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Figure 3. Time-lapse analysis of AW loss in neonatal rat cardiac myocytes. (A) Representative sequential images of TMRE fluorescence in each group.
H = cells exposed to 50 umol/t H,0, for 1 h; SFA = cells pretreated with 100 gmol/l serofendic acid for 30 min followed by 50 umol/l H,0, for 1 h.
Scale bars at 0 min frames: 20 pm. (B) Time course of TMRE Huorescence of 25 cells randomly selected in cach group. Similar results were obtained
in three independent experiments. (C) Mean fluorescence intensity from 25 cells randomly and prospectively selected in each group. *p < 0.05 versus H
at the end of the experimental period. Other abbreviations as in Figure 1. Please sce the Appendix for an accompanying video to this figure.

Calcium overload in mitochondrial matrix is one of the
critical triggers of cell death and is also an important inducer
of MPTP opening. To monitor the [Ca’"], level, we
performed time-lapse confocal microscopy with the
[Ca?* | sensitive dye, rhod-2, and observed the change of
fluorescence due to 50 pwmol/l H,O, stimulation in each
group (Fig. 5). We first confirmed that the rhod-2 fluores-
cence did not change during 60 min of scanning in the
control group (Fig. 5A, panels C). In the H,O, group,
thod-2 fluorescence showed pronounced elevation at ap-

proximately 20 min after H,O, application, and the eleva-
tion persisted thereafter (Fig. 5A, panels H). Serofendic
acid also partly attenuated the [Ca**]_ overload observed in
the H,O, group (Fig. 5A, panels SFA). Figure 5B shows
the time course of the rhod-2 fluorescence intensity from
each individual cell. Serofendic acid blunted the overall
increase of rhod-2 fluorescence compared with the H,0,
group. Figure 5C shows the average of the rhod-2 fluores-
cence intensity from 25 randomly selected cells in each

group.
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Figure 4. Time-lapse analysis of mtracellular reactive oxygen species production in neonatal rat cardiac myocytes. (A) Representative sequential images of
chloromethyl-2,7-dichlorodihydroflucrescein diacetate (DCF) fluorescence in each group. H = cells exposed to 50 umol/l H,0, for 30 min; SFA = cells
pretreated with 100 pmol/! serofendic acid for 30 min followed by 50 pmol/l H,0, for 30 min. Scale bars at 0 min frames: 20 pm. (B) Time course of
DCF Auorescence of 25 cells randomly selected in each group. Similar results were obtained in three independent experiments. (C) Mean fluorescence
intensity from 25 cells randomly and prospectively sclected in each group. “p < 0.05 versus H at the end of the experimental period. Other abbreviations
as in Figure 1. Please see the Appendix for an accompanying video to this figure.

DISCUSSION

SFA as a cardioprotective agent. The major findings of
this study are as follows. First, in isolated cardiac myocytes,
SFA suppressed the cell death induced by H,O, by pre-
serving the AW, level in a concentration-dependent man-
ner. The preservation of mitochondrial integrity was most
likely achieved by the partial inhibition of [Ca®" ] overload
and ROS accumulation. Second, serofendic acid and
mitoK 4 p opener exhibited comparable protective effects, and
they did not have an additive beneficial effect on AW

preservation. MitoK ,rp channel blocker 5-HD canceled the
protective effect of SFA. These observations suggest that
SFA acts either directly on the mitoK ,p channel or, rather,
upstream of the mitoK,pp channel.

We previously reported the discovery of the neuroprotec-
tive compound SFA, extracted from fetal calf serum (19,20).
It is a low molecular weight substance of atisane-type
diterpenoids bearing a methylsulfoxide group, a unique

chemical structure among known endogenous substances.
Our unpublished data (T. Kume, A. Akaike, 2005) show
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Figure 5. Time-lapse analysis of intracellular mitochondrial matrix caleium in neonatal rat cardiac myocytes. (A) Representative sequential images of rhod-2
(Molecular Probes, Eugene, Oregon) fluorescence in each group. H = cells exposed to 50 pmol/l H,0, for 1 by SFA = cells pretreated with 100 pumol/i
serofendic acid for 30 min followed by 50 umol/l H,0,; for 1 h. Scale bars at 0 min frames: 20 um. (B) Time course of rhod-2 fluorescence of 25 cells
randomly selected in each group. Similar results were obtained i three independent experiments. (C) Mean Auorescence intensity from 25 cells randomly
and prospectively selected in each group. *p < 0.05 versus H at the end of the experimental period. Other abbreviations as in Figure 1. Please see the

Appendix tor an accompanying video to this fxure.

that SFA is contained in fetal calf serum in a considerable
amount, but the content in adult bovine is below detectable
level. Similarly, we were also unable to detect SFA in adulr
human serum, although there is a possibility that feral
human serum might contain SFA. The biosynthesis or the
metabolism of SFA is unknown at present. Previous studies
in vitro indicated that SFA has neuroprotective effects, as
evidenced by the prevention of acute glutamate neurotoxic-
ity in cultured cortical neurons (21) and the attenuation of
ROS-induced oxidative stress in cultured striatal neurons

(22). Suppression of intracellular ROS generation might
constitute an important mechanism of the neuroprotective
actions of SFA, because the compound exhibits hydroxyl
radical-scavenging activity in electron spin resonance anal-
ysis (19).

Prevention of MPTP by SFA. In recent studies, ROS
generation and [Ca?"],, overload have been proposed to
explain the pathogenesis of ischemia/reperfusion injury of
the heart (3,23). Reactive oxygen species and [Ca®*], are
the most important inducers of MPTP opening. A growing
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body of evidence supports the concept that the inhibition of
MPTP is an effective and promising strategy to prevent
ischemia/reperfusion injury of the heart (3,6,24,25). We
clearly showed that SFA prevents MPTP opening, as
reported by the preservation of the cell population with
fully-polarized (intact) AW levels. Notably, SFA only
partly suppressed the increases of [Ca®*],, and ROS, but
this partial inhibition might decrease the number of cells
that reach the threshold of the catastrophic loss of AW .
This is consistent with the concept that mitochondria are
death signal integrators and determine the fate of cells in an
all-or-none manner (26).

We have recently shown that oxidant stress produces a
stereotyped progression of cellular changes in cardiac myo-
cytes (13). The first phase we call “priming”: mitochondria
undergo [Ca?*], -dependent morphological changes, but
AV remains unchanged. Next follows a sudden dissipation
of AW, mediated by the opening of MPTP (“depolariza-
tion” phase); eventually, cells break up into smaller frag-
ments (“fragmentation” phase). Serofendic acid markedly
decreased the likelihood that cells would undergo priming:
[Ca®"],, overload was attenuated and, consequently, many
mitochondria remained fully polarized. Serofendic acid not
only decreased the number of cells undergoing AW, depo-
larization but also delayed the onset of AW, loss, whereas it
did not change the duration of depolarization in unpro-
tected cells. This mode of action is equivalent to that of the
mitoK , 1p channel opener diazoxide (12), raising the pos-
sibility that the cytoprotective effects of SFA are directly or
indirectly mediated by the mitoKarp channel. In the
present study, we used two different concentrations of
H,0,:50 pmol/l in confocal time-lapse imaging, and 100
pmol/l for all the other experiments, primarily because the
susceptibility of cells to H,O, was dependent on the plating
surface. We have confirmed that cells underwent similar
three-step progression of cell death in an all-or-none
manner, even when they were exposed to lower concentra-
tions of H,0, (13).

SFA and mitoK,1p channel. It is clear that a cardiopro-
tective effect can be recruited by mitoK s rp channel openers,
and mitoK ,1p channel blockers (5-HD or glibenclamide)
prevent both preconditioning and pharmacological cardio-
protection (27-29). Furthermore, mitoK y1p channel open-
ing prevents mitochondrial injury, presumably by inhibiting
the opening of MPTP (12,13). MitoK sp channel activa-
tion induces partial and modest AW_ depolarization,
thereby reducing the driving force for calcium uptake by
mitochondria and preventing [Ca?*],, elevation (14). This
is further supported by the observation that partial AW,
depolarization elicited by the overexpression of uncoupling
protein-2 also protected cardiac myocytes (30). In this
study, the protective effect of SFA was comparable to that of
diazoxide, and the co-application with SFA and diazoxide
did not show an additive effect. Furthermore, the mitoK s rp
channel blocker, 5-HD, abolished the protective effect of
SFA. These results strongly suggest that the protective
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effect of SFA might be mediated by the activation of
mitoK 5 p channels. Nevertheless, we could not rule out the
possibility that SFA might act on the surface membrane
potential of cardiomyocytes and reduce cytosolic calcium
overload.

Clinical implications. Many pharmacological agents and
strategies have been administered for cardiac protection
during acute myocardial infarction (31); however, none have
been translated into clinical practice (32). Therapeutic
interventions designed to prevent MPTP opening during
ischemia/reperfusion hold major promise as a novel strategy
for reducing cardiac injury from ischemia/reperfusion (6).
Our findings suggest SFA as a novel candidate for cardio-
protective therapy against ischemia/reperfusion injury. Se-
rofendic acid is expected to be free from unpredictable side
effects, because it is an endogenous substance. Despite the
positive prospect of SFA as a novel cardioprotective agent,
further investigations in animal models are needed to assess
the infarct size-limiting effect.

Reprint requests and correspondence: Dr. Masaharu Akao,
Department of Cardiovascular Medicine, Kyoto University Grad-
uate School of Medicine, 54 Kawahara-cho, Shogoin, Sakyo-ku,
Kyoto 606-8507, Japan. E-mail: akao@kuhp.kyoto-u.ac.jp.
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For accompanying videos to Figures 3, 4, and 5, please see
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Dialysis dependency is one of the leading causes of morbidity and mortality in the world, and once end-
stage renal disease develops, it cannot be reversed by currently available therapy. Although administration
of large doses of bone morphogenetic protein-7 (BMP-7) has been shown to repair established renal injury
and improve renal function, the pathophysiological role of endogenous BMP-7 and regulatory mechanism
of its activities remain elusive. Here we show that the product of uterine sensitization-associated gene—1 (USAGI),
a novel BMP antagonist abundantly expressed in the kidney, is the central negative regulator of BMP func-
tion in the kidney and that mice lacking USAG-1 (USAGI7/~ mice) are resistant to renal injury. USAGI~~ mice
exhibited prolonged survival and preserved renal function in acute and chronic renal injury models. Renal
BMP signaling, assessed by phosphorylation of Smad proteins, was significantly enhanced in USAGI7" mice
with renal injury, indicating that the preservarion of renal function is attributable to enhancement of endog-
enous BMP signaling. Furthermore, the administration of neutralizing antibody against BMP-7 abolished
renoprotection in USAGI~/- mice, indicating that USAG-1 plays a critical role in the modulation of renopro-
tective action of BMP and that inhibition of USAG-1 is 2 promising means of development of novel treatment

for renal diseases.

Introduction

Despite a significant increase in understanding of the pathophys-
iology of renal diseases, the incidence of end-stage renal disease
(ESRD) is still increasing. Tubular damage and interstitial fibrosis
are the final common pathway leading to ESRD (1, 2), irrespective
of the nature of the initial renal injury, and the degree of rubular
damage parallels the impairment of renal function (2). Once tubu-
lar damage is established, it cannot be reversed or repaired by cur-
rently available treatment, and renal function deteriorates to renal
failure, which is often life threatening (3). If we can come up with
an agent that can reverse established tubular damage, it would sig-
nificantly reduce the need for dialysis. Bone morphogenetic pro-
tein-7 (BMP-7) is a promising candidate for such an agent, because
it is reported to protect the kidney from renal injury (4-8). BMP-7
is known to play essential roles in kidney development, because
BMP-7-null mice die shortly after birch due to severe renal hypo-
plasia (9, 10). BMP-7 is also abundant in the adult kidney, especial-
ly in distal tubule epichelial cells (11, 12). Recently, several reports
indicated that the expression of BMP-7 is decreased in renal dis-

Nonstandard abbreviations used: BMP-7, bone morphogenetic protein-7; EMT,
epithelial-mesenchymal transition; MCP- I, monocyte chemotactic protein-1; PTEC,
proximal tubule epithelial cell; USAG1, uterine sensitization-associated gene-1; UUO,
unilateral ureteral obstruction.
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ease models (5, 6, 13- 16) and that administration of recombinant
BMP-7 at pharmacological doses repairs chronic renal injury (4-8).
However, the pathophysiological role and regulatory mechanism
of endogenous BMP-7 remain elusive.

The local activity of endogenous BMP is controlled not only
by regulation of its expression, but also by certain classes of mol-
ecules termed BMP antagonists (17). BMP antagonists function
through direct association with BMP, thus inhibiting the bind-
ing of BMP to its receptors. Uterine sensitization-associated gene~1
(USAGI) encodes a secreted protein and was initially found as a
gene of unknown function whose expression was upregulated in
sensitized endometrium of the rar uterus (18). Recently, Avsian-
Kreechmer er al. suggested USAG-1 as a candidate for a novel
BMP antagonist using bicinformatic analysis (19). Furthermore,
Laurikkala et al. demonstrated USAG-1 to be a BMP antagonist
expressed in teeth (20).

We independently identified USAG-1 to be a novel BMP antago-
nist, abundancly expressed in the kidney (21). The expression of
USAG-1 is abundant in renal tubules and teeth in late embryo-
genesis and in adulr cissues it is by far mostr abundant in the kid-
ney, especially in the distal tubule with a pattern similar to that of
BMP-7. From these findings, we hypothesized that USAG-1 might
regulate the renoprotective action of BMP-7 in the adult kidney.

To evaluate this hypothesis, we generated USAGI-knockout
(USAGI-~) mice and induced acute and chronic renal disease models
in which renal tubules, but not glomeruli, were mainly damaged.
Number 1
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Figure 1
Generation of USAG 7~ mutation by gene targeting. (A)
USAG7-null allele was generated by homologous recombina-

tionin ES cells. Exon 1 (black box) and part of the intron were
replaced with a facZ gene (white box) and the NeoR cassette

(gray box). (B) Analysis of USAGT++ (WT) and correctly tar-
geted heterozygous (Hetero) ES cell clones by Southern blot
analysis using 5" genomic probe (thick black line in A). (C)

A 7.4kb
EcoRV EcoRl ATG  gpel EcoRV Spel
Genomic locus —] ! = !
Proli)e
Targeting vector
EcoRV EcoRV
Targeted allele L lacZ  biass £
e =
B
@ s — @ 74k
T es @ 6kb
WT  Hetero mUSAG-1
Results

Generation and analysis of USAG1~~ mice. USAGI~/~ mice were gener-
ated by deleting the first exon including the transcription initia-
tion codon, the signal peptide, and the following 46 amino acids
(Figure 1). USAGI~/~ mice were born at the ratio expected according
to Mendel’s law of heredity and were viable, fertile, and appeared
healchy except that they exhibited supernumerary teeth, both
in the incisors and molars, and fused teeth in the molar region
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI125445DS1). Alchough there was
variation in the sites of extra teeth and fused teeth, this tooth phe-
notype was fully penetrant. Food consumption was not disturbed
by chis tooth phenotype in USAGI™~ mice (data not shown).
Attennated acute tubular injury in USAGI- mice. To induce acute
tubular injury, we utilized a cisplatin nephrotoxicity model (22-24).
Administration of a nephrotoxic agent, cisplatin, to wild-type licter-
mates caused acute tubular injury that resulted in severe renal fail-
ure. Within the first 3 days, 54% of wild-type mice died, while 92% of
USAGI~- mice survived the period (Figure 2A). The renal function
of USAGI”- mice on day 3 was significantly preserved compared
with that in wild-type lictermates (Figure 2B). Histological exam-
ination of the kidneys of wild-type mice on day 3 showed severe
proximal tubular damage, while this change was markedly reduced
in USAGI~~ mice (Figure 2, C and D). Expression of E-cadherin, a
marker for tubular epithelial integrity (25), was markedly reduced
in the kidneys of wild-type mice, while its expression was preserved
in USAGI~~ mice (Figure 2E). Tubular apoprosis, a characteristic
feature of tubular injury in cisplatin nephrotoxicity (23), was also
significantly reduced in USAGI~~ mice (Figure 2F). As reporred pre-
viously (24), cisplatin administration resulted in upregulation of
TNF-a, IL-1f, monocyte chemotactic protein-1 (MCP-1), TGF-$1,
and type IV collagen expression in the kidney of wild-type mice.
However, the induction of these genes was completely abolished
in USAGI+~ mice (Figure 2G). Infiltration of macrophages and
monocytes in the kidney was also significantly reduced in USAGI~~
mice (Figure 2H), in accordance with the reduction of MCP-1
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PCR genotyping of F; littermates. Template(-) is the negative
control. (D) Northern blot analysis of USAGT mRBNA in the
kidney of USAG 1++ and USAGT1~- (KO) mice.

expression (Figure 2G). Expression of BMP-7 was compa-
rable between wild-type mice and USAGI~/~ mice before
and after injection of cisplatin (Figure 2G).

Renal fibrosis is reduced in USAGI~~ mice. As a model of
chronic renal injury, we performed unilateral urereral
obstruction (UUQ) (26, 27) in both USAGI~- mice and
wild-type mice, and the kidneys were harvested 14 days
after the operation. In wild-type mice, the obstructed kid-
ney showed dilatation/degeneration of renal rubules and
interscitial fibrosis, whereas the normal architecture was
preserved in USAGI7~ mice, except for mild dilatation
of tubules (Figure 3, A and B). Expression of E-cadherin
was markedly reduced in the kidneys of wild-type mice, while
its expression was preserved in USAGI7- mice (Figure 3C). Fur-
thermore, expression of a-SMA, a marker of tubulointerstirial
myofibroblasts (28), was upregulated in the interstitium of the
obstructed kidney of wild-type mice, while high expression of
o-SMA was restricted to vascular smooth muscle cells in USAGI~~
mice (Figure 3D). Since expansion and fibrosis of the renal inter-
stitium is another characteristic feature of UUO (6), we examined
the deposition of type IV collagen, which is a normal component
of the tubular basement membrane. The basement membranes of
neighboring tubules are adjacent to each other in the normal kid-
ney. In the obstructed kidney of wild-type mice, expansion of the
interstitial component increased the distance between adjacent
basement membranes, and type IV collagen produced by intersti-
tial myofibroblasts was aberrantly expressed in the intersticium.
However, in the obstructed kidney of USAGI~~ mice, the distance
bectween the basement membranes was significantly smaller than
that in wild-type mice (Figure 3E). Expression of TNF-a, IL-1§3,
MCP-1, TGF-B 1, and type IV collagen was markedly upregulared
on day 14 in the obstructed kidney of wild-type mice. In contrast,
the induction of these genes was significantly attenuated, by 33%,
46%, 37%, 75%, and 23%, respectively, in USAGI~~ mice (Figure 3F).
Expression of BMP-7 in the obstructed kidney was comparable in
wild-type mice and USAGI~~ mice.

BMP signaling is enbanced in USAGI~~ mice. To evaluate whether
the reduction in renal injury in USAGI~~ mice is attributable to
enhanced BMP signaling, phosphorylation of Smad1/5/8 in the
kidney was examined in both models (Figure 4). After the induc-
tion of kidney disease models, phosphorylation of Smad1/5/8
was hardly detected in wild-type mice, while in USAGI~~mice, the
phosphorylation was preserved in the nuclei of rubular epithelial
cells (Figure 4A). To examine the specificity of the antibody against
phospho-Smad1/5/8, we performed double immunostaining using
anti-phospho-Smad1/5/8 antibody and anti-phospho-Smad2/3,
and found that most of the nuclei positive for phospho-Smad1/5/8
were negative for phospho-Smad2/3 (Figure 4B}, indicating the
Volume 116
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Figure 2

USAG1-- mice showed less renal injury in cisplatin nephrotoxicity. (A) Survival curves of wild-type mice (black line) and USAG 7+~ mice (red line)
after cisplatin administration (n = 24). (B) Serum creatinine (Cre) and blood urea nitrogen (BUN) levels at 3 days after injection of cisplatin (n = 6).
(C) Representative renal histological findings in wild-type mice and USAG 7--mice on day 3. Scale bars: 100 um. (D) Semiquantitative evaluation of
morphologic kidney damage, expressed as relative severity on a scale from 0 to 4 (n = 6). Morphological findings were scored according to proximal
tubule brush border loss (BB loss), tubule dilatation (Dilatation), tubule degeneration (Degeneration), and tubule necrosis (Necrosis). *P < 0.01;
**P < 0.001. (E) E-cadherin expression in cisplatin nephrotoxicity. Kidney lysates were subjected to immunoblotting with anti—E-cadherin antibody.
Representative data from 4 independent experiments are shown. (F) TUNEL staining of kidneys on day 3 of cisplatin nephrotoxicity. The number
of TUNEL-positive cells per section was counted in transverse sections (n = 6). Scale bars: 10 um. (G) Gene expression in cisplatin nephrotoxicity.
Gene expression was determined by real-ime RT-PCR. In each experiment, expression levels were normalized to the expression of GAPDH and
expressed relative to mice on day 0. n = 4-6 for each experiment. 1P < 0.005; #P < 0.02. Colda1, collagen type IV o 1. (H) Infiltration of Mac-1-posi-
tive cells after cisplatin injection. The number of Mac-1—positive cells per field was counted in 10 consecutive fields (n = 6). Scale bars: 100 um.
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USAG 1-- mice showed reduced EMT and tubulointerstitial fibrosis in UUO. {A) Representative histology of the obstructed kidney in wild-type
mice and USAG 1~ mice 14 days after the operation. Scale bars: 100 pm. (B) Semiquantitative evaluation of morphologic kidney damage in
wild-type mice and USAG7-- mice, expressed as relative severity on a scale from 0 to 4 (n = 6). (C) E-cadherin expression in UUO. Kidney
lysates were subjected to immunoblotting with anti-E-cadherin antibody. Representative data from 4 independent experiments are shown. (D)
jmmunostaining of o-SMA in UUO. Arrowheads indicate vascular smooth muscle cells. (E) Immunostaining of type 1V collagen in UUO. Scale
bars: 10 um. (F) Gene expression in UUO. Gene expression was determined by real-time RT-PCR. In each experiment, the expression levels
were normalized to the expression of GAPDH and expressed relative to expression in mice on day 0. n = 4-6 for each experiment. #P <0.01;
tP < 0.005; *P < 0.001; **P < 0.0001. Sham ope, mice 14 days after sham operation; day 14, mice 14 days after UUO.

specificity of the antibody against phospho-Smad1/5/8. We also
examined the phosphorylation of Smad1/5/8 in immunoblotting
ofkidney lysates and demonstrated that the phosphorylation was
preserved in the kidneys of USAGI~ mice, while it was downregu-
lated in WT mice (Figure 4C). No difference was observed in the
phosphorylation of Smad1/5/8 prior to disease induction between
USAG 1/~ mice and WT mice (Figure 4, A and C).

Blocking BMP-7 activity abolishes renoprotection in USAGI~~mice. To
analyze the mechanism of renoprotection in USAGI~~mice, we
administered a neutralizing antibody against BMP-7 to USAGI”-
mice in both kidney disease models. First we evaluated the speci-
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ficity of the neutralizing activity of the antibody using an assay
measuring alkaline phosphatase activity and phosphorylation of
Smad1/5/8 in C2C12 cells induced by BMPs. Addition of the anti-
body inhibited che alkaline phosphatase activity and phosphoryla-
tion of Smad1/5/8 induced by BMP-7, but not by BMP-4 (Figure
5A) or BMP-2 (data not shown), indicating the specificity of the
antibody. As a negative control, we used isotype-mactched IgG2B.
Next we administered a neutralizing antibody against BMP-7 to
USAG1+- mice with cisplatin nephrotoxicity. Of 7 mice treated with
neutralizing antibody, 2 mice died on day 2 and 1 mouse died on
day 3, while none of the mice treated with isotype-martched IgG2B
Volume 116 73
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Enhanced BMP signaling in kidneys of USAG 7~ mice. (A) Phosphorylation of Smad1/5/8 in kidneys of USAG 77~ mice and WT mice. The
number of pSmad1/5/8-positive nuclei (upper panels) was counted in 10 consecutive fields in each specimen and normalized by the number
of DAPI-positive nuclei (lower panels). n = 8. Scale bar: 10 um. *P < 0.001; **P < 0.0001. Non treat, mice without disease models. (B) Double
immunostaining of phospho-Smad1/5/8 and phospho-Smad2/3. Almost all the nuclei positive for pSmad1/5/8 were negative for pSmad2/3.
Scale bar: 10 pm. (C) Immunobiotting of phospho-Smad1/6/8 in kidney lysates prior to disease induction and in both kidney disease models.

Representative data from 5 independent experiments are shown.

died within the first 3 days. Administration of neutralizing anti-
body also resulted in a deterioration of renal function measured by
elevation of serum creatinine to a level similar to that in WT mice,
while administration of I[gG2B did not (Figure SB). Furthermore,
histological examinaction of the kidneys of USAGI~~ mice treated
with neutralizing antibody demonstrared severely damaged proxi-
mal tubular epithelial cells, while these changes were absent in mice
treated with IgG2B (Figure 5B). We also administered rhe neutral-
izing antibody to USAGI~~ mice with UUO and found thar type
IV collagen expression in the obstrucred kidney was increased in
USAGI~~ mice treated with neutralizing antibody, but notin those
administered IgG2B (Figure 5C). Histological examination of the
obstructed kidneys of USAGI~~ mice treated with neutralizing anti-
body demonstrated severe interstitial fibrosis, while this change
was almost absent in mice treated with IgG2B (Figure 5C).

USAGI is the most abundant BMP antagonist in adult kidney. Finally
we analyzed the expression of USAG-1 and other BMP antago-
nists in adult kidneys using modified real-time PCR and in situ
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hybridization (Figure 6). To compare the expression levels of
different genes in real-time PCR, we set the standard curve with
the plasmid encoding each BMP antagonist at various concentra-
tions and analyzed the copy number of each gene contained in
kidney ¢cDNA. Among known BMP antagonists, USAG-1 was by
far the most abundant in the kidneys, and twisted gastrulation
was the second most abundant BMP antagonist. We also ana-
lyzed the localization of BMP antagonists in the kidneys using
in situ hybridization and found that the expression of USAG-1
was confined ro distal tubules, as previously described (21), wich
a pattern similar to that of BMP-7 (12). Expression of twisted
gastrulation was also detected in some distal tubules; however,
the intensity of the signal was much lower than that of USAG-1,
in accordance with the results of real-time PCR. Differential
screening-selected gene aberrative in neuroblastoma (DAN)
and protein related to DAN and Cerberus (PDRC) were faintly
observed in the inner medulla, and other BMP antagonists were
not detected with this method.
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Blocking BMP-7 activity abolishes renoprotection in USAG7-- mice. (A) Evaluation of neutralizing activity of anti-BMP-7 antibody. Anti-BMP-7
antibody inhibits alkaline phosphatase activity and phosphorylation of Smad1/6/8 induced by BMP-7, but not by BMP-4. (B) Serum creatinine
level of USAGT-- mice treated with anti-BMP-7 antibody and representative histological findings on day 3 of cisplatin nephrotoxicity. Scale bar:
100 um. (C) Gene expression of type |V collagen in kidneys of USAG T~ mice treated with anti-BMP-7 antibody and representative histological
findings on day 14 of UUO. *P < 0.1; **P < 0.01; #*P < 0.001; TP < 0.0001.

Discussion

Epithelial-mesenchymal transition (EMT) is a necessary step for
renal fibrosis, as well as in embryonic development and tumor
progression (29-31). TGF-f is known to stimulate EMT, while
BMP-7 inhibits and reverses the transition (3). Zeisberg et al.
recently reported that BMP-7 reverses TGF-B1~induced EMT and
induces mesenchymal-epithelial transition in vitro (4, 32). They
furcher demonstrated that administration of a pharmacological
dose of BMP-7 resulted in regression of established lesions in the
kidney and improved renal function. In this report, we demon-
strated that deficiency of USAG-1,a novel BMP antagonist in the
kidney, results in marked preservation of renal function by rein-
forcement of BMP signaling.

Based on these findings, we set the working hypothesis: in many
types of renal disease, proximal tubule epithelial cells (PTECs)
are the main site of injury (33) and undergo EMT, which causes
loss of structural integrity of epithelial cells characrerized by a
reduction of E-cadherin expression and the induction of a-SMA
in interstitial myofibroblasts (Figure 7A). BMP-7 secreted from
distal rubules (12) inhibits EMT of PTECs and induces redifferen-
tiation of mesenchymal cells to epithelial cells. USAG-1 produced
from distal tubules binds to BMP-7 and inhibits its renoprotective
action by interfering with binding to its receptors.

In addition teo the inhibition of EMT, many other pharmaco-
logical actions of BMP-7 have been reported. Administration of
recombinant BMP-7 inhibits the induction of inflammarory
cytokine expression in the kidney (12), attenuares inflammatory
cell infileration (6), and reduces apoptosis of tubular epithelial
cells in renal disease models (34) (Figure 7A). These phenomena
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are also observed in USAGI~~ mice, and the similarity between
BMP-7-treated animals and USAG1~~ mice strongly supports our
working model that deficiency of USAG-1 reinforces the renopro-
tective activities of BMP.

In accordance with this hypothesis, the renoprotection in
USAG1”~ mice was abolished in both renal disease models when
a neutralizing antibody against BMP-7 was administered (Figure
5). These results strongly support the hypothesis, and BMP-7 is a
potent candidate for the counterpart of USAG-1.

We also observed preserved phosphorylation of Smad1/5/8
in the kidneys of USAGI~~ mice in both renal disease models,
suggesting that BMP signaling was enhanced in USAGI~~ mice,
while no difference was observed between WT and KO mice in
phosphorylation of Smad1/5/8 prior to disease induction (Fig-
ure 4, A and C). We assume that BMP signaling prior to disease
induction might be potent enough to cause full phosphorylation
of Smad1/5/8 regardless of the presence or absence of USAG-1,
while in che later stages of kidney diseases, BMP signaling is
decreased and the presence of USAG-1 might cause a furcher
reduction in BMP signaling.

Furthermore, we demonstrated that USAG-1 is by far the most
abundant BMP antagonist in the kidney (Figure 6A). Because other
BMP antagonists also antagonize BMP-7 activities (Supplemental
Figure 2), we conclude that USAG-1 plays an important role in
the modulation of BMP activities in the kidney not because of irs
ligand specificity, but because of its high expression among other
BMP antagonists. In addition, the tissue localization of USAG-1
(Figure 6B) is quite similar to that of BMP-7 (12), and USAG-1 can
effectively access and inactivate BMP-7 at the site of production.
Number 1
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Figure 6

Expression of BMP antagonists in kidney. (A) Kidney cDNA
of wild-type mice with Svj background was subjected to real-
time PCR with various primers for BMP antagonists, and the
standard curve was set using the plasmid encoding each BMP
antagonist from concentrations of 1 pg/ul to 1 fg/ul. The values
of each BMP antagonist in the kidney cDNA were multiplied by
the length of the vectors and normalized to the value of USAG-1
expression (n = 4-5). Expression of USAG-1 was by far the
most abundant in the kidney among other BMP antagonists.
Tsg, twisted gastrulation. {B) Kidney sections were subjected
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Alchough we illustrated USAG-1/BMP-7 binding as occurring out-
side of PTECs in Figure 7A, it might be possible that the binding
occurs intracellularly wichin the secretory pathway in PTECs and
that USAG-1 and BMP-7 are secreted in complex form. Further
investigations are necessary to clarify this point.

Interestingly, the expression of USAG-1 decreased during the
course of disease models (Supplemental Figure 3 and unpub-
lished observations). We assume that the reduction of USAG-1 in
renal diseases is a self-defense mechanism ro minimize its inhibi-
tory effect on BMP signaling. Because the reducrion in USAG-1
expression in WT mice is not enough to overcome the reduction
in BMP-7 expression, further reduction or abolishment of the
action of USAG-1 is desirable for the preservation of renal func-
tion, and the results of the present study justify therapy targeted
toward USAG-1. For example, drugs or neurralizing antibodies
thac inhibit binding between USAG-1 and BMP or gene-silencing
therapy for USAGI would enhance the activity of endogenous BMP
and might be a promising way to develop novel therapeutic meth-
ods for severe renal disease (Figure 7B). Because the expression of
USAG-1 is confined to the kidney in adult mice and humans (21),
it would be a better target for kidney-specific therapeutic trials.
On the orher hand, administracion of recombinant BMP-7, whose
targert cells are widely distributed throughout the body, might
produce some additional extrarenal actions, including beneficial
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effects, such as actions on renal osteodystrophy (35-39) and
vascular calcification (40, 41).

Furthermore, these therapies targeted toward USAG-1
might protect the kidney during administration of neph-
rotoxic agents such as cisplatin. The pathological roles of
USAG-1 in glomerular injury should be further elucidated
before we undertake therapeutic crials against USAG-1.

Despite the essential role of BMP-7 in renal development,
we did not observe any developmental abnormality in the
kidney of USAGI-~ mice with this genetic background. We
assume that there are many reasons for the lack of develop-
mental abnormality: First, USAG-1 expression in the devel-
oping kidney is not apparent on embryonic day 11.5 (21),
whereas BMP-7 expression is intense in the meranephric
mesenchyme (42) with a pateern similar to that of gremlin
(43). In the later stages, USAG-1 expression appears in the
tubular epithelium in the medullary region (21), whereas BMP-7
expression is confined to the condensed mesenchyme and periph-
eral ureteric epithelium (42). Therefore, the expression pattern of
USAG-1 in the developing kidney is totally different from that
of BMP-7. Second, the expression of USAG-1 is very low in early
embryogenesis, increases toward the late stage of embryogenesis,
and is much higher in the adult kidney (21), while the expression
of gremlin is high in early embryogenesis with a pattern similar to
that of BMP-7, and becomes almost undetectable in the healthy
adulc kidney (Figure 6). Furchermore, gremlin-deficient mice show
severe developmental abnormality in the kidney, which is quite
similar ro that of BMP-7-deficient mice. Therefore, we conclude
that gremlin is a regulator of BMP-7 activity in the developing kid-
ney, and lack of USAG-1 might be compensated by gremlin and
does not cause any developmental abnormality in the kidney.

Recently another function of USAG-1 as a modulator of Wne sig-
naling has been reported in Xenopus embryogenesis (44). Although
the role of the Wnt pathway in the progression of renal diseases
remains to be elucidared, there is a possibility that modulacion of
the Wnrt pathway might also play some roles in the preservation of
renal function in USAGI~~ mice. Close relationships between the
Wneand BMP pathways have also been reported; for instance, dick-
kopf homolog 1 (DKK1), a Wnr antagonist, and noggin, a BMP
antagonist, cooperate in head induction, while the expression of
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Working model of role of BMP-7 and USAG-1 in renal diseases. (A) In renal injury, PTECs are mainly damaged and undergo EMT to fibroblast-
like mesenchymal cells. BMP-7 secreted by the distal tubule inhibits EMT and apoptosis of PTECs. USAG-1 is also secreted by the distal tubule,
binds to BMP-7, and inhibits the renoprotective actions of BMP-7. () Therapeutic implication of USAG-1. Reduction of USAG-1 activity, for
example, by a neutralizing antibody blocking the binding of USAG-1 and BMP-7, resulis in reinforcement of the renoprotective action of BMP-7.

MET, mesenchymal-epithelial transition.

DKK1 is regulated by BMP-4 in limb development. Furthermore,
a BMP antagonist, cerberus, has binding sites for both Wnt and
BMP and antagonizes the activities of both the Wnt and BMP sig-
naling pathways. USAG-1 might also have dual activities and act
as a molecular link between these 2 important signaling pathways.

In conclusion, this study showed that USAG-1 plays important
roles in the progression of renal diseases and might be a potent
negacive regulator of the renoprotective action of endogenous
BMP signaling. Recently, Lin et al. identified a positive regulator
of BMP-7 named kielin/chordin-like protein (KCP) and demon-
strated that KCP-~ mice are susceptible to rubular
injury and interstitial fibrosis (45). These dara sup-
port the idea that BMP-7 protects the kidney from
renal injury. Because these negative and positive
modulators of BMP signaling regulate and edge the

Table 1

Primersfor reat-time RT-PCR

with wild-type C57BL/6] mice. Following germline transmission, the mice
were maintained in a mixed Sv] background. PCR genotyping was used
for all subsequent studies to allow specific detection of both the wild-
type and USAGI~- alleles (Figure 1C). Sequences of the primers used for
genotyping are as follows: F1, CCCCTCCTCATCTGGCTGCTTCCTA-
AACGG; R1, CAGTCACGACGTTGTAAAACGACGGGATCC; F2,
GGGATCCCACCCCTTCTCT; and R2, GCCGGGACAGGTTTAACCA.
Animal use. All experiments except those represented in Supplemental Fig-
ure 3 were performed using USAGI~~ mice and their wild-type lictermates
(USAGI7*) of the F, generation. All mice were housed in specific pathogen-

boundaries of BMP activity, further understanding Gene Sequence of primers {5’-3)
of these modulators would give valuable informa- GAPDH CCAGAACATCATCCCTGCATC; CCTGCTTCACCACCTTCTTGA
tion abouct their pathophysiological functions and TNFa ATGAGAAGTTCCCAAATGGCC; CCTCCACTTGGTGGTTTGCTA
provide a rationale for a therapeutic approach IL-18 COTTCCAGGATGAGGACATGA; AACGTCACACACCAGCAGGTT
against these proteins. TGFB1 GCAACAATTCCTGGCGTTACC; CGAAAGCCCTGTATTCCGTCT

’ MCP-1 TGCATCTGCCCTAAGGTCTTC; AAGTGCTTGAGGTGGTTGTGG
Methods Goldal TTCGTTCGTGATGCACACCA; TTCTCATGCACACTTGGCAGC

} e . - USAGT GCAAGAGCACCCTGAATCAAG; TGTATTTGGTGGACCGCAGTT
Generation of USAGI'T" mice. We isolated a genomic frag ohordin GCAGTGGTTCCCAGAGAATCA: AACAATCGTCCCGCTCACAGT
ment containing c}fe mouse USAGI gene Y screening @ DAN CTTCAGTTACAGCGTCCCCAA; CCAAGGTCACAATCTCCCACA
129/8v] genomic library (Straragene). We inserted an PROC AGGAGGCTTCCATCTCGTCAT, CCGGTTCTTCCGTGTTTCA
nlacZ gene and a PGK-NeoR cassette in the opposite tran- Twisted gastrulation  AAACGTGTCTGTTCCCAGCAA; ACACTGGTGGATGGACATGCA
scriptional orientation to the USAGI gene. ES cells were Gremlin AGCCCAAGAAGTTCACCACCA; TATGCAACGGCACTGCTTCAC
transfected with che linearized targeting vector by elec- Sclerostin CAAGCCTTCAGGAATGATGCC; TCGGACACATCTTTGGCGT
troporation and selecred by G418-containing mediam. Noggin AGAAACAGCGCCTGAGCAAGA; AAAAGCGGCTGCCTAGGTCAT
Homologous recombinants were screened and identified Gerberus CCCATCAAAAGCCACGAAGT, CCAAAGCAAAGGTTGTTCTGG
by genomic Southern blot analysis with an Hincll-EcoRI g;)l;,g-,? iggigg&ﬁ%%p&cgéggggégg@gﬁgﬁ{;ﬁ;ﬂ%&%ﬁ%ﬁ AGT
probe mapping outside the §" homologyarm (Figure 1A). - gy 5 AGCGAATGGATTATCTCTCCCA; TCTTTTCCGGCACAGAGCA
Homologous recombined ES cell clones were obtained,  gyyp 4 CTGGAATGATTGGATTGTGGC; GCATGGTTGGTTGAGTTGAGG
and correct recombination was confirmed by Sourhern BMP-5 AAGCCTGCAAGAAGCACGAA: GEAAAAGAACATTCCCCGTCA
blot (Figure 1B) as well as PCR analyses. BS cells carry-— gygp.g CCAACCACGCCATTGTACAGA; GGAATCCAAGGCAGAACCATG
ing the USAGI-null allele were injected into CS7BL/6 BMP-7 TGTGGCAGAAAACAGCAGCA; TCAGGTGCAATGATCCAGTCC
blastocysts to obtain chimeric mice, which were crossed .
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free conditions. Experiments represented in Supplemental Figure 3 were
performed using C57BL/6 mice. All animal experiments were approved by
the Animal Research Committee at the Graduate School of Medicine, Kyoto
University, and the Animal Experiment and Use Commitree at the Univer-
sity of Tsukuba and were in accordance with NIH guidelines.

Cisplatin administration. Cisplatin (Sigma-Aldrich) was administered at
20 mg/kg vo mice by a single intraperitoneal injection. Mice were sacri-
ficed 72 hours after administration of cisplatin, and tissue and blood were
collecred for further analysis.

UUO. Complete UUO was performed as previously described (46). Brief-
ly, under sodium pentobarbital anesthesia, the middle portion of the left
ureter was ligated and cut berween 2 ligated points. At 14 days after sur-
gery, the mice were sacrificed, and the obstructed kidneys were subjecred
to the studies described below.

Histological studies. The kidneys were fixed in Carnoy solution and embed-
ded in paraffin. Sections (2 pm) were stained with PAS for routine histo-
logical examination, and the degree of morphological changes was derer-
mined using light microscopy. The following parameters were chosen as
indicative of morphological damage to the kidney after cisplatin injection
and UUO: brush border loss, tubule dilatation, tubule degeneration, and
tubule necrosis. These parameters were evaluated on a scale of 0 to 4, and
classed as: 0, not present; 1, mild; 2, moderate; 3, severe; and 4, very severe.
The remaining kidney was used for immunohistochemical study, RNA iso-
lation, and protein extraction.

Immunostaining. Frozen sections of kidneys were subjected to
immunostaining with polyclonal antibodies against type IV collagen (ICN
Pharmaceuticals), phosphorylated Smad1/5/8 (Cell Signaling Technol-
ogy), and phosphorylated Smad2/3 (Santa Cruz Biotechnology Inc.) and
monoclonal antibodies against o-SMA (Sigma-Aldrich) and Mac-1 (BD
Biosciences — Pharmingen) as previously described (47, 48).

Immunoblotting. Whole kidney protein was homogenized in RIPA buffer
(50 mM Tris at pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.28% SDS, 1 mM
Na3;VO4, 2 mM EDTA, 1 mM PMSF, and 10 pug/ml aprotinin} and subjected
to immunoblotting as described previously (49). Anti-E-cadherin antibody
and anti-GAPDH antibody were from BD Biosciences — Transduction Lab-
oratories and Research Diagnostic Inc., respectively.

Apoptosis detection and quantification. The TUNEL technique (In Situ Cell
Death Derection Kit; Roche Diagnostics GmbH) was used ro detect apop-
totic cells in situ. All apoptotic nuclei within a transverse section at the
renal pelvis were counted.

Quantification of mRNA by real-time RT-PCR. Real-time RT-PCR was per-
formed with a 7700 Sequence Detection System (Applied Biosystems).
Five micrograms of toral RNA was reverse transcribed in a reaction volume
of 20 ul using Superscripe III reverse transcriptase and random primers
(Invitrogen Corp.). The product was diluted to a volume of 400 ul, and S-pl
aliquots were used as templates for amplification using SYBR Green PCR
amplification reagent (Applied Biosystems) and gene-specific primers. Spe-
cific primers for each gene transcript (listed in Table 1) were designed using
Primer Express software version 2.0.0 (Applied Biosystems) and checked
as to whether they showed a single peak in the dissociation curve. Serially
diluted cDNA or plasmids encoding probes for in situ hybridization were
used to generate the standard curve for each primer, and the PCR condi-
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tions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C
for 15 seconds and 60° C for 1 minute for 40 cycles.

Administsation of neutralizing antibody against BMP-7.1n cisplatin nephrotox-
icity, 1.5 mg/kg neutralizing anti-BMP-7 antibody (R&D Systems Inc.) was
peritoneally injected into USAGI~ mice 24 hours after injection of cisplat-
in.In UUOQ, 0.5 mg/kg neutralizing anti-BMP-7 antibody was injected every
3 days from day 2 to day 11. As a negative control, isotype-matched IgG2B
(BD Biosciences) was injected at the same time points. Neutralizing activity
of the antibody was evaluated by an assay measuring the production of alka-
line phosphatase activity by C2C12 cells, as previously described (21).

In situ hybridization. The kidneys were excised from adulr male mice and
fixed in 4% paraformaldehyde in PBS. Frozen sections (5 pm thick) were
treated with 1 pg/ml proteinase K in PBS at 37°C for 30 minures and acety-
lated in 0.1 M triethanolamine-HCI, 0.25% acetic anhydride for 15 min-
utes. Hybridization was performed with probes at concentrations of about
1 ug/ml in a hybridization solution (50% formamide, x5 SSC, 1% SDS, 50
pg/ml rransfer RNA, and 50 pg/ml heparin) at 60°C for 16 hours. RNA
probes were synthesized by in vitro transcriprion with a DIG RNA Label-
ing Mix (Roche Diagnostics Corp.). Bach probe was designed to contain an
open reading frame with the following length and G+C content: USAG-1,
1.0 kbp (G+C 52.6%); sclerostin, 1.5 kbp (61.7%); coco, 1.2 kbp (54.7%);
DAN, 1.0 kbp (60.6%); twisted gastrulation, 0.7 kbp (55.1%); PRDC, 0.8
kbp (57.7%); chordin, 1.5 kbp (60.2%); gremlin, 0.9 kbp (50%); noggin, 0.7
kbp (64.7%); cerberus, 1.5 kbp (48.8%). Hybridization was detected using an
anti-DIG AP conjugate (Roche Diagnostic Corp.) and NBT/BCIP solution
(Roche Diagnostics Corp.).

Analysis of phenotype of adult teeth. Skeletal preparations of the maxillae and
mandibles were made by soaking the mouse heads in 0.02% proteinase K
in PBS at 37°C for 4 days after peeling off the skin, dissecting the maxillae
and mandibles, and clearing them in 5% H,0; at room temperature for §
minutes. Finally they were rinsed in H,O and left to dry.

Statistics. All assays were performed in triplicate. Data are presented as
mean # SD. Statistical significance was assessed by ANOVA, followed
by Fisher’s protected least significant difference post-hoc test. Surviv-
al curves were derived using the Kaplan-Meier method and compared
using log-rank rest.
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Abstract

Hypercholesterolemic patients with type 2 diabetes mellitus are at increased risk of coronary heart disease (CHD); however, direct evidence
is very limited in Japanese patients. The J-LIT is the first nationwide study conducted to assess the relationship between serum lipid levels
and development of coronary events in Japanese hypercholesterolemic patients. We analyzed the coronary events in the J-LIT study subjects
by having type 2 diabetes or not. Of the total 41,801 subjects without prior CHD who received open-label simvastatin, 5 mg/day, 6554 (male
40.2%, age 57.8 4= 7.8) subjects had type 2 diabetes, while 35,247 (male 30.0%, age 57.8 & 7.9) did not.

In this analysis, relative coronary event risks based on a 0.26 mmoV/1 (10 mg/dl) increase in low density lipoprotein-cholesterol (LDL-C),
were similar between hypercholesterolemic subjects with and without type 2 diabetes (17.3% versus 19.4%). Although all subjects were
treated with simvastatin, the subjects with type 2 diabetes have significantly more coronary events compared to the subjects without type
2 diabetes (1.80/1000 and 0.76/1000 patient-years, respectively). Given the results above, to reduce the risk of coronary events in Japanese
patients with both hypercholesterolemia and type 2 diabetes, careful and strict cholesterol management is needed in addition to the control of
blood glucose.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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Hypercholesterolemia is a significant risk factor for coro-
nary heart disease (CHD) [1-4], and the risk of CHD-
related events is five to seven times higher in patients with
atherosclerotic diseases than subjects without them. There-
fore, reducing the total cholesterol (TC) level is critical for
the patients with atherosclerotic diseases [5,6]. In the pre-
vious reports [7,8], we demonstrated the clear relationship
between low density lipoprotein-cholesterol (LDL-C) levels
and CHD risk in the Japanese subjects. Lifestyle factors, such
as diet and exercise, have strong influences on the risk of
CHD development. While the incidence of CHD in Japan
is still much lower than that in western countries [9,10],
TC levels in Japanese people have been increasing, proba-
bly due to the westernized lifestyles (e.g., increased intake
of animal fats and proteins) [11,12], which might subse-
quently increase the incidence of CHD. The wesiernized
lifestyle might also be one of the major reasons that type
2 diabetes mellitus, has also been increasing dramatically
over the past 20-30 years in Japan [13]. Type 2 diabetes
is also well-established as a risk factor for the development
of CHD.

Many investigators in the western countries have reported
that patienis with both hypercholesterolemia and type 2 dia-
betes have more increased risk for the incidence of coro-
nary events (acute myocardial infarction and sudden car-
diac death) compared to patients with hypercholesterolemia
alone (reviewed in Ref. [14]). However, there is no data
on this issue in Japan based on a large scale epidemio-
logical survey. Therefore, it is worthwhile to analyze the
J-LIT (Japan Lipid Intervention Trial) study for this pur-
pose. The J-LIT was the first nationwide observational cohort
study in Japan with a large number of hypercholesterolemic
patients treated in usual clinical practice, and it was designed
to assess the relationship between the lipid levels and the
incidence of CHD [15]. In Japan, cholesterol lowering ther-
apy is well established; therefore placebo control group was
not placed for ethical and practical reasons. J-LIT patients
without prior CHD (myocardial infarction or angina pec-
toris) were classified into diabetic and non-diabetic groups
and we analyzed the incidence of coronary events and coro-
nary deaths. We also assessed the relationship between the
incidence of coronary events and risk factors in the study
period.

1. Research design and methods

The design of the J-LIT study was described previously
[15]. The study involved 6500 general practitioners through-
out the country and enrolled 52,421 patients including men
aged 35-70 years and postmenopausal women under 70 years
of age, witha TC level >5.69 mmol/l. Exclusion criteria were
recent acute myocardial infarction (MI) or stroke within a
month, uncontrolled diabetes mellitus, serious concomitant
hepatic or renal disease, secondary hypercholesterolemia,
malignancy or any illness with poor prognosis. Patients were

selected throughout Japan and received open-label simvas-
tatin, 5-10 mg/day. The dosing was decided according to
the approved Japanese labeling of Lipovas®. Lipid levels,
adverse events, and coronary events were monitored for 6
years. Another lipid-lowering agent was permitted to use
when serum TC level did not show an adequate response
to simvastatin monotherapy 10 mg/day.

The primary endpoints were coronary events, including
acute MI and sudden cardiac death. All coronary events
during the study period were assessed by the Endpoint Clas-
sification Committee. Each patient was informed of the study
purpose, as well as drug efficacy and the need of long-term
reatment. In this report, we used criteria for the diagnosis
of type 2 diabetes established in 1999 by the Japan Diabetes
Society (JDS), which are similar to the WHO type 2 diabetes
diagnostic criteria.

1.1. Statistical analysis

All data were analyzed using survival analysis. For base-
line patient characteristics, patients were classified into
groups with and without type 2 diabetes. The average lipid
levels were calculated using the data obtained throughout the
study period. In the cases of the subjects who experienced
any other diseases or coronary events after the enrollment
of the study, the lipid data after the events were excluded
from the calculation. For the risk of CHD events, patients
were stratified according to average lipid levels (TC, LDL-C,
TG, and HDL-C) during the treatment period. TC, LDL-
C, TG and HDL-C were classified into discrete intervals of
0.52,0.52,0.56 and 0.26 mmol/l, respectively. Reference cat-
egories were set for the subgroups of the lowest lipid levels.
Relative risks with 95% confidence intervals were calculated
using the Cox proportional-hazard model [16] with adjust-
ment for baseline characteristics (gender, age, hypertension,
type 2 diabetes mellitus, fasting blood glucose, and smoking).
For all statistical analysis, p values <0.05 were considered
significant. All statistical calculations were performed using
SAS software (version 6.12, SAS Institute Inc., Cary, NC).

2. Result
2.1. Follow-up of subjects

Of the 52,421 patients enrolled in the J-LIT study, 47,294
patients were screened for the primary prevention cohort
study 17]. In this investigation, data collected from 41,801
of the patients were used for analysis; 5493 patients were
excluded for the following reasons: lack of follow-up data
(932 patients), violation of inclusion criteria (63 patients),
unwillingness to participate (6 patients), and incomplete data
on covariates (4492 patients). In the 6 years from the date of
enrollment, 31,370 patients were followed up by the investi-
gators. The average length of follow-up was 5.39 years per
subject.
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Table 1
Baseline characteristics and lipid profiles of the subjects by diabetes status
DM Non-DM p-Value
Number of patients 6554 35247
Male gender (%) 40.2 30.0 <0.001
Age (years) 57.8+7.8 57.8%+79 0.536
Obesity (%)* 39.5 325 <0.001
Hypertension (%) 46.1 45.9 0.691
ECG abnormality (%) 15.1 12.5 <0.001
Family history of CHD (%) 4.5 4.8 0.317
Smoking habit (%) 21.3 15.6 <0.001
Alcohol consumption (%) 33.9 28.0 <0.001
Exercise (%) 59.1 48.8 <0.001
Fasting blood glucose (mmol/l) 8.534+3.12 531 1.16 <0.001
Lipid profiles
Baseline (mmol/I)
TC 6.98 £0.90 6.97+0.88 0.353
LDL-C 4.68£0.85 4724087 <0.001
HDL-C 1.324£0.40 1.38+0.39 <0.001
TG 2.56+2.51 2.14+1.76 <0.001
During treatment (mmol/1) % Change % Change
TC 5.64 &+ 0.81 -19.2 5.70 £ 0.75 —18.2 <.001
LDL-C 3.38 £ 0.76 -27.8 3.47 + 0.75 —26.5 <.001
HDL-C 1.39 £ 035 +5.3 1.44 % 0.35 +4.3 <.001
TG 2.04 + 1.46 -20.3 1.81 & 1.07 —15.4 <.001

DM, type 2 diabetes; ECG, electrocardiogram; CHD, coronary heart disease; TC, total cholesterol; LDL-C, low-density lipoprotein-cholesterol, TG, triglyceride;

HDL-C, high-density lipoprotein-cholesterol. Data are mean =+ S.D.
2 Obesity, body mass index > 25 kg/m?.

2.2. Baseline characteristics of the study patients

Of the 41,801 patients included in this analysis, 6554
(15.7%) had type 2 diabetes. The baseline characteristics
of the patients with and without type 2 diabetes mellitus
are shown in Table 1. There are characteristic differences
between the patients with and without type 2 diabetes. Pro-
portions of male, and obesity, were higher in the patients
with type 2 diabetes mellitus (p <0.001). Also, the rate of
performing casual exercise was higher in the patients with
type 2 diabetes, probably because they had been encouraged
taking exercise by physicians due to their high blood glucose.

In patients with type 2 diabetes mellitus, oral hypo-
glycemic agents were used in 40.5%, while insulin was used
in 5.6% of them.

2.3. Lipid levels

Table 1 illustrates the lipid levels at baseline and during the
treatment period in the diabetic and non-diabetic patients. As
shown, the lipid levels were similar between the two groups
except TG (p < 0.001). This suggests that simvastatin is effec-
tive for the treatment of hypercholesterolemia, in both patient
groups.

2.4. Incidence of coronary events

A total of 207 coronary events occurred during the study
period (Table 2). As predicted, the incidence rate of coro-
nary events is markedly higher in the hypercholesterolemic
patients with type 2 diabetes than in the subjects without

Table 2
Incidence of coronary events
N (incidence rate) Relative risk (95% CD p-Value
DM Non-DM
Coronary events 62 {1.80) 145 (0.76) 2.38 (1.77-3.21) <0.001
2.11(1.56-2.85) <0.001°
Fatal 25(0.73) 37 (0.19) 3,75 (2.26-6.22) <0.001
3.31(1.98-5.51) <0.001*
Non-fatal 37 (1.07) 108 (0.57) 1.91(1.32-2.78) <0.001
1.70(1.17-2.47) 0.006%

DM, type 2 diabetes; incidence rate/1000 patient-years; CI, confidence interval.

* Adjusted with age, sex.
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Fig. 1. Relative risk of coronary events based on lipid total cholesterol (TC) (A), low density lipoprotein-cholesterol (LDL-C) (B), high density lipoprotein-
cholesterol (HDL-C) (C) and triglycerides (TG) (D) levels during treatment for patients with and without diabetes. Coronary events: myocardial infarction and
sudden cardiac death. DM, type 2 diabetes. Adjusted with sex, age, hypertension, fasting blood glucose, and smoking habit.
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Fig. 2. The incidence of coronary events and lipid levels during treatment. Coronary events: myocardial infarction and sudden cardiac death. DM, type 2
diabetes. Adjusted with sex, age, hypertension, fasting blood glucose, and smoking habit.

it (1.8/1000 patient-years versus 0.76/1000 patient-years),
despite ongoing treatment for type 2 diabetes during the study
period. The relative risk of coronary event for type 2 diabetes
was 2.38 (95% confidence interval 1.77-3.21, p<0.001),
and age and sex adjusted risk was 2.11 (95% CI 1.56--2.85,
p<0.001).

2.5. Relative risk of coronary events based on lipid
levels during the treatment

Patients in both groups were stratified in four groups based
on TC levels. Fig. 1(A) illustrates that the subgroups with
TC levels higher than 6.21 mmol/] have significantly higher
risk of coronary events in the both subjects with and with-
out type 2 diabetes compared to those with TC <5.17 mmol/l
(p =0.003 with type 2 diabetes and p<0.001 without type 2
diabetes).

Patients in both groups were stratified in four groups
based on LDL-C levels. Fig. 1(B) illustrates that the
subgroups with LDL-C levels higher than 4.14 mmol/l
have significantly higher risk of coronary events in the
both groups with and without type 2 diabetes compared
to those with LDL-C<3.10mmol/l (p<0.001 in both
groups).

Patients in both groups were stratified in four groups
based on HDL-C levels. Fig. 1(C) illustrates that the
subgroups with HDL-C levels higher than 1.29 mmol/l
have significantly lower risk of coronary events in the
both subjects with and without type 2 diabetes compared
to those with HDL-C < 1.03 mmol/l (p=0.006 and 0.003,
respectively).

The relationship between the TG levels and coronary
events risk is shown in Fig. 1(D). In patients without type
2 diabetes, the risk of coronary events does not ditfer based
on TG level. On the other hand, in patients with type 2
diabetes, TG levels greater than 2.82 mmol/l showed two-
fold increased risk of coronary events comparing to that of
TG < 1.69 mmol/l (p =0.033).

2.6. Relationship between lipid levels and the incidence
of coronary events

The incidence of coronary event at different levels of
LDL-C and HDL-C are illustrated in Fig. 2. For subjects
with and without type 2 diabetes, an increase of 0.26 mmol/l
(10mg/dl) in LDL-C is associated with a 17.3 and 19.4%
increase, respectively, in the risk of coronary events. On the
other hand, an increase of 0.26 mmol/l (10mg/dl) in HDL-C
is associated with a 34.9% (p < 0.001) and 38.0% (p <0.001)
decrease, respectively, in the risk of coronary events. The
association with an increase of 0.11 mmol/l (10 mg/dl) in TG
and the risk of coronary events is weak (1.3%, p=0.051 in
type 2 diabetes and 1.2%, p=0.051 in non-diabetes, respec-
tively).

2.7. Relative risk of coronary events by baseline
characteristics

The relative risks of coronary events analyzed by the
patients’ baseline characteristics are shown in Fig. 3. Male
patients with hypercholesterolemia generally have more
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Fig. 3. Relativerisk of coronary events by baseline characteristics. Coronary
events: myocardial infarction and sudden cardiac death. Obesity, body mass
index > 25 kg/m?; DM, type 2 diabetes. Adjusted with sex, age, hyperten-
sion, electrocardiogram abnormality, family history of CHD, smoking habit,
and alcohol consumption.



