISH study were
patients at high risk of cardiovascular events. Both studies compared
and verified the therapeutic effects when amlodipine (a CCB) or
hydrochlorothiazide (HCTZ) (a diuretic) was concomitantly used
with ACEL Although HCTZ reduced albuminuria in both studies,
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there was also a large decline in the estimated glomerular filtration
rate (eGFR). In the ACCOMPLISH study, a significantly large number
of cardiovascular events were generated in the HCTZ group, and the
renal prognosis was also better in the CCB group. However, only a
few patients exhibited overt albuminuria in both studies, and
the declining rate of renal function in the patient group was also
very slow.

There are no clinical studies to date comparing the effects of
diuretics and the other antihypertensive agents on reducing urinary
protein under treatment with ARBs and comparable blood pressure
control in CKD patients with overt proteinuria. Therefore, we
conducted a prospective, randomized, open-labeled, multicenter trial
to determine the efficacy of a fixed-dose combination of losartan (LS)
plus HCTZ and a normal dose of LS in patients with CKD and
hypertension.

METHODS

The present study was a l-year prospective, randomized, open-labeled,
parallel-group, multicenter trial. The objective was to elucidate the renopro-
tective effects of ARB/low-dose HCTZ combination therapy on CKD patients
with proteinuria and hypertension.

The protocol was approved by the Independent Review Board of Kyushu
University Hospital (No. 0272) and registered at UMIN-CTR (ID:
UMIN000001643). The institutional review boards or ethics committees of
all participating institutions approved the study protocol. All patients provided
written informed consent.

Study population

Target patients were outpatients with systolic blood pressure (SBP) > 130 mm
Hg and/or diastolic blood pressure (DBP) >80mm Hg, or taking antihyper-
tensive drugs at the time when consent was obtained. The following conditions
were also required: (1) the urinary protein (mgdl™')/creatinine (mgdl™!)
ratio (UPCR) for the 8 weeks before the study commencing exceeded 0.3
(gg~" Cr); (2) eGFR was 15mlmin ! per 1.73m? or more; and (3) patients
were aged between 20 and 74 years old. Exclusion criteria were: (1) patients
with hepatic dysfunction (e.g., when alanine aminotransferase exceeded the
normal upper limit by threefold or more); (2) patients who had a myocardial
infarction or apoplexy in the previous 3 months; (3) patients who were or
might be pregnant; (4) patients with the possibility of becoming pregnant
within the study period and patients who were breastfeeding; (5) patients with
a serious nephrotic syndrome (serum albumin <2gdl™!); (6) immuno-
globulin A (IgA) nephropathy patients within a year from commencing steroid
therapy; (7) patients with hyperkalemia (5.5 mEql~! or more); and (8)
patients undergoing thiazide diuretics or thiazide-like diuretics administration.

Study design

Eligible patients were randomly assigned in a I:l ratio to receive either LS
(50mg per day) or LS (50mg per day) and HCTZ (12.5mg per day)
combination therapy, each of which was administered once every morning.
A 50mg LS/12.5mg HCTZ combination tablet was used for combination
therapy. On the day of randomization, initial evaluations (medical history and
medication), assessments of clinic blood pressure and laboratory tests (blood
and urine) were performed after written informed consent was obtained.
Figure 1 shows the study design.

ACEI or ARB administered to patients at the time of obtaining consent
(—1m) was changed to LS (50mg per day). LS (50mg per day) was
additionally administered to patients who were not taking ACEI or ARB. LS
(50 mg per day) was continued when allotted to the LS administration group
at the time of commencing the allotment drug (0 M), and when allotted to the
diuretic administration group, LS was replaced with an LS/HCTZ combination
drug. Blood pressure measurements and blood and urine collection were
carried out throughout the study period. Antihypertensive drugs other than
diuretics, ACEI and ARB, were added when blood pressure did not decline to
<130/80mmHg. Blood pressure measurements and blood and urine
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Figure 1 Study protocol. Blood pressure was targeted at <130/80 mm Hg
during the study period. HCTZ, hydrochlorothiazide; LS, losartan; RAS,
renin—angiotensin system.

collection were carried out at 0, 1, 2, 4, 6 and 12 months following
commencement of treatment.

Adverse events included intractable hypotension symptoms (e.g., fainting or
dizziness), hyperkalemia (potassium > 6.0 mEql~!), laboratory data abnorm-
alities (e.g., acute worsening of kidney or liver function) and any side effects
that required the discontinuation of medication to protect the patient’s best
interest.

Measurements

The levels of blood and urinary biochemical parameters and urinary protein
excretion were measured in the hospital during consultations as outpatients.
All assays were performed using commercially available laboratory equipment.
Clinical blood pressure was measured using the auscultation method with a
mercury sphygmomanometer after 5min of rest in a seated position in the
hospital. The UPCR was simultaneously estimated using casual urine samples.
The eGFR was calculated according to the following formula from the Japanese
Society of Nephrology: eGFR (mlmin~! per 1.73m?) =194 x (serum
creatinine) ~10% x age 0287 (1% 0.739, if female).!! CKD was defined as an
eGFR <60 mlmin~! per 1.73 m? and/or the presence of proteinuria.

Study outcome

The primary outcome was determined as the amount of change in the UPCR
from the value before commencing treatment to 12 months following
commencement of treatment between the two groups. The secondary outcome
was the change in blood pressure and eGFR from the value at study
commencement to 6 and 12 months following study commencement between
the two groups.

Sample size

The planned sample size was 120 cases (60 cases in the LS group and 60 cases in
the LS/HCTZ group). With reference to the report by Uzu et al!? regarding
the mean amount of change in urinary protein excretion before and after
administration, the difference between CKD patients undergoing administration
of ACEI or ARB and those undergoing administration of ACEI or ARB with
concomitant use of thiazide was estimated at 0.2g per day. The standard
deviation of the amount of change was surmised to be approximately 0.35g per
day. When a Student’s t-test was surmised with a difference in mean value of 0.2,
standard deviation of 0.35, significance level of 0.05 (two-sided test) and statistical
power of 0.80, it was suggested that 50 cases were required for each group. We
estimated that 10 to 20% cases would be discontinued/omitted during the study
or found to be ineligible following registration, so the target number of cases was
set at 60 cases for each group, totaling 120 cases.

Statistical analysis

Statistical analysis was performed using a commercially available software
program (JMP statistics 9.0; SAS Institute, Tokyo, Japan). Data are expressed as
the mean * s.d. or as a percentage. A y? test was applied to examine differences
between prevalence in the two treatment groups. Data were analyzed based on
the random allocation of participants to the treatment group regardless of the
content of subsequent drug administration (intention-to-treat analysis). The

— 393 —



mean value of both groups was compared using a Mann-Whitney U-test.
Repeated measurement analysis of variance was used to evaluate the
therapeutic effect against blood pressure, eGFR and uric acid level. P<0.05
was determined to be statistically significant.

RESULTS

Baseline characteristics

In this study, 102 cases (85% of the recommended sample size)
satisfying the registration criteria were randomly allocated to the LS
group (n=>51) or the LS/HCTZ group (n=>51) (Figure 2). Patients’
backgrounds of the two groups at baseline are illustrated in Table 1,
and there was no significant difference between the groups. In the LS
group, three patients undergoing treatment were omitted from the
protocol (initiation of hemodialysis: 1= 1; long hospitalization for
malignant lymphoma: n=1; lost of follow-up: n=1), and post-
operative follow-up as an outpatient could not be carried out for
12 months. Accordingly, these three patients were excluded as study
subjects. In the LS/HCTZ group, seven patients were omitted from
the protocol (acute worsening of kidney function: n = 3; withdrawal
of consent: 1= 3; skin eruption: n=1). However, it was possible to
carry out postoperative follow-up as an outpatient for 12 months for
all seven patients. Therefore, all 51 patients were included as study
subjects.

The drugs taken during the study are shown in Table 2. In the
losartan group, there were many cases in which CCB was additionally
administered during the course, and the rate of internal use of CCB
was significantly higher compared with the LS/HCTZ group.

Changes in clinical blood pressure

There were no differences in SBP or DBP between the two groups
during the treatment period (Figure 3). SBP was 125.2 £ 13.3 mm Hg
in the LS group and 124.9 + 15.3 mm Hg in the LS/HCTZ group; DBP
was 73.0+9.4mmHg in the LS group and 74.1 £ 8.6 mmHg in the
LS/HCTZ group at 12 months following the commencement of
treatment, with no significant difference between the two groups.
The ratio of patients with blood pressure < 130/80 mm Hg following
12 months was 50% in the LS group and 47% in the LS/HCTZ group,
with no significant difference between the two groups.

Renoprotective effects of ARB and HCTZ
K Fujisaki ef al

Changes in the UPCR

At 6 and 12 months following commencement of the study, the
amount of the UPCR decline in the LS/HCTZ group was significantly
greater than that in the LS group (6 M: 0213099 vs. —0.54
+0.73gg ! Cr, P<0.05 12 M: 0,024 0.76 vs. ~0.55+0.71gg ' Cr,
P<0.05) (Figure 4a). The relationship between BP reduction and the
reduction in proteinuria is not significantly (Figures 4b and ¢).

Changes in eGFR and uric acid

The eGFR declined slightly more in the LS/HCTZ group compared
with the LS group at 6 and 12 months following commencement of
treatment; however, there was no significant difference between the
two groups (6 M: LS 46.1423.5mlmin " per 1.73m?, LS/HCTZ
39.6+ 211 mlmin ! per 1.73 m% 12 M: LS 45.0+23.3 mlmin ! per
1.73m? LS/HCTZ 40.5 % 21.7 mimin ~' per 1.73m?) (Figure 5). The
uric acid level following 12 months was significantly higher in the
LS/HCTZ group (6.3 £ 1.3 vs. 7.1+ Lamgdl !, P<0.05) (Figure 6).

DISCUSSION

The results of this study showed that combination therapy with
LS/HCTZ led to a greater reduction in proteinuria than treatment
with LS alone at the same blood pressure level. This study is the first
to provide evidence to support the efficacy of LS/HCTZ combination
therapy in patients, independent of antihypertensive effects. This
finding suggests that the addition of diuretics constitutes an optimal
treatment for patients with CKD under treatment with ARBs and
that diuretics exert renoprotective effects through a mechanism
independent of blood pressure reduction.

In addition to RAS inhibition, it is believed that strict blood
pressure control has a major role in preventing the progression of
renal disease.”! > In this study, there was no difference between SBP
and DBP in the two groups, with the average reaching the target
blood pressure. In addition, there was no significant difference in the
eGFR of both groups throughout the observational period of 1 year.

The following three points may be considered for the mechanism
by which LS/HCTZ exhibited a urinary protein reducing effect in this
study. The first point is the declining effect on blood pressure with

[ Assessed for eligibility (n1=328) ‘

Excluded (n=226)
Not meeting inclusion criteria (17=211)
Declined to participate (11=12)
Other reasons (n=3)

f Randomized (7=102) l

+

Losartan group
Allocated to intervention (n7=51)
Received allocated intervention (n=51)

!

Discontinued intervention
Induction of HD 1
Long hospitalization (Cancer) 1
Lost follow-up 1

Analyzed (n=48)
Excluded from analysis (n=3)
Three patients were not outpatients after 1 year

LS/HCTZ group
Allocated to intervention (n7=51)
Received allocated intervention (n=51)

Il

Discontinued intervention

Acute worsening of kidney function
Withdraw consent
Skin eruption

S = W W

Lost follow-up

Analyzed (n1=51)
Excluded from analysis (2=0 )

Figure 2 Flow chart of patient enroliment and follow-up. HCTZ, hydrochlorothiazide; HD, hemodialysis; LS, losartan.
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