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Fig. 3 Effects of high dose of dialysis on all-cause death according to
the erythropoietin resistance index levels. For the multivariate-
adjusted model, adjustments were made for age, sex, dialysis
duration, predialysis systolic blood pressure, antihypertensive agent
use, diabetes, history of cardiovascular disease, serum albumin, serum

In conclusion, the present findings have clearly dem-
onstrated that the highest ERI group was associated with
increased risks of mortality and cardiovascular events.
Therefore, this emphasizes the importance of ESA
responsiveness as a significant prognostic factor in HD
patients. Additionally, a higher dose of dialysis might be
effective for improving the prognosis of HD patients with
hyporesponsiveness to ESA, but this finding needs to be
interpreted cautiously. Further clinical research might be
warranted to elucidate the effect of a high-dose dialysis on
the hyporesponsiveness to ESA.

calcium, serum phosphorus, serum total cholesterol, log-transformed
serum c-reactive protein, log-transformed serum ferritin, and body
mass index. ERI erythropoietin resistance index, ESA erythropoiesis-
stimulating agent, CI confidence interval

Acknowledgments We thank the participants in the Q-Cohort
Study, members of the Society for the Study of Kidney Disease, and
all personnel at participating institutions involved in the study. The
following personnel (institutions) participated in the study: Takashi
Ando (Hakozaki Park Internal Medicine Clinic); Takashi Ariyoshi
(Ariyoshi Clinic); Koichiro Goto (Goto Clinic); Fumitada Hattori
(Nagao Hospital); Harumichi Higashi (St Mary’s Hospital); Tadashi
Hirano (Hakujyuji Hospital); Kei Hori (Munakata Medical Associa-
tion Hospital); Takashi Inenaga (Ekisaikai Moji Hospital); Hidetoshi
Kanai (Kokura Memorial Hospital); Shigemi Kiyama (Kiyama Nai-
ka); Tetsuo Komota (Komota Clinic); Hiromasa Kuma (Kuma
Clinic); Toshiro Maeda (Kozenkai-Maeda Hospital); Junichi Makino
(Makino Clinic); Dai Matsuo (Hirao Clinic); Chiaki Miishima (Mii-
shima Clinic); Koji Mitsuiki (Japanese Red Cross Fukuoka Hospital);

@ Springer

— 475 —



J Nephrol

Kenichi Motomura (Motomura Naika Clinic); Sadatoshi Nakamura
(Kokura Daiichi Hospital); Hidetoshi Nakamura (Kokura Daiichi
Hospital); Koichi Nakashima (Ohashi Internal Circulatory Clinic);
Nobumitsu Okita (Shiroishi Kyoritsu Hospital); Shinichiro Osato
(Osato Jin Clinicy; Sakura Sakamoto (Fujiyamato Spa Hospital);
Keiko Shigematsu (Shigematsu Clinic); Kazumasa Shimamatsu
(Shimamatsu Naika Tin); Yoshito Shogakiuchi (Shin-Ai Clinic);
Hiroaki Takamura (Hara Hospital); Kazuhito Takeda (lizuka Hospi-
tal); Asuka Terai (Chidoribashi Hospital); Hideyoshi Tanaka (Mo-
jiko-Jin Clinic); Suguru Tomooka (Hakozaki Park Internal Medicine
Clinic); Jiro Toyonaga (Fukuoka Renal Clinic); Hiroshi Tsuruta (Steel
Memorial Yawata Hospital); Ryutaro Yamaguchi (Shiseikai Hospi-
tal); Taihei Yanagida (Saiscikai Yahata General Hospital); Tetsuro
Yanase (Yanase Internal Medicine Clinic); Tetsuhiko Yoshida (Ha-
manomachi Hospital); Takahiro Yoshimitsu (Gofukumachi Kidney
Clinic, Harasanshin Hospital); Koji Yoshitomi (Yoshitomi Medical
Clinic). This study was supported by the Kidney Foundation (H19
JKFB 07-13, H20 JKFB 08-8, H23 JKFB 11-11) and the Japan
Dialysis Outcome Research Foundation (H19-076-02, H20-003).

Conflict of interest
financial interests.

The authors declare that they have no relevant

References

1. Kilpatrick RD, Critchlow CW, Fishbane S, Besarab A, Stehman-
Breen C, Krishnan M, Bradbury BD (2008) Greater epoetin alfa
responsiveness is associated with improved survival in hemodi-
alysis patients. Clin J Am Soc Nephrol 3:1077-1083
. Lépez-Gémez J, Portolés J, Aljama P (2008) Factors that con-
dition the response to erythropoietin in patients on hemodialysis
and their relation to mortality. Kidney Int Suppl 74(Suppl
111):875-S81
3. Fukuma S, Yamaguchi T, Hashimoto S, Nakai S, Iseki K, Tsu-
bakihara Y, Fukuhara S (2012) Erythropoiesis-stimulating agent
responsiveness and mortality in hemodialysis patients: results
from a cohort study from the dialysis registry in Japan. Am J
Kidney Dis 59:108-116

4, Locatelli F, Pisoni RL, Akizawa T, Cruz JM, DeOreo PB,
Lameire NH, Held PJ (2004) Anemia management for hemodi-
alysis patients: kidney disease outcomes quality initiative (K/
DOQI) guidelines and dialysis outcomes and practice patterns
study (DOPPS) findings. Am J Kidney Dis 44(5 Suppl 2):27-33

5. Akizawa T, Pisoni RL, Akiba T, Saito A, Fukuhara S, Asano Y,
Hasegawa T, Port FK, Kurokawa K (2008) Japanese haemodi-
alysis anaemia management practices and outcomes (1999—
2006): results from the DOPPS. Nephrol Dial Transplant
23:3643-3653

6. Besarab A, Bolton WK, Browne JK, Egrie JC, Nissenson AR,
Okamoto DM, Schwab SJ, Goodkin DA (1998) The effects of
normal as compared with low hematocrit values in patients with
cardiac disease who are receiving hemodialysis and epoetin.
N Engl J Med 339:584-590

7. Phrommintikul A, Haas SJ, Elsik M, Krum H (2007) Mortality
and target haemoglobin concentrations in anaemic patients with
chronic kidney disease treated with erythropoietin: a meta-ana-
lysis. Lancet 369:381-388

8. Streja E, Kovesdy CP, Greenland S, Kopple JD, McAllister CJ,
Nissenson AR, Kalantar-Zadeh K (2008) Erythropoietin, iron
depletion, and relative thrombocytosis: a possible explanation for
hemoglobin-survival paradox in hemodialysis. Am J Kidney Dis
52:727-736

9. Kaysen G, Miiller H, Ding J, Chertow G (2006) Challenging the
validity of the EPO index. Am J Kidney Dis 47:157-166

[3e]

@ Springer

— 476 —

13.

16.

18.

19.

20.

22.

23.

24.

25.

. National Kidney Foundation, KDOQI (2006) 1I: clinical practice

guidelines and clinical practice recommendations for anemia in
chronic kidney disease in adults. Am J Kidney Dis 47(5 Supp!
3):S16-S85

. Locatelli ¥, Aljama P, Barany P, Canaud B, Carrera F, Eckardt

KU, Horl WH, Macdougal IC, Macleod A, Wiecek A, Cameron
S, European Best Practice Guidelines Working Group (2004)
Revised European best practice guidelines for the management of
anaemia in patients with chronic renal failure. Nephrol Dial
Transplant. 19(Suppl 2):iil-ii47

. Pisoni RL, Bragg-Gresham JL, Young EW, Akizawa T, Asano Y,

Locatelli ¥, Bommer J, Cruz JM, Kerr PG, Mendelssohn DC,
Held PJ, Port FK (2004) Anemia management and outcomes from
12 countries in the dialysis outcomes and practice patterns study
(DOPPS). Am J Kidney Dis 44:94-111

McFarlane PA, Pisoni RL, Eichleay MA, Wald R, Port FK, Men-
delssohn D (2010) International trends in erythropoietin use and
hemoglobin levels in hemodialysis patients. Kidney Int 78:215-223

. Rao DS, Shih MS, Mohini R (1993) Effect of serum parathyroid

hormone and bone marrow fibrosis on the response to erythro-
poietin in uremia. N Engl J Med 328:171-175

. Kalantar-Zadeh K, Lee G, Miller J, Streja E, Jing J, Robertson

JA, Kovesdy CP (2009) Predictors of hyporesponsiveness to
erythropoiesis-stimulating agents in hemodialysis patients. Am J
Kidney Dis 53:823-834

Locatelli F, Andrulli S, Memoli B, Maffei C, Del Vecchio L,
Aterini S, De Simone W, Mandalari A, Brunori G, Amato M,
Cianciaruso B, Zoccali C (2006) Nutritional-inflammation status
and resistance to erythropoietin therapy in haemodialysis
patients. Nephrol Dial Transplant 21:991-998

. Rattanasompattikul M, Molnar MZ, Zaritsky JJ, Hatamizadeh P,

Jing J, Norris KC, Kovesdy CP, Kalantar-Zadeh K (2013)
Association of malnutrition-inflammation complex and respon-
siveness to erythropoiesis-stimulating agents in long-term he-
modialysis patients. Nephrol Dial Transplant 28:1936-1945
Taniguchi M, Yamada S, Tokumoto M, Tsuruya K, Hirakata H,
Fujimi S, lida M (2009) Does cinacalcet improve the prognosis of
dialysis patients? Ther Apher Dial 13:515-S19

Daugirdas JT (1989) The post: pre dialysis plasma urea nitrogen
ratio to estimate K.t/V and NPCR: validation. Int J Artif Organs
12:420-427

Mallick S, Rafiroiu A, Kanthety R, Igbal S, Malik R, Rahman M
(2012) Factors predicting erythropoietin resistance among
maintenance hemodialysis patients. Blood Purif 33:238-244

. Solomon SD, Uno H, Lewis EF, Eckardt KU, Lin J, Burdmann

EA, Zeeuw D, Ivanovich P, Levey AS, Parfrey P, Remuzzi G,
Singh AK, Toto R, Huang F, Rossert J, McMurray JIV, Pfeffer
MA, For the Trial to Reduce Cardiovascular Events with Aranesp
Therapy (TREAT) Investigators (2010) Erythropoietic response
and outcomes in kidney disease and type 2 diabetes. N Engl J
Med 363:1146-1155

Stenvinkel P, Alvestrand A (2002) Inflammation in end-stage
renal disease: sources, consequences, and therapy. Semin Dial
15:329-337

Pecoits-Filho R, Lindholm B, Axelsson J, Stenvinkel P (2003)
Update on interleukin-6 and its role in chronic renal failure.
Nephrol Dial Transplant 18:1042-1045

Regidor DL, Kopple JD, Kovesdy CP, Kilpatrick RD, McAllister
CJ, Aronovitz J, Greenland S, Kalantar-Zadeh K (2006) Associ-
ations between changes in hemoglobin and administered ery-
thropoiesis-stimulating agent and survival in hemodialysis
patients. J Am Soc Nephrol 17:1181-1191

Ramirez SPB, Kapke A, Port FK, Wolfe RA, Saran R, Pearson J,
Hirth RA, Messana JM, Daugirdas JT (2012) Dialysis dose scaled
to body surface area and size-adjusted, sex-specific patient mor-
tality. Clin J Am Soc Nephrol 7:1977-1987



J Nephrol

26. Port FK, Ashby VB, Dhingra RK, Roys EC, Wolfe RA (2002) Schulman G, Schwab S, Teehan B, Eknoyan G (2006) Serum
Dialysis dose and body mass index are strongly associated with beta-2 microglobulin levels predict mortality in dialysis patients:
survival in hemodialysis patients. J Am Soc Nephrol results of the HEMO study. J Am Soc Nephrol 17:546-555

13:1061-1066
27. Cheung AK, Rocco MV, Yan G, Leypoldt JK, Levin NW, Greene
T, Agodoa L, Bailey J, Beck GJ, Clark W, Levey AS, Omt DB,

@ Springer

— 477 —



Calcif Tissue Int
DOI 10.1007/500223-014-9929-5

Phosphate Binders Prevent Phosphate-Induced Cellular
Senescence of Vascular Smooth Muscle Cells and Vascular
Calcification in a Modified, Adenine-Based Uremic Rat Model

S. Yamada - N. Tatsumoto «- M. Tokumoto -
H. Noguchi - H. Ooboshi - T. Kitazono -
K. Tsuruya

Received: 23 August 2014/ Accepted: 1 November 2014
© Springer Science+Business Media New York 2014

Abstract Clinical and experimental studies have reported
that phosphate overload plays a central role in the pathogen-
esis of vascular calcification in chronic kidney disease.
However, it remains undetermined whether phosphate indu-
ces cellular senescence during vascular calcification. We
established a modified uremic rat model induced by a diet
containing 0.3 % adenine that showed more slowly progres-
sive kidney failure, more robust vascular calcification, and
longer survival than the conventional model (0.75 % ade-
nine). To determine the effect of phosphate on senescence of
vascular smooth muscle cells (VSMCs) and the protective
effect of phosphate binders, rats were divided into four groups:
(1) normal control rats; (2) rats fed with the modified adenine-
based diet (CKD); (3) CKD rats treated with 6 % lanthanum
carbonate (CKD-LaC); and (4) CKD rats treated with 6 %
calcium carbonate (CKD-CaC). After 8 weeks, CKD rats
showed circumferential arterial medial calcification, which
was inhibited in CKD-LaC and CKD-CaC rats. CKD rats
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showed increased protein expression of senescence-associ-
ated B-galactosidase, bone-related proteins, p16 and p21, and
increased oxidative stress levels in the calcified area, which
were inhibited by both phosphate binders. However, serum
levels of oxidative stress and inflammatory markers, serum
fibroblast growth factor 23, and aortic calcium content in
CKD-CaC rats were higher than those in CKD-LaC rats. In
conclusion, phosphate induces cellular senescence of VSMCs
in the modified uremic rat model, and phosphate binders can
prevent both cellular senescence and calcification of VSMCs
via phosphate unloading. Our modified adenine-based uremic
rat model is useful for evaluating uremia-related complica-
tions, including vascular calcification.

Keywords Calcium carbonate - Cellular senescence -
Chronic kidney disease - Phosphate - Phosphate binder -
Vascular smooth muscle cell - Vascular calcification

Introduction

Cellular senescence, also called stress-induced premature
senescence, is a state of irreversible cell-cycle arrest of
mitotic cells [1] and leads to a reduced capacity to respond
to various stimuli. Senescent cells exhibit a flattened and
enlarged morphology and express a different series of
genes such as pl6, p21, p53, and retinoblastoma protein
[2]. Recent studies have reported that cellular senescence is
involved in various organ dysfunctions in chronic kidney
disease (CKD) [3, 4]. Cellular senescence has also been
shown to be related to vascular calcification (VC) that
contributes to the high cardiovascular mortality in CKD:
in vitro studies have reported that replicative senescence of
vascular smooth muscle cells (VSMCs) promotes VC [5].
Although phosphate (Pi) is one the most powerful inducers
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of VC [6], it remains undetermined whether Pi overload-
related cellular senescence of VSMC is involved in the VC
associated with CKD.

Pi binders are useful to counteract Pi overload in CKD.
Clinical studies have already confirmed that Ca-containing
Pi binders promote VC more than non-Ca-containing Pi
binders [7, 8]. Experimental studies have shown that Ca
overload accelerates VC by several known mechanisms
[1]. However, it remains unknown whether calcium (Ca)-
containing Pi binders and non-Ca-containing Pi binders
have differential effects on cellular senescence of VSMC,
oxidative stress, and inflammation in CKD.

Developing animal models that exhibit extensive and
robust VC is another important issue for research in vas-
cular biology [9]. Various types of animal models with VC
have been proposed [10]. The adenine-fed renal failure
model is one of the most frequently used rat models for its
relatively easy induction [11]. Although adenine-fed ure-
mic rat models develop a series of renal failure-related
phenotypes including arterial medial calcification, the ori-
ginal model using 0.75 % adenine has several vital limi-
tations: relatively low prevalence and degree of VC, severe
and rapid malnutrition, and high fatality in 4-6 weeks [12—
14]. Accordingly, a modified adenine-fed uremic rat model
with a high probability of developing extensive arterial
medial calcification and a longer survival rate is required.

In the preset study, we established a new uremic rat
model that develops robust and extensive arterial medial
calcification with a higher probability than the conven-
tional (0.75 %) adenine-fed uremic rat model by feeding a
modified adenine-based diet. In addition, we investigated
the role of Pi overload in CKD focusing on cellular
senescence of VSMC and VC, and compared the thera-
peutic potential of Pi binders (lanthanum carbonate, LaC,
and calcium carbonate, CaC) for Pi-related changes in this
new uremic rat model.

Materials and Methods
Animal Care and Study Protocols

Male Sprague-Dawley rats (10-week old) were purchased
from Kyudo Co. Ltd (Saga, Japan) and fed a standard diet
for 7 days before being used in each protocol. All rats had
free access to food and water. Both the standard diet and
synthetic diet were purchased from Oriental Yeast Co., Ltd
(Tokyo, Japan).

In protocol 1 (survival study), the survival rate over
8 weeks (until day 56) was compared between the con-
ventional and new uremic rat models fed adenine-con-
taining diets; (1) CKD-HA, uremic rats fed a conventional
high adenine-based diet (0.75 % adenine, 1.0 % Ca, 1.2 %

@ Springer

Pi, 19 % grain-based protein); and (2) CKD-LA, uremic
rats fed a modified low adenine-based diet (0.3 % adenine,
1.0 % Ca, 1.2 % Pi, 20 % lactose, 19 % casein-based
protein) (Supplemental Fig. 1a).

In protocol 2 (model comparison study), to compare the
biochemical parameters and VC between CKD-HA and
CKD-LA, rats were raised for 2, 4, and 6 weeks in the
CKD-HA group, and for 2, 4, 6, and 8 weeks in the CKD-
LA group (n = 8 rats for each time point in each group; 56
total rats). Blood, 24-h urine, and aorta were obtained at
each time period (Supplemental Fig. 1b).

In protocol 3 (treatment study), 32 rats were randomly
divided into four groups (n = 8 for each group) and raised
under each specific diet as follows for 8 weeks: (1) CNT,
rats fed standard diet; (2) CKD, rats fed modified adenine-
based diet; (3) CKD-LaC, CKD rats treated with 6 % LaC,
and (4) CKD-CaC, CKD rats treated with 6 % CaC (Sup-
plemental Fig. 1c). The content of each diet is shown in
Supplemental Table 1. In the present study, we used LaC
as a non-Ca-containing Pi binder, because sevelamer
chloride, another non-Ca-containing Pi binder, was shown
to have pleiotropic effects including anti-inflammatory
action that may ameliorate the progression of VC [15, 16].

1 day before being killed, rats were housed in metabolic
cages for 24 h and urine was collected for each protocol.
Urine was centrifuged at 1500xg for 15 min and the
supernatant stored at —30 °C. Rats were killed under
sevoflurane anesthesia, and blood and aorta were collected.
The abdominal aorta was immersed in formalin for histo-
logical analysis; the remainder was stored at —80 °C.
Serum and urinary levels of albumin, urea nitrogen, cre-
atinine (Cr), Ca, Pi, and magnesium were measured using
an automated analyzer (Auto Analyzer HITACHI 7020;
Hitachi High-Technologies Corporation, Tokyo, Japan).
The following biochemical parameters were determined by
commercially available rat ELISA kits: serum intact
fibroblast 23 (Kainos Laboratories Inc., Tokyo, Japan),
urinary8-hydroxy-2’-deoxyguanosine (8-OHdG; JaICA,
Shizuoka, Japan), and serum tumor necrosis factor-alpha
(TNF-a; R&D Systems, Minneapolis, MN, USA). All kits
were used according to the manufacturers’ instructions, and
their qualities were within analytical levels.

Examination of Arterial Calcification and Renal
Fibrosis

Four-micrometer sections from paraffin-embedded aorta
were deparaffinized and processed for von Kossa staining.
Semi-quantitative determination of the degree and preva-
lence of VC was performed using the four-level scale
developed from previous studies [17]: no calcification
(calcified area was not detected), mild calcification (calci-
fied area was 1-33 % of the aortic ring), moderate
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calcification (calcified area was 34-66 % of the aortic
ring), severe calcification (calcified area was 67-100 % of
the aortic ring).

To quantitatively evaluate the degree of VC, frozen
aortic tissue was weighed and hydrolyzed in 1 mL of
6 mol/L hydrochloric acid for 24 h. The Ca and Pi content
of the supernatant was determined using commercially
available kits (Calcium E-test and Phospha C-test; Wako,
Osaka, Japan) and normalized by wet tissue weight (ng/mg
wet tissue weight).

Two-micrometer sections from paraffin-embedded kidney
were deparaffinized and processed for Periodic-Acid-Schiff
staining and Sirius-Red staining using the standard method for
evaluating renal structure and fibrosis. Representative histo-
logical images were captured using light microscopy on an
Eclipse E800 microscope (Nikon, Tokyo, Japan).

Immunohistochemistry

Immunohistochemistry was performed as previously descri-
bed [18]. Briefly, 4-pum sections from paraffin-embedded
aorta were deparaffinized, rehydrated, and prepared for anti-
gen retrieval. Antigen retrieval was performed by microwave
for 15 min in citrate buffer (pH 6) for p16, p21, senescence-
associated P-galactosidase (SA-B-gal), runt-related gene 2
(Runx?2), and osteocalcin. For antigen retrieval for 8-OHdG,
sections were treated with RNase solution at 37 °C for 1 h,
proteinase K solution (10 pg/mL) for 15 min, hydrochloric
acid (4 mol/L) for 20 min, and Trizma base (50 mM) for
5 min at room temperature. p16, p21, and SA-B-gal were used
as markers for cellular senescence, Runx2 and osteocalcin as
makers for osteoblastic transdifferentiation, and 8-OHdG as
the marker for oxidative stress [18, 19]. After inactivation of
intrinsic peroxidase by incubation in 0.3 % hydrogen perox-
idase, sections were treated with 5 % skim milk for 30 min at
room temperature and incubated in a humidified chamber for
1 h at 37 °C with the following primary antibodies: mouse
monoclonal anti-B-galactosidase antibody (1:200; Promega
Corp., Madison, WI, USA), mouse monoclonal anti-pl6
antibody (1:100; sc-1661; Santa Cruz Biotechnologies, Santa
Cruz, CA, USA), mouse monoclonal anti-p21 antibody (1:50;
sc-6246, Santa Cruz Biotechnologies), rabbit polyclonal anti-
Runx2 antibody (1:50; sc-10758, Santa Cruz Biotechnolo-
gies), goat polyclonal anti-osteocalcin antibody (1:25; sc-
18319, Santa Cruz Biotechnologies), and mouse monoclonal
anti-8-OHdG antibody (1:200, Japan Institute for the Control
of Aging, Nikken Seil Co. Ltd., Shizuoka, Japan). After
washing three times in PBS/Tween-20, sections were incu-
bated with horseradish peroxidase (HRP)-coupled secondary
antibody (Nichirei Corporation, Tokyo, Japan) for 30 min at
room temperature. HRP was visualized by reaction with 3,3'-
diaminobenzidine tetrahydrochloride and hydrogen peroxide.

Real-Time PCR

Total RNA was extracted from rat tissue frozen in liquid
nitrogen by the guanidinium thiocyanate phenol-chloro-
form method, according to the manufacturer’s instructions
using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA), and used to prepare complementary
DNA by reverse transcription using a PrimeScript™ RT
reagent kit (Perfect Real Time; Takara Bio Inc., Ofsu,
Japan). Real-time quantitative PCR was performed using
SYBR Premix Ex TaqTM (Takara Bio Inc.), Applied Bio-
systems 7500 Real-time PCR systems (Applied Biosys-
tems, CA, USA), and the following primers purchased
from Takara Bio Inc.. rat glyceraldehyde 3-phosphate
dehydrogenase  (GAPDH), RAO015380; rat TNF-o,
RA043092; rat alkaline phosphatase, RA041418; rat
Runx2, RA067967; rat nicotinamide adenine dinucleotide
phosphate  oxidase 4 (Nox4), RA064409; rat pl6,
RAO047733; and rat p21, RA063054. The cycling condi-
tions were 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 2724 method using GAPDH as an internal reference.

Statistical Analyses

Statistical analyses were performed using JMP version 10.0
(SAS Institute, Tokyo, Japan). Data are presented as
mean £ SD unless otherwise specified. Kaplan-Meier
method and log-rank test were used to compare the survival
rate between CKD-HA and CKD-LA. Differences between
the two groups were analyzed using one-way ANOVA
followed by Dunnett’s test for serial, parametric data.
Differences among groups were analyzed by Cochran-Ar-
mitage tests for ordinal data for protocol 2 and by one-way
ANOVA followed by Tukey’s multiple tests for protocol 3.
A two-tailed p value of <0.05 was considered statistically
significant.

Results

Modified Uremic Rat Had Longer Survival, Slower
Progression of Uremia, and Less Malnutrition

than the Conventional Model (Protocol 1 and Protocol
2)

Figure 1 shows the survival curve described by the Kap-

lan-Meier method in both the groups. Only two of 16 rats
survived after 8 weeks in CKD-HA group, while 12 out of
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Fig. 1 Survival curve in two adenine-fed rats (protocol 1, survival
study). CKD-HA: uremic rats fed a conventional high adenine diet
(adenine 0.75 %, Ca 1.0 %, Pi 1.2 %, 19 % grain-based protein); and
CKD-LA: uremic rats fed a modified low adenine diet (adenine
0.3 %,Ca 1.0 %, Pi 1.2 %, 20 % lactose, 19 % casein-based protein).
Ca calcium, CKD chronic kidney disease, Pi phosphate

16 rats survived after 8 weeks in CKD-LA group; the
survival rate in CKD LA group was significantly longer
than that in CKD-HA group (log-rank test, P < 0.05).
Next, we compared biochemical parameters and
vascular pathology of CKD-LA rats at week 8 with
those of CKD-HA rats at week 6. Tables 1 and 2
summarize the physical and biochemical parameters
obtained from urine and serum every 2 weeks in both
groups. Figure 2 shows representative photomicrographs
of kidney specimens stained with Periodic-Acid-Schiff
and Sirius-Red method obtained every 2 weeks in both
the groups. Both CKD-HA rats and CKD-LA rats
showed progressive increases in blood urea nitrogen,
serum creatinine levels, and urine volume and

progressive decreases in body weight, food intake, and
serum albumin levels, followed by hyperphosphaturia
and hyperphosphatemia. However, the progression of
these parameters was slower in CKD-LA than in CKD-
HA. Periodic-Acid-Schiff staining and Sirius-Red
staining of the kidney showed that fibrotic areas, dilated
tubules, and deposition of adenine crystals in the renal
cortex increased in both the groups in a time-dependent
manner (Fig. 2). The progression of renal injury was
also slower in CKD-LA than in CKD-HA.

Serum levels of urea and creatinine in CKD-LA rats at
week 8 were almost the same as those in CKD-HA at week
6. Histologically, renal injury in CKD-LA rats at week 8
was similar to that in CKD-HA rats at week 6. Serum Pi
levels and urinary Pi excretion in CKD-LA rats at week 8
were higher than those in CKD-HA rats at week 6. Serum
albumin level and body weight in CKD-LA rats at week 8
were also higher than in CKD-HA rats at week 6.

Modified Adenine-Based Uremic Rats Induced More
Robust and Extensive Arterial Medial Calcification
than Conventional Adenine-Based Rats (Protocol 2)

Figure 3a and b shows semi-quantitative analysis of aorta
stained using the von Kossa method revealing the preva-
lence and degree of VC at each time point in the two
groups. CKD-HA rats developed VC at week 4 and week 6,
and CKD-LA rats developed VC at week 6 and week 8
(Fig. 3b). The degree and prevalence of arterial medial
calcification in CKD-LA rats at week 8 was significantly
more severe than in CKD-HA rats at week 6 with less
variation. The Ca and Pi content in CKD-LA rats at week 8

Table 1 Physical and biochemical parameters in CKD-HA rats (protocol 2, model comparison study)

Baseline Week 2 Week 4 Week 6
Body weight (g) 410 + 23 330 £ 45° 305 + 41* 267 + 70°
Food intake (g/day) 234+ 34 114 £ 222 9.8 + 3.3 7.6 £ 3.1°
Urine volume (mL/day) 23.0 £ 98 27.5 £ 107 28.1 £ 7.1 36.3 +9.2°
Serum albumin (g/dL) 42403 3.5+ 0.3 32 +0.6° 2.8 £ 0.6*
Blood urea nitrogen (mg/dL) 159+ 1.2 269 £ 12.7* 59.8 + 18.9° 106.5 + 72.6*
Serum creatinine (mg/dL) 0.24 + 0.8 1.3 +0.8* 24 &+ 1.7° 3.5+ 0.8
Corrected serum Ca (mg/dL) 9.8 +0.3 94 4+ 0.6 9.1+ 0.6 9.7 £ 0.6
Serum Pi (mg/dL) 8.1+06 11.2 + 1.1* 15.6 £ 3.1* 223 £ 5.1%
Urinary protein excretion (mg/day) 125 £5.7 6.1 +24° 8.0 £ 3.9 84416
Urinary Ca excretion (mg/day) 0.59 + 0.27 0.38 £ 0.33 027 £ 0.19 0.24 + 0.23*
Urinary Pi excretion (mg/day) 28 £25 23.8 + 15.2% 16.5 + 4.0° 15.3 4+ 5.9*

Data are mean £ SD. Dunnett’s test was used to compare data at each week

CKD-HA uremic rats fed a conventional high adenine diet (0.75 % adenine, 1.0 % Ca, 1.2 % Pi, 19 % grain-based protein), Ca calcium, Pi

phosphate
# P < 0.05 (vs baseline)
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Table 2 Physical and Baseline Week 2 Week 4 Week 6 Week 8
biochemical parameters in
CKD-LA rats (protocol 2, Body weight (g) 4070 £ 54 41394 124 407.6 £ 158 3832 + 24.6° 3455 + 29.4°
model comparison study) Food intake (g/day) 234434 160+£49" 120454 112452" 108+ 47
Urine volume (mL/day) 23,0 &= 9.8 68.8 £ 142" 77.6 £ 139" 67.2 £ 158" 65.2 & 22.6°
Serum albumin (g/dL) 42403 4.1 03 3.8 4 0.6 3.5 4 0.8° 3.2 4 0.6°
Blood urea nitrogen 1594 1.2 3854+ 4.2 54.4 4 249" 825 4 257" 101.0 £ 29.1°
(mg/dL)
Serum creatinine (mg/  0.24 £ 0.3 1.1 £ 03" 1.8 £ 0.7° 24 + 09" 3.3 405"
dL)
Data are mean <+ SD. Dunnett’s Corrected serum Ca 9.8 4 0.3 9.9 £ 0.6 94 £ 0.8 9.2+ 1.4 8.5+ 1.1°
test was used to compare data at (mg/dL)
each week Serum Pi (mg/dL.) 8.1 4 0.6 8.2+ 0.8 14.5 4+ 1.4* 214 4+ 3.1° 28.3 + 2.8°
CKD-LA uremic rats fed a Urinary protein 125 5.7 124 £ 5.5 107 4 3.2 1124 1.8 10.1 & 2.9*
modified low adenine diet excretion (mg/day)
(0.3 % adenine, 1.0 % Ca, Urinary Ca excretion 059 £ 027 1.0 4+ 0.3 15 4 0.9 30+ 120 39418
1.2 % Pi, 20 % lactose, 19 % (mg/day)
casein-based protein), Ca . . . u . . .
Urinary Pi excretion 2.8+25 76.7 £ 7.1° 904 + 12,1 80.7 &£ 16.1"  69.0 & 25.2°

calcium, Pi phosphate

g/da
& P = 0.05 (vs baseline) (mg/day)

was greater than those in CKD-HA rats at week 6 (Fig. 3c).
Arterial medial calcification in CKD-LA rats at week 8
spread from the ascending aorta to the bilateral femoral
arteries (data not shown).

Phosphate Binders Prevented Phosphate-Induced
Mineral Derangement (Protocol 3)

Serum and urinary biochemical parameters in each group
are shown in Table 3. Serum creatinine and urea nitrogen
was significantly higher in CKD, CKD-LaC, and CKD-
CaC rats than that in CNT rats (P < 0.05), while no sig-
nificant difference was observed among the other three
CKD groups. Serum Pi, intact FGF23 levels, and urinary Pi
excretion were significantly higher in CKD rats than in
CNT rats (P < 0.05); treatment with LaC or CaC signifi-
cantly decreased these parameters (P < 0.05). The urinary
Ca level in CKD-CaC rats was significantly higher than
those in the other three groups (P < 0.05). The levels of
urinary protein were comparable among the four groups.

Pi Binders Ameliorated Pi-Induced Aortic Calcification
in Uremia

As shown in Fig. 4, both Ca and Pi contents in the aorta of
CKD rats were significantly higher than in CNT rats, while
treatment with LaC or CaC suppressed both Ca and Pi in
the aorta induced by high-Pi loading. However, Ca and Pi
contents in the aorta in CKD-CaC rats were significantly
greater than those in CKD-LaC rats.

Pi Binders Prevented Pi-Induced Osteoinductive
Signaling and Senescence of VSMCs

Figure 5 shows the relative mRNA expression in aortas
from each group. The mRNA expressions of Runx2,
alkaline phosphatase, Nox4, TNF-o, p16, and p21 in CKD
rats were increased compared with that in CNT rats.
Treatment with LaC and CaC equally abolished all these
Pi-related changes. There were no significant differences in
relative mRNA expression of Runx2, alkaline phosphatase,
Nox4, TNF-a, p16, and p21 between CKD-LaC and CKD-
CaC rats, although mRNA expression of osteoblastic
markers (Runx2 and alkaline phosphatase) tended to be
higher in CKD-CaC than in CKD-LacC rats.

Pi binders Prevented Pi-Induced Oxidative Stress,
Cellular Senescence, and Calcification of VSMCs

To determine whether senescence-related proteins were
associated with VC induced by Pi overload, we per-
formed immunohistochemistry for Runx2, osteocalcin,
SA-B-gal, pl6, p21, and 8-OHdG in the abdominal
aortas from each group (Fig. 6). No CNT rats were
positive for Runx2, osteocalcin, SA-B-gal, p16, and p21.
Both Runx2 and osteocalcin were positively stained in
and around the calcified area of the CKD aorta. 8-OHdG
was accentuated in both the calcified area and non-cal-
cified area in CKD rats. SA-B-gal, pl6, and p21 were
also positively stained in and around the calcified area of
the aorta in CKD rats. Localizations of SA-B-gal, pl6,
and p21 were closely associated with that of Runx2,
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4 week

A 2 week

CKD-LA

CKD-HA

B 2 week 4 week

CKD-LA

CKD-HA

Fig. 2 Kidney histology in two adenine-fed rats (protocol 2, model
comparison study). Representative photomicrographs of kidney
specimens stained with a Periodic-Acid-Schiff and b Sirius-Red at
each week in two rat models. CKD-HA; uremic rats fed a
conventional high adenine diet (adenine 0.75 %, Ca 1.0 %, Pi

osteocalcin, and 8-OHdG in CKD. Treatment with Pi
binders suppressed the expressions of p16, p21, and SA-
B-gal (cellular senescence-related proteins), Runx2 and
osteocalcin (osteoblastic lineage proteins), and 8-OHdG,
indicating that senescence-associated proteins, osteo-
blastic transdifferentiation, and oxidative stress were
induced by Pi overload in CKD.

Pi Binders had Differential Effects on Systemic
Inflammation and Oxidative Stress

To compare the effects of the two Pi binders on systemic
inflammation and oxidative stress, we measured serum
TNF-o levels and the urinary 8-OHAG/Cr ratio in CKD-
LaC and CKD-CaC rats. Both serum and urinary markers
in CKD-CaC rats were significantly higher than those in
CKD-LaC rats (Fig. 7).

@ Springer

6 week 8 week

6 week 8 week

1.2 %, 19 % grain-based protein); and CKD-LA: uremic rats fed a
modified low adenine diet (adenine 0.3 %, Ca 1.0 %, Pi 1.2 %, 20 %
lactose, 19 % casein-based protein). Ca calcium, CKD chronic kidney
disease, Pi phosphate

Discussion

Recent studies have reported that cellular senescence plays
an important role in the pathogenesis of organ dysfunction
in CKD [2-5]. However, Pi loading-induced cellular
senescence and its effect on VC in VSMC has not been
fully investigated in CKD. The present study demonstrated
several novel findings. First, a new adenine-based uremic
rat model showed slowly progressive renal failure, more
extensive and robust arterial medial calcification, and
longer survival compared with the conventional, adenine-
based uremic rat model. Second, Pi overload-induced cel-
lular senescence of VSMC and VC in the modified ade-
nine-based uremic rat model. Third, CaC and LaC
treatment inhibited senescence and transdifferentiation of
VSMCs into osteoblastic lineage cells and almost com-
pletely prevented VC. Fourth, CKD rats treated by CaC
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Fig. 3 Prevalence and extent of VC in two adenine-fed rats (protocol
2, model comparison study). a Representative photomicrographs of
abdominal aorta stained using the von Kossa method and semi-
quantification of the degree of VC. No calcification: calcified area is
absent; mild calcification: calcified area covers 1-33 % of the aortic
ring; moderate calcification: calcified area covers 34-66 % of the
aortic ring; and severe calcification: calcified area covers 67-100 %
of the aortic ring (original magnification, x40) b Prevalence and
degree of VC at every 2 weeks for both the groups. ¢ Ca and Pi

had greater aortic Ca deposition and increased systemic
inflammation and oxidative stress than CKD rats treated by
LaC.

It has been a challenge to create a uremic rat model that
consistently develops extensive and robust arterial medial
calcification without genetic manipulation or a low protein
diet [9-14]. In the present study, to overcome the limita-
tions of the conventional adenine rat model, we established
a new synthetic diet that modified the conventional ade-
nine-based diet in three ways and compared the modified
and conventional adenine-based uremic rat models. First,
we used a 0.3 % adenine-based diet to slow progression of
CKD and to avoid rapid malnutrition, because a 0.75 %
adenine-based diet induces severe and rapid progression of
renal failure and malnutrition, leading to high mortality in

content in the aorta at each time period in each group. CKD: uremic
rats fed a conventional high adenine diet (adenine 0.75 %, Ca 1.0 %,
Pi 1.2 %, 19 % grain-based protein) (CKD-HA); and CKD-LA:
uremic rats fed a modified low adenine diet (adenine 0.3 %, Ca
1.0 %, Pi 1.2 %, 20 % lactose, 19 % casein-based protein), Ca
calcium, CKD chronic kidney disease, Pi phosphate, VC vascular
calcification. Data are expressed as mean = SEM. A two-tailed
P < 0.05 was considered statistically significant. *P < 0.05 vs. CKD-
HA at week 2, "P < 0.05 vs. CKD-LA at week 2

4-6 weeks [12—-14]. Second, we selected a casein-based
diet as the protein source because a casein-based diet can
promote Ca and Pi absorption from the gastrointestinal
tract [20]. Third, we added 20 % lactose to the diet to
further enhance Ca and Pi absorption from the gastroin-
testinal tract [21]. Both conventional and modified adenine-
fed rats developed similar levels of serum creatinine, but
the progression of uremia was relatively slower and the
serum Pi level was higher in the new model than in the
conventional model. The new model survived for 8 weeks
and developed robust VC. This modified synthetic diet
provided a rat model with extensive and robust arterial
medial calcification and a high probability of developing
VC after 8 weeks, without using a low protein diet, under a
relatively long lifespan. From the animal care viewpoint
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Table 3 Biochemical parameters and body weight after 8 weeks (protocol 3, treatment study)

CNT (n = 8) CKD (n = 8) CKD-LaC (n = 8) CKD-CaC (n = 8)

Serum

Albumin (g/dL) 424+03 3.3 £ 0.6° 42 4 03° 3.9 4+ 0.3°

Urea nitrogen (mg/dL) 232425 101.0 £ 29.1° 126.5 & 41.9*° 140.2 £ 10.1%°

Creatinine (mg/dL) 03 +£0.3 3.3 £+ 0.6° 35 4+0.8 3.6 +£0.6°

Ca (mg/dL) 10.0 £ 0.3 85+ 1.1° 11.9 + 0.6° 14.4 £ 0.8*°

Pi (mg/dL) 84 +£06 28.3 £+ 2.8° 8.3 & 0.8° 8.4+ 1.1°

Intact FGF23 (pg/mL) 430 £+ 90 135,234 + 85,810* 20,052 + 20,949*° 40,954 + 27,350°
Urine

Protein excretion (mg/day) 125 £ 42 104 +£ 1.7 12.0 + 4.0 75+ 1.7

Ca excretion (mg/day) 1.6 £ 0.8 2.1£06 1.9+ 14 6.4 + 2.3%bc

Pi excretion (mg/day) 1.9+ 23 69.0 + 25.1* 6.4 + 2.8%° 09+ 1.7°

Mg excretion (mg/day) 54 +34 37+ 14 36+17 34+14

Data are mean & SD

CNT normal control rats fed a standard diet (1.0 % Ca, 1.2 % Pi, 19 % grain-based protein), CKD uremic rats fed a modified adenine-based diet
(0.3 % adenine, 1.0 % Ca, 1.2 % Pi, 19 % casein-based protein, 20 % lactose), CKD-LaC CKD rats treated with 6 % lanthanum carbonate,
CKD-CaC CKD rats treated with 6 % calcium carbonate, Ca calcium, FGF23 fibroblast growth factor 23, Mg magnesium, Pi phosphate

# P < 0.05 versus CNT
® P < 0.05 versus CKD
¢ P < 0.05 versus CKD-LaC

>
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Aortic calcium content
(mg/g wet weight)
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CNT CKD

T

CKD-LaC CKD-Ca

Fig. 4 Effects of phosphate overload on biochemical parameters and
VC in chronic kidney disease (protocol 3, treatment study). Quan-
tification of Ca content (a) and Pi content (b) in aorta. CNT: normal
rats fed a standard diet, CKD uremic rats fed a modified adenine-
containing diet, CKD-LaC CKD: rats treated with 6 % lanthanum
carbonate, CKD-CaC CKD rats treated with 6 % calcium carbonate.

and in accordance with the “three Rs” (reduction, refine-
ment, and replacement), this model is also useful, because
a rat model with longer survival and robust calcification
can reduce the number of rats used for the study of VC.
Collectively, the features of the present modified rat model
are suitable for researchers to investigate the complex
mechanisms of arterial medial calcification in uremia.
The impact of cellular senescence on Pi-induced VCis an
important subject. In vitro studies have reported that senes-
cence of VSMCs is involved in phenotypic changes of
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Data are expressed as mean =SEM. One-way ANOVA followed by
Tukey’s post hoc tests was performed. Ca calcium, CKD chronic
kidney disease, Pi phosphate, VC vascular calcification. Data are
expressed as mean = SEM. A two-tailed P < 0.05 was considered
statistically significant. °P < 0.05 vs. CNT, °P < 0.05 vs. CKD

VSMCs into osteoblastic lineage cells, contributing to the
increase in calcification [5, 22]. Furthermore, cellular
senescence of VSMCs is also involved in arterial intimal
calcification in atherosclerotic plaques [23]. A recent
experimental study reported that indoxyl sulfate, a uremic
toxin, increased protein expression of senescence-associated
proteins and VC in the aorta of a 5/6 nephrectomized rat
model, which were prevented by administration of AST120,
an absorber of indol in the gastrointestinal tract [24]. In the
present study, senescence-related proteins p16 and p21 and
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Fig. 5 Effects of phosphate overload on the phenotype of vascular
smooth muscle cells (protocol 3, treatment study). The mRNA
expression of a Runx2, b ALP, ¢ TNF-o, d Nox4, e pl16, and f p21 in
the rat aorta. The mRNA expression was corrected to the level of
GAPDH. CNT: normal rats fed a standard diet; CKD: uremic rats fed
a modified adenine-containing diet; CKD-LaC: CKD rats treated with
6 % lanthanum carbonate; CKD-CaC: CKD rats treated with 6 %
calcium carbonate. ALP alkaline phosphatase, BMP-2 bone

SA-B-gal increased in and around the calcified area. Both Pi
binders prevented the expression of senescence-associated
markers in the aorta by inhibiting Pi overload. Recently,
Takemura et al. reported in their in vitro study that Pi loading
increased SA-B-gal and p21 expression in VSMCs and cal-
cification, which were prevented by resveratrol, an inducer
of sirtl [25]. They also reported that down-regulation of p21
by siRNA decreased calcification, suggesting that p21 plays
a critical role in the pathogenesis of cellular senescence of
VSMCs and in VC. These results suggest that senescence-
associated proteins, including p16 and p21, which are up-
regulated by Pi overload, are important in the pathology of
VC, and regulation of cell senescence may be a promising
target for the prevention of Pi-induced VC.

The mechanistic role of Pi overload in the senescence of
VSMCs should be elucidated. Recent experimental studies
have shown that oxidative stress is involved in transdifferen-
tiation of VSMCs and results in VC, and that anti-oxidative
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morphogenetic protein-2, GAPDH glyceraldehyde 3-phosphate dehy-
drogenase, Nox4 nicotinamide adenine dinucleotide phosphate oxi-
dase 4, Runx2 runt-related gene 2, TNF-o tumor necrosis factor-alpha.
Data are expressed as mean Z:SEM. One-way ANOVA followed by
Tukey’s post hoc tests was performed. Data are expressed as
mean &= SEM. A two-tailed P < 0.05 was considered statistically
significant. °P < 0.05 vs. CNT, °P < 0.05 vs. CKD

treatment prevents VC. Pi overload induces reactive oxygen
species in mitochondria via NADPH oxidase [19, 26]. In the
present study, both oxidative stress and senescence markers
were co-localized at the calcified area and were ameliorated
by both Pi binders. Because oxidative stress is a strong inducer
of VSMC senescence [27], these results collectively indicate
that Pi-induced oxidative stress might promote cellular
senescence of VSMCs, resulting in progression of VC.

Pi overload is an important and potent inducer of VC in
CKD, and activates multiple steps of VC [6]. In the present
study, treatment with two different Pi binders significantly
decreased urinary Pi excretion and serum Pi levels in
uremic rats, leading to the prevention of VC, although
uremic levels were comparable among CKD, CKD-LaC,
and CKD-CaC. Furthermore, Pi binders blunted the
increased expression of Runx2 and osteocalcin observed in
the aorta of CKD rats. These results are consistent with
previous studies that reported a high-Pi diet induces
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phenotypic changes of VSMCs into osteoblastic lineage
cells and results in VC in uremic rats; these effects are
prevented by adequate Pi binder use [28, 29].

CNT

CKD CKD-LaC

CKD-CaC

Runx2

SA-B-gal osteocalcin

Fig. 6 Histological analysis of the effects of Pi overload on cellular
senescence of vascular smooth muscle in aorta (protocol 3, treatment
study). Von Kossa staining and immunohistochemistry for Runx2,
osteocalcin, SA-B-gal, p16, p21, and 8-OHdG of abdominal aorta for
each group (original magnification, x200). CNT: normal rats fed a
standard diet; CKD: uremic rats fed a modified adenine-containing
diet; CKD-LaC: CKD rats treated with 6 % lanthanum carbonate; and
CKD-CaC: CKD rats treated with 6 % calcium carbonate. Ca
calcium, CKD chronic kidney disease, 8-OHdG 8-hydroxy-2’-deox-
yguanosine, Pi phosphate, Runx2 runt-related gene 2, SA-S-gal
senescence-associated [-galactosidase
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Fig. 7 Different effects of two phosphate binders on oxidative stress
and inflammation markers (protocol 3, treatment study). a Serum
TNF-o level and b urinary 8-OHAG/Cr ratio. Serum TNF-o was used
as a marker of inflammation, and urinary 8-OHdG/Cr ratio was used
as the marker of systemic oxidative stress level. CKD-CaC: uremic
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Consequently, the present study showed that this newly
developed rat model with a low adenine-based diet is
useful to determine whether certain interventions can pre-
vent VC.

Clinical studies have shown that Ca-based Pi binders
promote VC more than non-Ca-based Pi binders in CKD
patients [7, 8]. Recent experimental studies have shown that
Ca loading promotes VC by activating various pathways [6]
and promotes the formation of calciprotein particles,
aggregates of Ca, Pi, o-fetuin, and other proteins [30].
Because calciprotein particles are shown to accelerate
inflammation in macrophages, lymphocytes, and VSMCs
[31-33], it has become important to avoid their formation. In
the present study, aortic Ca content, systemic oxidative stress
level, and inflammatory response in CKD-CaC rats were
higher than in CKD-LaC rats. These results were consistent
with the previous studies [34, 35]. However, there were no
significant differences between two different Pi binders in
the phenotypic change of VSMCs determined by real-time
PCR and immunohistochemistry, although mRNA of bone-
related markers in the aorta tented to be higher in CKD-CaC
than in CKD-LaC. One of the explanations is that systemic
oxidative stress and inflammation decreased soluble inhibi-
tors of VC-like fetuin in CKD-CaC rats, because soluble
inhibitors are negatively regulated by inflammation [30]. In
addition, the serum FGF23 level in CKD-CaC rats was
higher than that in CKD-LaC rats, although the serum Pi
level and urinary Pi excretion level were comparable
between the two groups. Because recent studies showed that
dietary Ca loading induces FGF23 production and FGF23
affects VSMCs in the absence of klotho [36-38], it is pos-
sible that Ca overload in CKD-CaC can promote VC inde-
pendent of osteogenic transdifferentiation of VSMCs.
Hence, further studies are needed to clarify the precise
mechanisms of how a Ca-based Pi binder exacerbates VC.
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rats treated with 6 % calcium carbonate; CKD-LaC: uremic rats
treated with 6 % lanthanum carbonate. Cr creatinine, 8-OHdG
8-hydroxy-2’-deoxyguanosine, TNF-o tumor necrosis factor-alpha.
Data are expressed as mean = SEM. A two-tailed P < 0.05 was
considered statistically significant. *P < 0.05 versus CKD-LaC
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There are several limitations in the present study. First,
we selected LaC, not sevelamer hydrochloride, as a non-
Ca-containing Pi binder. Clinically, sevelamer is widely
used and avoids the Ca-loading seen with CaC. Because
sevelamer is shown to have anti-inflammatory effects [39—
41], we may have observed off-target effects on the serum
TNF-o level, urinary 8-OHdG level, and aortic Ca content
if we had used sevelamer in the present study. Second, the
ability of 6 % LaC to lower urinary Pi level was similar to
that of 6 % CaC. Clinically, LaC is shown to be more
effective than CaC in binding intestinal Pi [42-44], but in
the present study, LaC and CaC were comparable in
reducing urinary Pi excretion, indicating that their Pi-
binding capacities were almost equivalent. Animal studies
have also shown that the same dose of LaC is as effective
as CaC [45]. These results indicate that Pi-binding capacity
can vary depending on the situation where a given Pi
binder is used. Thus, further studies are needed to clarify
the difference between CaC and LaC in the Pi-binding
capacity and their differential effects on VC and inflam-
mation within the uremic milieu.

In conclusion, Pi overload-induced cellular senescence
of VSMCs and arterial medial calcification in uremic rats
was inhibited by Pi binder treatment in a novel rat model
that showed extensive and robust arterial medial calcifi-
cation. These results suggest that cellular senescence can
play a role in the pathogenesis of Pi overload-related,
arterial medial calcification in CKD, and that Pi binders
can counteract the cellular senescence of VSMCs, leading
to amelioration of VC. Furthermore, our new rat model
enables researchers to investigate uremia-related sequela,
including VC, because this modified uremic rat model has
a longer survival period and develops more consistent and
robust phenotypes.
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Aim: The angiotensin I-converting enzyme (ACE) insertion (I)/deletion (D) polymorphism has been
reported to be implicated in susceptibility to coronary heart disease (CHD). However, this associa-
tion remains inconclusive. The purpose of this study was to clarify the association between the 1I/D
polymorphism of the ACE gene and the development of CHD in a Japanese general population and
investigate whether the effects of traditional risk factors on the risk of CHD are heterogeneous
among ACE genotypes.

Methods: The subjects included 2,125 community-dwelling individuals 40 years of age or older
without cardiovascular disease for whom genetic information was available. All patients were pro-
spectively followed for 19 years, and the association between the ACE polymorphism and the inci-
dence of CHD was examined based on the interactions with traditional risk factors, such as hyper-
cholesterolemia, hypertension, diabetes and smoking.

Results: A total of 161 CHD events occurred during the follow-up period. The age- and sex-adjusted
incidence of CHD was not significantly different among the genotypes (5.8, 5.2, and 6.9 per 1,000
person-years for genotypes II, ID and DD, respectively). In a stratified analysis, however, the ACE
DD genotype was found to significantly accelerate the risk of developing CHD by hypercholesterol-
emia (hazard ratio [HR]=4.50, 95% confidence interval=2.02-10.04 for hypercholesterolemia with
the DD genotype; HR=1.48, 95% CI=1.04-2.12 for hypercholesterolemia with the ID+II geno-
type; P for interaction=0.01), even after adjusting for other confounding factors, whereas no such
associations were observed for hypertension, diabetes or smoking.

Conclusions: The current findings suggest that the ACE DD genotype enhances the effect of hyper-
cholesterolemia on the development of CHD in the general Japanese population.

J Atheroscler Thromb, 2014; 21:000-000.
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Coronary heart disease (CHD) is a major cause
of morbidity and mortality in industrialized coun-
triesV. Accumulated evidence has identified a number
of risk factors, including hypercholesterolemia, hyper-
tension, diabetes and smoking, for the development of
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Fig.1. Flow diagram of the selection of the study subjects.

CHD?*. The renin-angiotensin system has also been
acknowledged to be involved in the pathogenetic
mechanisms of CHD. The plasma activity of angio-
tensin-I converting enzyme (ACE) regulates the pro-
duction of angiotensin II, which has been shown to
promote inflammation, reactive oxygen species gener-
ation, cell proliferation/apoptosis, fibrosis and oxi-
dized lipid production®.

The ACE gene contains a polymorphism charac-
terized by either the insertion (I) or deletion (D) of a
287-base pair Alu repetitive sequence in intron 16.
The D allele of this gene site has been reported to be
associated with an increased plasma ACE activity®.
Since being first reported by Cambien et al”, this
polymorphism has received much attention as a sus-
ceptibility gene for CHD®. On the other hand, con-
trary evidence suggesting that there is no association
between this polymorphism and the risk of CHD has
also been reported® '%. In addition, recent findings of
observational studies and clinical trials have raised the
possibility that the ACE gene polymorphism modifies
the effects of cardiovascular risk factors and their treat-
ment on the risk of CHD "%,

In order to clarify these issues, we established a
community-based prospective cohort study to explore
both environmental and genetic risk factors for car-
diovascular disease in Japan. The aim of this study was
to elucidate the association between the I/D polymor-

phism of the ACE gene and the development of CHD
in a general Japanese population and investigate
whether the influence of traditional risk factors on the
risk of CHD is heterogeneous among ACE genotypes.

Methods

Study Protocol

The Hisayama Study is a prospective population-
based cohort study of cerebro- and cardiovascular dis-
eases established in 1961 in the town of Hisayama, a
suburban community adjacent to Fukuoka City, a
metropolitan area on Kyushu Island in Japan. Full
community surveys of the health status of the resi-
dents have been repeated since that time'®. In 1988, a
screening survey was performed in the town for the
present study. A detailed description of this survey has
been published previously'”. Briefly, a total of 2,742
residents 40 years of age or older (80.9% of the total
population in that age group) consented to participate
in the examination and underwent comprehensive
assessments. After excluding 102 subjects with a his-
tory of CHD or stroke and six subjects who died dur-
ing the screening period, a total of 2,634 subjects were
registered as the original cohort (Fig. 1). In this popula-
tion, 842 subjects died by 2007, of whom 605 (71.9%)
underwent autopsies. In the autopsy cases, tissue sam-
ples of the main organs, such as the brain, heart,
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lungs, liver, spleen, gastrointestinal tract and kidneys,
were formalin fixed, paraffin embedded and stored
until 2000, after which they were fresh frozen. Among
these cases, 45 patients had tissue samples not suitable
for genotyping; thus, genotyping was performed in
the remaining 560 cases. Among the deceased subjects
who did not undergo an autopsy, 112 provided blood
samples before their death. In the surviving subjects,
blood samples were gathered from 1,453 participants.
Hence, suitable paraffin-embedded tissues, fresh-fro-
zen tissues or blood samples were available for a total
2,125 subjects (866 men and 1,259 women, 80.7% of
the original cohort), who were then selected for ACE
gene I/D genotyping and enrolled in the present anal-
ysis.

Follow-up Survey

The subjects were followed prospectively for 19
years, from December 1988 to November 2007, using
repeated health examinations. The health status of
subjects who did not undergo regular examinations or
who moved out of the town was checked yearly by
mail or telephone. We also established a daily moni-
toring system incorporating the study team and local
physicians or members of the town’s Health and Wel-
fare office. When CHD was diagnosed or suspected,
physicians on the study team examined the subject
and evaluated his/her detailed clinical information.
The clinical diagnosis of CHD was made based on the
patient’s history, physical examination findings and
ancillary laboratory examination data. Furthermore,
when a subject died, an autopsy was performed at the
Department of Pathology at Kyushu University. There
was no true loss to follow-up during the follow-up

period (autopsy rate: 71.9%).

Definition of Coronary Heart Disease

The criteria for a diagnosis of CHD included
first-ever acute myocardial infarction, silent myocar-
dial infarction, sudden cardiac death within one hour
after the onset of acute illness or coronary artery dis-
ease followed by coronary artery bypass grafting or
angioplasty'®2?. Acute myocardial infarction was diag-
nosed in subjects who met at least two of the follow-
ing criteria: (1) typical symptoms, including pro-
longed severe anterior chest pain; (2) abnormal cardiac
enzymes more than twice the upper limit of the nor-
mal range; (3) evolving diagnostic electrocardiographic
changes; and (4) morphological changes, including
local asynergy of cardiac wall motion on echocardiog-
raphy, persistent perfusion defects on cardiac scintig-
raphy and/or myocardial necrosis or scars 21 cm long
accompanied by coronary atherosclerosis at autopsy.

Silent myocardial infarction was defined as myocardial
scarring without historical indications of clinical symp-
toms or abnormal changes in cardiac enzymes. The
clinical diagnosis was corrected according to the
autopsy findings when necessary.

Definition of the ACE Polymorphism

Extraction of DNA from the blood samples and
fresh-frozen tissue samples was performed as described
previously, respectively® *?. The ACE 1/D genotype
was determined using the polymerase chain reaction
method, as described by Evans et al??. For paraffin-
embedded tissues, DNA was extracted using an auto-
matic nucleic acid isolation system (NA-2000; Kurabo
Inc., Osaka, Japan), and the ACE I/D genotype was
determined using the double polymerase chain reac-
tion method?”. The accuracy of these genotyping
methods was demonstrated in our previous study™®.

Risk Factor Measurement

At baseline, each participant completed a self-
administered questionnaire covering their medical his-
tory, treatment for hypertension or diabetes, alcohol
intake and smoking and exercise habits. The question-
naires were reviewed by trained interviewers at the
time of screening. Smoking and alcohol intake were
classified as currently habitual or not. Subjects engag-
ing in sports or other forms of exertion 23 times a
week during their leisure time made up the regular
exercise group. Blood pressure was measured three
times using a standard mercury sphygmomanometer
in the sitting position after at least five minutes of rest.
The mean of the three measurements was used for the
analysis. Hypertension was defined as a blood pressure
of 2140/90 mmHg and/or the current use of antihy-
pertensive agents. Body height and weight were mea-
sured in light clothing without shoes, and the body
mass index (kg/m?) was calculated. Obesity was
defined as a body mass index of 225 kg/m?. Electro-
cardiogram abnormalities included left ventricular
hypertrophy (Minnesota Code, 3-1), ST depression
(4-1, 2, 3) or atrial fibrillation (8-3). The blood sam-
ples were collected from the antecubital vein after an
overnight fast to determine the lipid and blood glu-
cose levels. The serum total cholesterol concentrations
were determined enzymatically. Hypercholesterolemia
was defined as a serum cholesterol level of =5.69
mmol/L (220 mg/dL). The plasma glucose levels were
measured based on the glucose oxidase method. Dia-
betes was defined according to the criteria recom-
mended by the American Diabetes Association, in
addition to a medical history of diabetes, using 75 g
oral glucose tolerance tests in 1,992 subjects (93.7%) %
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Table 1. Clinical characteristics of the study population according to the ACE genotype in 1988

ACE genotype
Variable II D DD p value
for trend
(n=918) (2=927) (n=280)
Age,y 5911 60=12 60£11 0.06
Men, % 40.3 41.8 38.2 0.80
Systolic blood pressure, mmHg 133=21 13422 135+21 0.44
Diastolic blood pressure, mmHg 78x12 7711 78=%11 0.62
Antihypertensive medication, % 13.1 14.7 14.8 0.22
Hypertension, % 39.2 41.4 42.6 0.24
Diabetes, % 9.8 12.1 13.1 0.06
Serum total cholesterol, mmol/L 5.33+£1.09 5.37%1.05 5.39%1.10 0.32
Hypercholesterolemia, % 36.2 36.1 33.4 0.42
Body mass index, kg/m? 23.0x3.2 22.7%3.1 22.8+3.1 0.37
Obesity, % 24.2 226 225 0.54
Electrocardiogram abnormalities, % 17.0 15.6 17.8 0.93
Smoking habits, % 24.9 23.2 25.6 0.63
Alcohol intake, % 30.0 29.7 31.3 0.70
Regular exercise, % 9.4 11.4 13.7 0.03

ACE, angiotensin I-converting enzyme; HDL, high-density lipoprotein.
The values are presented as the mean + standard deviation or percentage.

and the fasting and postprandial glucose concentra-
tions in the 133 remaining subjects.

Statistical Analysis

The SAS computer package version 9.3 (SAS
Institute Inc., Cary, NC, USA) was used for all statis-
tical analyses. The age- and sex-adjusted mean values
of the possible risk factors were calculated and tested
according to the analysis of covariance method, and
trends in these parameters across the ACE polymor-
phisms were tested using a multiple regression analy-
sis. The frequency of each risk factor was adjusted for
age and sex using the direct method, and trends were
examined using a logistic regression analysis. The inci-
dence of CHD was calculated according to the per-
son-year method and adjusted for age and sex using
the direct method with 10-year age groups. Differ-
ences in the incidence of CHD between the subjects
with and without the ACE genotype were analyzed by
means of a Cox proportional hazards regression analy-
sis after adjusting for age and sex. Cumulative inci-
dence curves for CHD were estimated according to
the Kaplan-Meier method, and differences in inci-
dence were assessed using the log-lank test. Age- and
sex-adjusted or multivariable-adjusted hazard ratios
(HRs) and 95% confidence intervals (Cls) were also
estimated using a Cox proportional hazards model.
The interactions in the associations between sub-

groups were tested by adding a multiplicative interac-
tion term to the relevant Cox model. Two-tailed p val-
ues of <0.05 were considered to be statistically signifi-
cant in all analyses.

Ethics Approval

This study was conducted with the approval of
the Kyushu University Institutional Review Board for
Clinical Research. Written informed consent for med-
ical research was obtained from each participant or
their family members if deceased.

Results

The frequency of each ACE genotype was 43.2%
for 11, 43.6% for ID and 13.2% for DD; these geno-
type frequencies were in agreement with the Hardy-
Weinberg equilibrium (chi-square, 2.14; df; 2; p=
0.66) and are similar to those found in previous stud-
ies of Japanese populations®> #. Table 1 shows the
baseline clinical and demographic characteristics of
the study subjects according to the ACE genotypes of
II, ID and DD. The frequency of regular exercise was
higher in the subjects with the DD genotype than in
those with the ID or II genotype. There was no evi-
dence of differences in the mean values or frequencies
of other risk factors across the ACE genotypes.

During the 19-year follow-up period, 161 first-
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Table 2. Age- and sex-adjusted incidence and adjusted HR for coronary heart disease according to the ACE genotype in the 2,125

subjects during the 19-year follow-up period

Person- Age- and sex-adjusted Age- and sex-adjusted

Multivariable-adjusted ™ Multivariable-adjusted

ACE No. of L ACE genotype
years incidence . .
BENOWPE sk YN {per 1,000 PYs) HR (95% CD) pvalue HR (95% CD p value and interaction HR(95% Cl)  pvalue
11 14,890 68 5.8 1.00 (reference) 1.00 (reference) 11 1.00 (reference)
D 14,963 66 5.2 0.85(0.61-1.19)  0.35 0.85 (0.60-1.20)  0.36 D 0.69 (0.44-1.08)  0.10
DD 4,507 27 6.9 1.18 (0.76-1.85)  0.46 1.18 (0.75-1.85)  0.47 DD 0.60 (0.29-1.23)  0.16
INT (ID x HC) 1.60 (0.80-3,19)  0.19
INT (DD x HC) 3.33 (1.30-8.50) 0.01
1I+1D 29,853 134 5.5 1.00 (reference) 1.00 (reference) 1+1D 1.00 (reference)
DD 4,507 27 6.9 1.29 (0.85-1.95) 0.23 1.28 (0.85-1.95) 0.24 DD 0.72 (0.36-1.44) 0.36
INT (DD x HC) 2,63 (1.10-6.32)  0.03
I 14,890 68 5.8 1.00 (reference) 1.00 (reference) 11 1.00 (reference)
DD +1D 19,470 93 5.6 0.93 (0.68-1.27)  0.63 0.93 (0.67-1.28)  0.64 DD+ID 0.70 (0.46-1.07)  0.10
INT (DD+IDx HC)  1.88 (0.99-3.58)  0.06
I 44,743 202 5.6 1.00 (reference) 1,00 (reference) 1 1.00 (reference)
D 23,977 120 5.8 1.03 (0.82-1.29)  0.80 1.03 (0.82-1.30)  0.79 D 0.75 (0.54-1.03)  0.07
INT (D x HC) 1.89 (1.20-2.99) 0.006

ACE, angjotensin I-converting enzyme; PYs, person-years; HR, hazard ratio; Cl, confidence interval; HC, hypercholesterolemia; INT, interaction term

In the analysis of the I/D allele, the number of subjects and events was counted twice,

a) The risk estimates were adjusted for age, sex, hypertension, diabetes, hypercholesterolemia, obesity, electrocardiogram abnormalities, smoking, alcohol intake and regular exercise.

ever CHD events (98 men and 63 women) were
noted. As shown in Table 2, the age- and sex-adjusted
incidence of CHD (per 1,000 person-years) was 5.8,
5.2 and 6.9 for the ACE genotypes II, ID and DD,
respectively. There were no significant differences in
the age- and sex-adjusted HRs for the development of
CHD among the ACE genotypes. These associations
remained substantially unchanged following adjust-
ment for age, sex, ACE genotype, hypercholesterol-
emia, hypertension, diabetes, obesity, electrocardio-
gram abnormalities, smoking, alcohol intake and reg-
ular exercise. The same was true for the analysis of a
genetic inheritance pattern of the recessive or domi-
nant genotype as well as the analysis of the I/D allele.
In addition, we investigated the interactions between
the cardiovascular risk factors and the ACE genotype
with respect to the development of CHD. The inter-
action terms between hypercholesterolemia and the
ACE genotypes, except for the dominant genotype,
were significant (Table 2). On the other hand, there
was no evidence of a significant interaction regarding
the extent of the effect of other cardiovascular risk fac-
tors, namely age, sex, hypertension, diabetes, obesity,
smoking, alcohol intake and regular exercise, between
the two ACE genotype subgroups (all p values for
interaction >0.11).

Next, we compared the influence of the cardio-
vascular risk factors on the development of CHD
among the subgroups of the ACE genotype (II+ID
and DD), as individuals with the DD genotype have

been reported to exhibit an increased plasma ACE
activity®. When the current subjects were divided into
four groups according to the ACE genotype and
hypercholesterolemia, the cumulative incidence of
CHD was found to be significantly higher in the sub-
jects with the DD genotype and hypercholesterolemia
than in those with the II+ID genotypes and non-
hypercholesterolemia (Fig.2). As shown in Fig. 3, after
adjusting for the aforementioned confounding factors,
hypercholesterolemia was found to be significantly
associated with a 1.53-fold (95% CI 1.06-2.20) higher
risk of incident CHD in the subjects with the II+I1D
genotypes, whereas this risk factor exerted much
greater influence in the subjects with the DD geno-
type (HR 4.02, 95% CI 1.79-9.02; p for interac-
tion=0.03). When the serum total cholesterol levels
were used as a continuous variable in the analysis,
every 1 mmol/L increment in the serum total choles-
terol level was identified to be associated with a 1.16-
fold (95% CI, 0.98-1.36) higher risk of CHD in the
subjects with the II+ID genotypes and a 1.78-fold
(95% CI, 1.29-2.45) higher risk in those with the DD
genotype (p for heterogeneity=0.02). Similar findings
were observed in the analysis of the I/D allele (Sup-
plementary Fig.1), whereas no significant interac-
tions were observed in the analysis of the ID + DD/II
genotypes (Supplementary Fig.2).

We also performed a sensitivity analysis using the
data for sudden cardiac death within 24, rather than
one, hours after the onset of acute illness. Conse-
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