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Vabled Cornpansosu ol GFR Ibaraki Okinawa P value

among screened subjects in

Okinawa and Ibaraki: normal
Men

blood pressure and normal .

fucting plusn’ glicose 40-49 76.5 (12.9), N = 4416 779 (13.8), N = 5,812 <0.0001

: 50-59 74.4 (13.5), N = 7,356 74.9 (14.3), N = 5,155 NS

60-69 69.3 (13.6). N = 12,093 70.1 (14.2), N = 4,364 <0.01
70-79 65.7 (14.4), N = 10,095 66.7 (15.0), N = 3,807 <0.001
80 and over 61.4 (152), N = 2,174 61.2 (16.2), N = 1,037 NS
Women
40-49 80.5 (15.3), N = 15428 85.9 (16.1), N = 8,765 <0.0001
50-59 76.6 (15.0), N = 24,392 80.5 (16.1), N = 8,921 <0.0001
60-69 72.5 (15.0), N = 24,103 74.7 (15.1), N = 7419 <0.0001
70-79 67.4 (14.9), N = 13,801 68.6 (15.5), N = 5,946 <0.0001
80 and over 61.9 (15.6), N = 2,403 62.1 (19.2), N = 1,847 NS

Table 3 Comparison of the prevalence of low GFR, <45 ml/min/
1.73 m® and <60 mU/min/1.73 m? among screened subjects in Oki-
nawa to those in Ibaraki (reference): total screened

GFR <45 P value GFR <60 P value
Men
4049 2.37 <001 0.93 NS
50-59 1.44 <0.01 1.42 <0.0001
60-69 1.10 NS 0.84 <0.0001
70-79 1.29 <0.0001 0.85 <0.0001
80 and over 1.50 <0.0001 1.06 <0.05
Total 1.04 NS 0.76 <0.0001
Women
40-49 2.1 <0.05 0.65 <0.0001
50-59 2,34 <0.0001 1.40 <0.0001
60-69 0.86 NS 0.56 <0.0001
70-79 L1 <0.05 0.76 <0.0001
80 and over 1.26 <0.0001 0.95 <0.05
Total 1,27 <0.0001 0.75 <0.0001

enzymatic method to measure serum creatinine. The enzy-
matic method is more precise and accurate than the Jaffe
method, which usually overestimates serum creatinine due
to interference from the non-creatinine chromogen.
Nevertheless, we further confirmed that the difference is
still evident when using the original Japanese Society of
Nephrology GFR estimation equation (S. Matsuo et al.,
personal observation).

The strengths of the present study were as follows: (1)
eGFR was calculated using the serum creatinine value after
calibration and standardization, (2) both cohorts were large
enough to compare by age and sex, (3) CKD prevalence
was also evaluated using the two equations currently
available in Japan.

There were some limitations of the present study: (1)
Serum creatinine was not measured at a single laboratory,

@_ Springer

Table 4 Comparison of the prevalence of low GFR, <45 ml/min/
1.73 m* and <60 mV/min/1.73 m* among screened subjects in Oki-
nawa to those in Ibaraki (reference): normal blood pressure and
normal fasting plasma glucose '

GFR < 45 P value GFR < 60 P value
Men
4049 228 NS 0.86 <0.05
50-59 1.43 NS 1.47 <0.0001
60-69 1.08 NS 0.84 <0.0001
70-79 1.19 <0.05 0.84 <0.0001
80 and over 1.65 <0.0001 1.00 NS
Tortal 0.97 NS 0.73 <0.0001
Women
40-49 272 <0.01 0.65 <0.0001
50-59 2.60 <0.0001 1.37 <0.0001
60-69 071 <0.01 0.53 <0.0001
70-79 1.01 NS 0.73 <0.0001
80 and over 1.14 NS 0.92 <0.05
Total 1.18 <0.001 072 <0.0001

although assay methods of the participating laboratories
were evaluated by standard samples from the Cleveland
Clinic and the inter-laboratory coefficient of variation was
very small (0.88%), (2) The formula for estimating GFR
was developed using CKD patients; therefore, it is not
applicable to a healthy population. In particular, underes-
timation is possible in those with an eGFR of more than
60 ml/min/1.73 m? [6]. Serum creatinine concentration is
affected not only by GFR, but by various other factors as
well, such as muscle mass, sex, race, diet, drugs, and
tubular function. Ideally, the clearance of exogenous GFR
markers, such as inulin, should be measured for GFR
estimation, but the method is time-consuming and difficult
and is not feasible for community-based screening. The
Kidney Disease Improving Global Outcomes (KDIGO)
group has initiated an action to improve clinical practice by
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introducing GFR estimating equations that were developed
for a large cohort of a variety of racial and other groups for
international comparisons [27-29]. Asian populations,
including the Japanese, generally have low muscle mass
and low protein intake, which could impair the perfor-
mance of the MDRD study equation, (3) Clinical
information, such as inflammation, nutritional status, or
drug treatment, was not included in the registry data.

In conclusion, the findings of the present study revealed
that there are significant regional differences in CKD
prevalence among screened subjects in Japan. Although,
our results may need to be confirmed in other parts of
Japan. Reasons for the difference in CKD prevalence
remain speculative. Generally, people in Okinawa are short
in stature and have a larger body mass index. Lifestyle
habits, such as smoking, drinking, and exercise among
people in Okinawa also differ from those in Ibaraki. The
observed differences in ESRD prevalence might be at least
partly due to the difference in the CKD prevalence. Further
studies on CKD progression and background demographics
in the two cohorts are warranted.
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Carbamylated Erythropoietin Improves Angiogenesis and Protects
the Kidneys From Ischemia-Reperfusion Injury
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Several studies have shown that erythropoietin (EPO) can protect the kidneys from ischemia-reperfusion
injury and can raise the hemoglobin (Hb) concentration. Recently, the EPO molecule modified by carbamyla-
tion (CEPO) has been identified and was demonstrated to be able to protect several organs without increasing
the Hb concentration. We hypothesized that treatment with CEPO would protect the kidneys, partly due to
the increased peritubular capillaries. The therapeutic effect of CEPO was evaluated using an endothelial tube
formation assay in vitro, and a rat ischemia-reperfusion injury model in vivo. EPO treatment showed the
tendency of increased tube formation, while CEPO treatment induced more capillary-like formation than
EPO. Ischemia-reperfusion-induced kidneys exhibited characteristic nuclei of apoptosis in tubular epithelial
cells with decreased peritubular capillaries, while EPO treatment inhibited tubular apoptosis with preserved
endothelial cells. Moreover, CEPO-treated kidneys showed minimal tubular apoptosis with increased peritu-
bular capillary endothelial cells. In conclusion, we identified a new therapeutic approach using CEPO to
protect kidneys from ischemia-reperfusion injury by promoting angiogenesis.

Key words: Angiogenesis; Carbamylated erythropoietin; Ischemia-reperfusion injury; Kidney; Apoptosis

INTRODUCTION

Erythropoietin (EPO) is a glycoprotein hormone se-
creted from the kidney in response to hypoxia and ane-
mia (13). The primary function of EPO is to promote
proliferation, differentiation, and survival of erythroid
progenitors in the bone marrow. Therefore, EPO is
widely used for the treatment of anemia-associated
chronic renal failure. Commonly, chronic renal hypoxia
with subsequent tubulointerstitial injury leads to end-
stage renal failure (16). In contrast, early treatment with
EPO slows the progression of renal failure (17). How-
ever, the chronic administration of EPO also increases
hemoglobin (Hb) levels, which may have protective ef-
fects on the tubulointerstitium.

Recently, a broader concept of EPO as a tissue-
protective molecule has emerged. EPO has been found
to protect the kidney from ischemic (15,19,23) or toxic
insults (20). In the kidney, a potential role for the nonhe-
matopoietic activities of EPO was first suggested by the

identification of the EPO receptor (EPO-R) protein that
is expressed throughout the kidney, including both prox-
imal and distal tubular cells (4). However, the affinity
of these receptors (~1 nM) is well below the normal
plasma EPO concentration (1-10 pM). Therefore, EPO’s
cytoprotective effect may require higher doses than
those used to treat anemia. In animal studies, relatively
high doses of EPO (up to 5,000 IU/kg) have been used.
It is conceivable that such amounts could produce seri-
ous adverse clinical sequel, such as hypertension and
thrombosis related to hematocrit increases. Recent clini-
cal trials have suggested that higher doses of EPO are
likely to be associated with adverse effects (11).
Recently, a second receptor for EPO that mediates
EPO’s tissue protection has been identified as consisting
of the EPO-R and the B-common (CD131) receptor (Cp-
R). The EPO modified by carbamylation [carbamylated
EPO (CEPQ)] is reported to signal only through this
receptor and not through the homodimeric EPO-R (14).
It has been shown that CEPO does not stimulate erythro-
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poiesis, but that it prevents tissue injury in spinal cord
neurons (14,18) and cardiomyocytes (5,6). More re-
cently, we demonstrated that treatment with CEPO
could protect the kidney from tubular apoptosis that oc-
curs after ischemia-reperfusion (I/R) injury and, thereby,
inhibit subsequent tubulointerstitial fibrosis (12).

In cultured neonatal microvascular endothelial cells,
EPO was shown to stimulate proliferation of microvascu-
lar endothelial cells and endothelial tube formation (2). In
addition, the bone marrow of EPO-treated mice showed a
significant increase in number and proliferation of stem
and progenitor cells as well as in colony-forming units.
In in vivo models of postnatal neovascularization, EPO
significantly increased inflammation- and ischemia-induced
neovascularization (10). Angiogenesis and vasculogen-
esis are crucial features of embryonic development and
endogeneous response to hypoxia, and their enhance-
ment may serve as putative future therapy for I/R injury
in the kidney. However, for the development of CEPO
therapy against I/R injury, it is important to understand
the effect of CEPO on angiogenesis. In this study, we
examined the effect of CEPO on angiogenesis using a
novel tube formation assay system in which human um-
bilical vein endothelial cells (HUVEC) and normal hu-
man dermal fibroblasts (NHDF) are cocultured in vitro
(7). In addition, we tested the therapeutic value on angi-
ogenesis using renal I/R injury model in vivo.

MATERIALS AND METHODS

Angiogenesis Assay

The angiogenic effects of EPO or CEPO were tested
using the Angiogenesis Kit (Kurabo, Osaka, Japan) ac-
cording to the manufacturer’s instructions (7). Briefly,
after incubating under 5% CO, and 95% room air condi-
tions for 24 h, HUVEC cocultured with NHDF onto
24-well plates were incubated with EPO or CEPO at
various concentrations (1.0, 10, and 100 U/ml) for 72 h
under low-oxygen conditions. For positive and negative
controls, we used vascular endothelial growth factor
(VEGF)-A (2 pug/ml) (positive control) and suramin (1
mM) (negative control) under the same condition. The
oxygen concentration was maintained at 1% by a com-
pact gas oxygen controller APM-36 (ASTEC, Fukuoka,
Japan) using a residual gas mixture composed of 94%
Ng and 5% COQ

After incubation, angiogenic activity was assessed by
visualizing capillary-like formation by staining with a
primary antibody, anti-human von Willebrand factor
(VWF; Kurabo), followed by a secondary antibody.
Chromogenic color was developed with 3,3’-diamino-
benzidine tetrahydrochloride (DAB; Dako, Hamburg,
Germany). The analysis of tube formation was carried
out by measuring vWF-positive area using a computer-
aided manipulator.
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Ischemia-Reperfusion Injury Model

Thirty-six male Sprague-Dawley rats weighing 200-
250 g were purchased from Japan SLC Inc. (Shizuoka,
Japan) and were maintained under standard conditions
until the experiments were done. All studies were per-
formed in accordance with the principles of the Guide-
line on Animal Experimentation of Osaka University.
The rats were randomly allocated into three groups: 1)
the saline treatment group (control group; n = 12); 2) the
EPO treatment group (EPO group; n =12); and 3) the
CEPO treatment group (CEPO group; n = 12). Control,
EPO, and CEPO group rats received SC injections of 1
ml of saline, 100 IU/kg recombinant human EPO (Kirin
Corp., Tokyo, Japan), and 100 IU/kg CEPO (14) every
2 days for 2 weeks (a total of six injections), respec-
tively. One day after the last injections, the rats were
subjected to renal I/R injury. All rats were anesthetized
with an IP injection of sodium thiopentone (30 mg/kg).
The animals were allowed to stabilize for 30 min before
they were subjected to 45 min of bilateral renal occlu-
sion using artery clips to clamp the renal pedicles. Oc-
clusion was confirmed visually by a change in the color
of the kidneys to a paler shade. Reperfusion was initi-
ated with the removal of the artery clips and was con-
firmed visually by noting a blush. The rats were sacri-
ficed 72 h and 1 week after reperfusion.

Morphological Assessment

Tissue samples were fixed in 4% (w/v) of buffered
paraformaldehyde (PFA) for 16 h and then embedded in
paraffin. Tissue sections (4 um) were mounted on silane
(2% 3—aminopropy1tricmoxysilane)-coated slides (Muto
Pure Chemicals, Tokyo, Japan), deparaffinized with xy-
lene, and stained with periodic acid-Schiff (PAS). Im-
munohistochemical staining was done using the Envi-
sion system (Dako), according to the manufacturer’s
instructions. Endogenous peroxidase activities were
blocked with 3% H,0, for 10 min. The first antibodies
were diluted in 1% bovine serum albumin (BSA) in
phosphate-buffered saline with 0.1% Tween-20 (PBS-T)
at specific concentrations as described, and then incu-
bated for 16 h at 4°C. Glomerular and peritubular capil-
laries were identified with JG12 antibody, raised against
aminopeptidase P of microvascular endothelial cells (1:
100, Bender MedSystem, San Bruno, CA). These were
followed by incubation with suitable secondary antibod-
ies. Antigen retrieval was performed for 10 min in pre-
heated 10 mmol/L sodium citrate (pH 7), using an auto-
clave. All incubations were performed in a humidified
chamber. Chromogenic color was developed with DAB
(Dako). The nuclei were counterstained with hematoxy-
lin. All histological slides were examined by light mi-
croscopy using a Nikon Eclipse 80 i (Nikon, Tokyo, Ja-
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pan); pictures were taken with the Nikon ACT-1 ver.
2.63.

Statistical Analysis

Data are expressed as the mean + SD. Statistical sig-
nificance, defined as p < 0.01 or p < 0.05, was evaluated
using ANOVA. -

RESULTS
Effects of EPO or CEPO on Angiogenesis

EPO was shown to stimulate endothelial tube forma-
tion (2), while the effect of CEPO on endothelial angio-
genic activity has not been reported. We first examined
the effect of EPO or CEPO on endothelial tube forma-
tion using angiogenesis kit (7) including both HUVEC
and NHDF cells, and performed vWF immunostaining
to quantify the area of vessels. Compared to the negative
control (Fig. 1a), EPO treatment showed the tendency
of increased tube formation (Fig.1b, d, Fig. 2). CEPO
treatment (10-100 U/ml) significantly increased the area
of vessels. Moreover, CEPO treatment induced more
capillary-like formation than EPO treatment at 10 U/ml,
suggesting that CEPO has a greater angiogenic role than
EPO (Fig.1c, e, Fig. 2).
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Effect on Histological Changes

PAS staining of the kidney sections obtained from
saline-treated rats 72 h after I/R injury revealed marked
disruption of normal tubular morphology, including
widespread degeneration of tubular architecture, tubular
dilatation, swelling, and luminal congestion with loss of
the brush border (Fig. 3a). In addition, small, condensed,
and fragmented nuclei (arrows) characteristic of apopto-
sis were only present in the kidney sections obtained
from the saline-treated rats. The apoptotic cells were
predominantly observed in the tubular epithelial cells,
and many were found shed in the lumen. Treatment with
EPO (Fig. 3b) and CEPO (Fig. 3c) ameliorated the char-
acteristic histological changes of I/R injury, including
tubular atrophy. Importantly, CEPO treatment markedly
suppressed tubulointerstitial injuries.

Effects on Angiogenesis in Renal I/R Injury Model

The observation that CEPO treatment markedly sup-
pressed tubulointerstitial injuries suggests a possibility
that protective effects against I/R injury may be medi-
ated by angiogenic activity of CEPO in the interstitial
microvasculature, Peritubular capillary endothelial cells
stained with JG12 were diminished in I/R-injured kid-

Figure 1. Effects of EPO or CEPO on angiogenesis. HUVEC cocultured with NHDF were incubated with EPO (b, d) or CEPO (c,
e) at 10 U/ml (b, ¢) or 100 U/ml (d, ¢) for 72 h under low-oxygen conditions. For positive (f) and negative (a) controls, we used
VEGF-A (2 ug/ml) and suramin (1 mM) under the same condition, respectively. Representative immunocytochemical stainings
with anti-vWF antibody are shown (original magnification 400x).
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Figure 2. Quantitative analysis of the positive area. The vWF-positive area was analyzed using a
computer-aided manipulator. Data shown are the mean = SD. **p < 0.01, *p < 0.05.

ney (10.78 + 1.47) (Fig. 4a). Compared to the control
group, EPO treatment prevented the loss of endothelial
cells not only in the glomeruli but also in the tubuloint-
erstitium (132.8 £ 9.37, p < 0.01 vs. control group) (Fig.
4b). Furthermore, CEPO treatment significantly increased
the peritubular capillary endothelial cells in comparison
to EPO treatment (180.2 £ 11.7, p < 0.01 vs. control and
EPO groups) (Fig. 4c, d). )

DISCUSSION

In this report, angiogenesis assay (7) demonstrated
that CEPO treatment induced more capillary-like forma-
tion than EPO treatment in vitro. In addition, in the /R
injury model in vivo, CEPO treatment significantly in-
creased the peritubular capillary endothelial cells in com-
parison to EPO treatment. A previous report demonstrated
that CEPO treatment protected I/R-induced kidney injury
by suppressing tubular apoptosis and promoting tubular
epithelial cell proliferation without erythropoiesis (12).
Here, we assessed a possibility that protective effects
against I/R injury may be mediated by angiogenic activ-
ity of CEPO in the interstitial microvasculature. These
results suggest that CEPO treatment markedly suppressed
tubulointerstitial injuries, partly due to the angiogenic
effect of CEPO.

EPO administration has also been documented to
ameliorate I/R injuries of the kidney (15,19,23). At least
some of these benefits may be related to mobilization of

endothelial progenitor cells (EPCs) from the bone mar-
row and subsequent promotion of neovascularization
(3). Increased neovascularization by EPCs has been
shown to improve cardiac function after experimental
myocardial ischemia and clinical outcomes after myo-
cardial infarction (3). Recently, a novel tube formation
assay system in which HUVEC and NHDF are cocul-
tured under relatively physiological environment (7) has
been developed. In this assay, HUVEC produce endo-
thelial tubes containing lumen with the aid of NHDF
secreting necessary matrix components, and the mor-
phology of the endothelial tubes appears heterogeneous
and closely resembles a capillary bed in vivo (7). There-
fore, the effects of CEPO on capillary-like tube forma-
tion were examined using this assay system to directly
assay the effects of CEPO on angiogenesis. Interest-
ingly, CEPO induced capillary-like tube formation sig-
nificantly more than EPO. The most well-known conse-
quence of EPO action is stimulation of erythropoiesis,
which potentially enhances tissue protection against is-
chemic injury by augmenting the O,-carrying capacity
of blood. However, it has been reported that the renopro-
tective benefits of EPO occur prior to, or in the absence
of, significant changes in Hb (19,21). In addition, CEPO
treatment neither enhanced nor reduced Hb concentra-
tion, suggesting that CEPO, unlike EPO, does not stimu-
late erythropoiesis (12).

Endogenous EPO is known to be primarily produced



CEPO ON RENAL INJURY

by renal cortical fibroblasts in response to hypoxia (13).
Because functional EPO receptors have been found to
be expressed on renal tubular epithelial, mesangial, and
endothelial cells, it has been hypothesized that an impor-
tant paracrine EPO axis with cytoprotective functions
could occur within the kidney (22). During the early
phase of ischemic acute renal failure, EPO expression is
virtually absent whereas EPO receptor expression is well
maintained (9). The current study demonstrated that
CEPO treatment markedly suppressed I/R injury-in-
duced tubular epithelial apoptosis compared to EPO
treatment. One possible signal transduction pathway by
which tubular apoptosis, as well as later interstitial phe-
notypic changes, could be suppressed may involve the
activation of PI3K. In fact, CEPO treatment induced
marked expression of PI3K at 24 h, which continued
until 1 week after I/R injury. In addition, phosphorylation
of Akt was markedly upregulated in CEPO-treated kid-
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neys 24 h after /R injury, and remained activated until
1 week (12).

EPO acts as a growth factor, and the recent identifi-
cation of an EPO receptor in human endothelial cells,
and the synergy between VEGF and EPO, indicate that
it may act as a direct, as well as an indirect, angiogenic
factor (1). In addition, VEGF and EPO share several
common regulatory properties. Both are involved in
the maturation of medullary precursors and use tyro-
sine kinases as intracellular messengers (8). A recent
study documented the upregulation of HIF-1a by EPO
or CEPO treatment (12,15). It is likely that EPO
or CEPO induced HIF-lo and therefore might pro-
mote peritubular capillary formation via HIF-lo ex-
pression.

In conclusion, CEPO can protect the kidneys from
ischemia-reperfusion injury partly due to its angiogenic
activity; therefore, the therapeutic use of CEPO warrants

Figure 3. Representative morphological changes in the control (a), EPO (b), and CEPO (c) groups using PAS staining at 72 h
(original magnification 400x). Small and condensed nuclei (arrows) are only present in the control group.
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Figure 4. Immunohistochemical staining of JG12 at | week (original magnification 400x). (a) Control group, (b) EPO group, (c)
CEPO group. (d) Quantification of JG12-positive area in the kidney sections. Data shown are the mean + SD for 10 independently

performed experiments. **p < 0.01.

further attention and continued investigation based on
preclinical studies.
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HLTWBHAICE, MET VT I VROEED
HEETHLY, HEEAERRLEEEDLT
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Al 5. MEERGITIZEEARD LAz sh
bLPTELITHEENIL, EAREMTIE
0.5g/day B\ L, &%\ i3 UP/Ucre 7%0.50 Fo
FEBIE, BEROBILE SO EBREIWET
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2. IMSREGERAI(E 3) ‘

FRE SN LETTARRRORRR Y H
H& L7-3rE, MREMFI 0L B iR E %
o F e ENLID, 1O THRIREE 2 15h
SNT-EPE TEERAL % &0 IR iTV,
EEVRITT, FoRIIEARBEE CIdRZ
THOBEREET 5. L L, MERASHREFEHIERR
DIHEETH 2RI RE TR T, FHfAdhic
PRESRUBER 22 PIIRAYMUR SEO BRI 3 R
PR GLIRERED 2 X2 T4 L HfEETAHT L
BEETHL. & AREREMEES =S 1
BN LbHY, TOREFEISLETHE. F
7z, FERF10% DEECTEAREEE 2L Z L
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MBEERE L TOMIEHPLETH .
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PREFICREZRDBRN, CKD VA 7705 —
AT 56 (BHERRORIKE, BILUE, 5
R\, A¥R) vz ra—i, ERERE)
EMR LR (RTNT I /2 VT F =i
FLVW)RERL, 773 VRE (30mg/gCr
PLE) % RS vs. CKD FIE - #ITD ) A &
T77 07 —%R2\TIRNT. T/, ) AY FHEYT
HIzOIIIEREENEETH Y, FOFZRR
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EIFEEEEOTRET*E T 454, BRE
AL TV CHEBICBEROBEG L 1345
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§ESE, FofhoEiEa s ( )
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