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containing 0.01% hydrogen peroxide in 0.05 M Tris-buffered saline (pH 7.6) as  between two mean values. Multiple comparisons between more than three
a chromogenic substrate. The sections were then counterstained with hema-  groups were carried out using an ANOVA test. A value of P < 0.05 was
toxylin and eosin, dehydrated in a graded ethanol series, and mounted in  considered significant.

Permount (Fisher Scientific)?3.

For immunofluorescence studies, the sections were incubated with second-
ary antibodies conjugated with Alexa 488 or Alexa 594 (Molecular Probes).
Nuclei were stained with TO'.I'O—3 gMolecular Probes). Slides were obser_ved GenBank accession numbers. Mouse Chml, NM_010701; rat Chml,
under a confocal laser-scanning microscope (LSM 510 META; Carl Zeiss). NM 030854
Optical sections were obtained at 1024 x 1024 pixels resolution, and analyzed -
using LSM software (Carl Zeiss). We substituted nonimmune rabbit serum for  Npze: Supplementary information is available on the Nature Medicine website.
primary antibodies as a negative control for each immunostaining experiment.

Histological examinations were done at 8 (n = 10), 20 (n = 7), 32 (n = 7), ACKNOWLEDGMENTS
64 (n = 7) and 90 weeks (1 = 12) in wild-type and ChmI™*~ mice. Quantitative =~ We thank Y. Nishizaki and S. Kondo for technical support. This study was
analysis of the stained area was carried out by converting images to mono-  supported in part by research grants from the Ministry of Education, Science and

chrome with optimum saturation and counting the black pixels using NIH Culture, Japan, and by the Program for Promotion of Fundamental Studies in
Tmage software Health Science of the National Institute of Biomedical Innovation.

Other methods. Other methods are described in the Supplementary
Methods online. ’

Animals. Wild-type ICR mice and Wistar rats were purchased from Japan AWHOR CONTR_IBUHONS ]
CLEA. Apoe™ mice, deficient in apolipoprotein E, were used as an athero- This study was designed by K.E; experiments were Performed by M.Y,, §.Y., KM.,
sclerosis animal model. These mice are also known to show stage-related aortic KK, and N.K; the Chm1 knockout mouse and antibody to Chm-I were made

) by C.S. and Y.H.; surgical specimens we Hected by M.M., H.S. and R.Y,;
;45 y ; surgical specimens were collect ¥ , ;
stenosis®. These mice were purchased from the Jackson Laboratory and the MMP experiment was performed by T.S. and Y.O.; specimens from Apoe

maintained on a normal diet. The genetic backgrounds of the ChmI™" and knockout mice were distributed by M.S.; S.0. contributed to the writing of
age-matched control mice have been described previously®. TT2 embryonic  the paper.

stem cell clones*” harboring the targeted Chm ! coding region were identified by

Southern-blot analysis and were aggregated with CD-1 single eight-cell ~COMPETING INTERESTS STATEMENT

embryos to generate chimeras as described previously*®. Chimeras were crossed ~ The authors declare that they have no competing financial interests.

with C57BL/6 female mice to achieve germline transmission of the targeted
allele. Offspring were genotyped either by Southern blotting or by PCR.
Heterozygous ChmI*~ mice were backcrossed twice to C57/BL6 mice and
were maintained. Homozygous ChmI~~ strains, kept until 90.2 + 7.4 weeks
old, were used for experimental procedures. Homozygous ChmI*'* littermates
of the ChmI™" strain were used as controls for experimental procedures ©© 1. Hammon, J.W., Jr., O'Sullivan, M.1., Oury, J. & Fosburg, R.G. Allograft cardiac valves.
ensure that controls were age-matched and had the same genetic background as A view through the scanning electron microscope. J. Thorac. Cardiovasc. Surg. 68,
the knockout mice. All experimental procedures and protocols were approved 352-360 (1974).

. . . . . 2. Soini, Y., Salo, T. & Satta, J. Angiogenesis is involved in the pathogenesis of
by the Animal Care and Use Committee of Keio University, Japan. nonrheumatic aortic valve stenosis. Hum. Pathol. 34, 756-763 (2003).

3. Yamauchi, R. et al. Upregulation of SR-PSOX/CXCL16 and recruitment of CD8+ T cells
in cardiac valves during inflammatory valvular heart disease. Arterioscler. Thromb.

Published online at http://www.nature.com/naturemedicine/
Reprints and permissions information is available online at hitp://npg.nature.com/
reprintsandpermissions/

Echocardiography. Transthoracic echocardiography was carried out with the
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Mineralocorticoid Receptor Antagonism Ameliorates Left
Ventricular Diastolic Dysfunction and Myocardial Fibrosis
in Mildly Symptomatic Patients With Idiopathic
Dilated Cardiomyopathy
A Pilot Study
Hideo Izawa, MD, PhD; Toyoaki Murohara, MD, PhD; Kohzo Nagata, MD, PhD; Satoshi Isobe, MD, PhD;
Hiroyuki Asano, MD; Tetsuya Amano, MD, PhD; Sahoko Ichihara, MD, PhD; Tomoko Kato, MD, PhD;

Satoru Ohshima, MD; Yosuke Murase, MD; Shigeo [ino, MD, PhD; Koji Obata, PhD; Akiko Noda, PhD;
Kenji Okumura, MD, PhD; Mitsuhiro Yokota, MD, PhD

Background—Mineralocorticoid receptor antagonism reduces mortality associated with heart failure by mechanisms that remain
unclear. The effects of the mineralocorticoid receptor antagonist spironolactone on left ventricular (V) function and chamber
stiffness associated with myocardial fibrosis were investigated in mildly symptomatic patients with idiopathic dilated cardiomyop-

athy (DCM).

Methods and Results—Twenty-five DCM patients with a New York Heart Association functional class of I or II were examined before
and after treatment with spironolactone for 12 months. LV pressures and volumes were measured simultaneously, and LV
endomyocardial biopsy specimens were obtained. Serum concentrations of the carboxyl-terminal propeptide (PIP) and carboxyl-
terminal telopeptide (CITP) of collagen type I were measured. The patients were divided into 2 groups on the basis of the serum
PIP/CTIP ratio (=35, group A, n=12; >35, group B, n=13), an index of myocardial collagen accumulation. L'V diastolic chamber
stiffness, the collagen volume fraction, and abundance of collagen type I and IIl mRNAs in biopsy tissue were greater and the LV
early diastolic strain rate (tissue Doppler echocardiography) was smaller in group B than in group A at baseline. These differences
and the difference in PIP/CITP were greatly reduced after treatment of patients in group B with spironolactone, with treatment having
no effect on these parameters in group A. The collagen volume fraction was significantly correlated with PIP/CITP, LV early
diastolic strain rate, and L'V diastolic chamber stiffness for all patients before and after treatment with spironolactone.

Conclusions—Spironolactone ameliorated LV diastolic dysfunction and reduced chamber stiffness in association with regression of
myocardial fibrosis in mildly symptomatic patients with DCM. These effects appeared limited, however, to patients with increased
myocardial collagen accumulation. (Circulation. 2005;112:2940-2945.)

Key Werds: biopsy m cardiomyopathy & collagen & drugs & heart failure

Dilated cardiomyopathy (DCM) is characterized by pro-
gressive left ventricular (L'V) dilation and greatly im-
paired LV systolic function, eventually culminating in end-
stage congestive heart failure and death.!? Despite recent
improvements in medical management, the overall prognosis
of individuals with DCM is still poor. The Randomized
Aldactone Evaluation Study (RALES) demonstrated a 30%
reduction in the mortality of patients with a New York Heart
Association (NYHA) functional class of Il or IV after
treatment with the mineralocorticoid receptor antagonist spi-
ronolactone in addition to standard therapy for congestive

heart failure.® More recently, treatment with another miner-
alocorticoid receptor antagonist, eplerenone, was found to
reduce cardiovascular mortality by 17% in patients with
post-acute myocardial infarction.* However, the possible
therapeutic efficacy of mineralocorticoid receptor antagonists
in patients with mildly symptomatic heart failure such as
those with an NYHA functional class of 1 or II has not been
previously examined.

The mechanisms of the beneficial effect of mineralocorti-
coid receptor antagonism in patients with heart failure also
remain to be fully elucidated. Given that aldosterone pro-
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motes myocardial fibrosis in animals and humans,>® one of

the underlying mechanisms of the therapeutic effect of

mineralocorticoid receptor antagonism in chronic heart fail-
ure is thought to be prevention of this action of aldosterone.'©
Although mineralocorticoid receptor antagonism was found
to induce a marked reduction in the serum concentrations of
markers of myocardial fibrosis in patients with chronic heart
failure, direct clinical evidence of regression of myocardial
fibrosis induced by such treatment has been lacking.!t12
Regression of myocardial fibrosis in response to treatment
with a mineralocorticoid receptor antagonist would be ex-
pected to result in amelioration of LV diastolic dysfunction,
which has been commonly detected in patients with DCM by
Doppler echocardiography, especially tissue Doppler
imaging.'3'4

We have now investigated whether treatment with the
mineralocorticoid receptor antagonist spironolactone induces
regression of myocardial fibrosis in DCM patients with an
NYHA functional class of I or II by 3 independent methods:
histomorphometric assessment of myocardial collagen con-
tent (collagen volume fraction [CVF]), examination of the
expression of collagen types I and III, and biochemical
measurement of myocardial collagen accumulation. We also
determined whether regression of myocardial fibrosis is
associated with improvement in LV diastolic function.

Methods

Patients

The study protocol was approved by the Ethics Review Board of the
Nagoya University School of Medicine, and written informed con-
sent was obtained from each patient before entry into the study. The
study population comprised 25 ambulatory patients with idiopathic
DCM (19 men, 6 women) and a mean age of 49 years (range, 27 to
65 years). The patients included 17 individuals with an NYHA
functional class of I and 8 with class II. All patients had previously
been admitted to hospital as a result of congestive heart failure, but
they had been in a stable condition for a mean of 10*4 months
(range, 6 to 21 months) before enrollment in the study. DCM was
defined by an LV ejection fraction of <45% (as determined by
contrast ventriculography) in the absence of coronary artery stenosis
>50% (as determined by coronary angiography), valvular heart
disease, arterial hypertension, or cardiac muscle disease secondary to
any known systemic condition.!s Patients with atrial fibrillation were
excluded from the study to facilitate the evaluation of diastolic
function. Individuals with conditions associated with changes in the
serum concentrations of markers of myocardial fibrosis (connective
tissue disorders, pulmonary fibrosis, liver cirrhosis, osteoporosis,
renal insufficiency, malignancy at any site) also were excluded. All
study patients had been treated with both ACE inhibitors and loop
diuretics for >3 months at the baseline condition. No patients had
received S-blockers or angiotensin II receptor blockers.

Study Protocol

Physical examination, laboratory measurements, echocardiography,
and LV catheterization, including determination of LV pressure with
a micromanometer-tipped catheter and L'V endomyocardial biopsy,
were performed at baseline for all patients. The patients were then
treated with spironolactone (25 mg/d) in addition to their existing
drug regimen for 12 months, after which they were subjected to the
same procedures as performed at baseline.

Laboratory Measurements
Peripheral venous blood samples were collected from patients after
they had been in the supine position for 30 minutes. Serum was
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prepared and stored at —80°C until analysis. The serum concentra-
tions of the carboxyl-terminal propeptide of procollagen type I (PIP),
the carboxyl-terminal telopeptide of collagen type I (CITP), and the
amino-terminal propeptide of procollagen type III (PIIINP) were
measured with radioimmunoassay kits as markers of collagen type I
synthesis, collagen type I degradation, and collagen type III synthe-
sis, respectively. The lower detection limits of the assays were 1.2
ng/mL for PIP, 0.5 pg/mL for CITP, and 0.2 U/mL for PIIINP. The
PIP/CITP ratio, an index of coupling between the synthesis and
degradation of collagen type I, also was calculated as a serum marker
of myocardial collagen accumulation.!¢ The serum concentration of
brain natriuretic peptide (BNP) also was determined with a radio-
immunoassay kit.

Echocardiography

We performed M-mode, 2D, pulsed Doppler and tissue color
Doppler echocardiography with a phased-array electronic ultrasound
system (Vivid Seven, GE VingMed Ultrasound). The peak flow
velocities at the mitral level during rapid filling (E) and during atrial
contraction (A), as well as the E/A ratio, were calculated from the
pulsed Doppler echocardiographic data. For tissue color Doppler
imaging, scanning was performed longitudinally from the apex to
acquire the 4-chamber view. The LV myocardium was divided into
8 segments (anterior base, anterior apex, inferior base, inferior apex,
septal base, septal apex, lateral base, lateral apex), and longitudinal
strain and strain rate were estimated for each segment by measuring
the spatial velocity gradient over a computation area of 8 to
10 mm*!7 The LV early diastolic strain rate, a relatively load-
independent estimate of LV diastolic function,!® was then calculated
from the average strain and strain rate. All echocardiographic
evaluations were performed by an operator blinded to the results of
other examinations.

Catheterization

An externally balanced and calibrated 6F pigtail angiographic
micromanometer-tipped catheter was advanced into the left ventricle
for measurement of LV pressure. We evaluated the maximum first
derivative of LV pressure (L'V dP/dt,,,) as an index of contractility
and the pressure half-time (T,,) as an index of relaxation, as
previously described.!® Left ventriculography was performed imme-
diately after measurement of LV pressure, and LV volume was
calculated by the area-length method.

Quantitative Morphometry

LV endomyocardial biopsy specimens were obtained with a 6F
bioptome. The tissue was fixed immediately in 10% buffered
formalin and embedded in paraffin. Three or 4 specimens were
analyzed for each patient. Tissue sections were stained with the
collagen-specific dye picrosirius red. Using an automated image
analysis system (Win ROOF 5.0, Mitani), we calculated the CVF as
the sum of all connective tissue areas divided by the sum of all
connective tissue and muscle areas in all fields analyzed for each
section.?® These histological evaluations were performed without
knowledge of which patient provided the tissue sections.

Quantitative Reverse-Transcription Polymerase

Chain Reaction Analysis

Total RNA was isolated from 1 to 2.5 mg frozen LV biopsy
specimens and subjected to quantitative reverse transcription and
polymerase chain reaction (PCR) analysis as previously described.?!
The amounts of the mRNAs for collagen types I and III were thus
determined with a fluorogenic 5'-nuclease PCR assay and an ABI
PRISM 7700 sequence detector (Perkin-Elmer). All PCR assays
were performed in triplicate. TagMan control reagents (Perkin-
Elmer) were used to detect human GAPDH mRNA as an internal
standard.

Statistical Analysis

Data are presented as mean*SD. The baseline characteristics of 2
groups of patients were compared by Student’s ¢ test for unpaired
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TABLE 1. Clinical Characteristics of Siudy Subjects and Comparison of Herodynamic
Parameters Between Baseline and After Treatment With Spironolacione
Group A Group B
After After

Baseline Treatment Baseline Treatment
Gender, M/F 9/3 10/3
Age, ¥ 4711 50+9
NYHA functional class, I/l 9/3 111 8/5 1172
Heart rate, bpm 72x7 71x7 73x9 72x10
SBP, mm Hg 12016 12010 117+13 116x14
DBP, mm Hg 78+6 76+6 77+6 76*6
Wall thickness, mm 7x2 7+2 7*1 7+2
LV end-diastolic diameter, mm 62+9 56+5* 63+10 607"t
LVEF, % 33x5 34x7 " 3328 36:+8
LVEDV, mL 18429 168+12* 185+20 18017t
LVEDP, mm Hg 19+3 17x2* 22421 19+2%
LVEDP/LVEDV, mm Hg/mL 0.102+0.010 0.100:£0.008 0.1160.0101 0.107=0.010*f
LV dP/dt;., mm Hg/s 1140347 1272377 1031243 1108+238*
Ty, MS 42+6 39x4* 4661 41+6*
E/A 0.83+0.16 0.89x0.15 0.78+0.14 0.81*0.08
LV early diastolic strain rate, 1/s 0.78+0.16 0.80%+0.22 0.51+0.13t 0.66+0.10*F

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; and LV EF, LV ejection fraction. Data are

mean=SD.

*P<0.05 vs corresponding baseline value; $P<0.05 vs corresponding value for group A.

data or the ¥ test for categorical data. The effects of spironolactone
treatment for 12 months were evaluated with Student’s ¢ test for
paired data. The relation between continuous variables was assessed
by linear regression analysis. A value of P<<0.05 was considered
statistically significant.

Results
No adverse effects or complications occurred during treat-
ment of the study patients with spironolactone, and all
subjects completed the study protocol. We divided the pa-
tients into 2 groups on the basis of the biochemical index of
coupling between the synthesis and degradation of collagen
type I at baseline: 12 patients with a serum PIP/CITP ratio of
=35 (group A) and 13 patients with a corresponding value of
>335 (group B). A PIP/CITP ratio of 35 corresponded to the

median value of this parameter and thus was used as the
cutoff to separate the 2 groups.

Clinical and Hemeodynamic Characteristics Before
and After Treatment

There were no significant differences in age, gender, or
NYHA functional class between groups A and B, and heart
rate, LV ejection fraction, LV dP/dt,,,, and the E/A ratio at
baseline did not differ significantly between the 2 groups
(Table 1). In contrast, the ratio of LV end-diastolic pressure
to LV end-diastolic volume (LVEDP/LVEDV), an indicator
of LV diastolic chamber stiffness, was significantly increased
at baseline in group B compared with group A. The T, at
baseline was significantly greater and LV early diastolic
strain rate was significantly smaller in group B than in group

TABLE 2. Comparison of Biochemical Parameters Beiween Before and After

Treatment With Spironolacione

Group A Group B
Baseline After Treatment Baseline After Treatment
_ PiP, pg/mL 68.3x10.0 64.610.6 85.9+6.61 75.0£4.6*F
CITP, p.g/mL' 3.35+1.04 3.52+0.84 2.09+0.351 2.75x0.59*t
PIP/CITP 21.9+6.6 19.1+45 42.0+6.8% 28.3+:5.6*
PHINP, U/mL 0.45+0.14 0.41x0.08 0.59:£0.20t 0.44+0.18*
Aldosterone, pg/mL 18637 222+151 161£35 189+41*
Norepinephrine, pg/mbL 294+120 271109 340108 282+95
BNP, pg/mL 9246 77542 133441 88x37*

Data are mean=SD.

*P<:0.05 vs corresponding baseline value; 1P<0.05 vs corresponding value for group A.
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Figure 1. CVF values at baseline and after treatment with spi-
ronolactone for patients in groups A and B. Data are mean=3D.

A. After treatment with spironolactone, LV dP/dt,, was
significantly increased although LVEDV was significantly
decreased in both groups. T, was also significantly de-
creased in both groups after treatment. LVEDP/LVEDV was
reduced and LV early diastolic strain rate was increased in
group B after treatment with spironolactone, whereas no
significant changes in these variables were apparent in group A.

Biochemical and Histological Parameters Before
and After Treatment

The serum concentrations of PIP (a marker of collagen type
1 synthesis), PIIINP (a marker of collagen type III synthesis),
and BNP were significantly higher and that of CITP (a marker
of collagen type I degradation) was significantly lower at
baseline in group B than in group A (Table 2). Marked
perivascular and interstitial fibrosis, as revealed by staining
with the collagen-specific dye picrosirius red, was detected in
the endomyocardial biopsy specimens obtained at baseline
from patients in group B but not in those from patients of
group A (data not shown). The CVF at baseline was also
significantly greater in group B than in group A (Figure 1).
The extent of perivascular and interstitial fibrosis and the
CVF in patients of group B were reduced after treatment with
spironolactone, and these effects were accompanied by a
significant reduction in the PIP/CITP ratio and the serum
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Figure 5. Correlation between CVF and LV diastolic chamber
stiffness at baseline and after treatment with spironoiactone for
all patients.

levels of PIP, PIIINP, and BNP, as well as by a significant
increase in that of CITP.

Expression of Collagen Types I and III Before and
After Treatment

The amounts of collagen type I and Il mRNAs in endomyo-
cardial tissue at baseline were significantly higher in group B
than in group A (Figure 2). Those in group B, but not those
in group A, were significantly reduced after treatment with
spironolactone, consistent with the biochemical and histolog-
ical findings.

Relations Between CVF and Myocardial Collagen
Accumulation, LV Diastolic Function, and LV
Diastolic Chamber Stiffness

The CVF was significantly correlated with the serum PIP/
CITP ratio (Figure 3), LV early diastolic strain rate (Figure
4), and LVEDP/LVEDYV (Figure 5) values obtained before
and after treatment with spironolactone in all patients.

Discussion
We have evaluated the effects of treatment with the miner-
alocorticoid receptor antagonist spironolactone on LV dia-
stolic function and myocardial collagen content in mildly
symptomatic patients with DCM (NYHA functional class I or
1I). The main findings of our study include the following: (1)
The PIP/CITP ratio in serum, a marker of myocardial colla-

P<0.05

Figure 2. Reverse-transcription PCR analysis of
the abundance of collagen type 1 (left) and type 1l
(right) mRNAs in endomyocardial biopsy speci-
mens obtained from patients in groups A and B at
baseline and after treatment with spironolactone.
Data are normalized by the amount of GAPDH
mRNA and are mean*S8D.

GroupA CroupB

Group A CGroup 8
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Figure 3. Correlation between CVF and PIP/CITP values at
baseline and after treatment with spironolactone for all patients.

gen accumulation, was significantly correlated with myocar-
dial collagen content as assessed by histomorphometric anal-
ysis; (2) LV diastolic function was inversely related to
myocardial collagen content; (3) spironolactone induced both
a marked reduction in the extent of myocardial fibrosis and a
significant improvement in LV diastolic function, and these
effects were accompanied by a reduction in the PIP/CITP
ratio; (4) the effects of spironolactone were limited to patients
with an increased PIP/CITP ratio; and (5) spironolactone
induced a significant improvement in LV systolic function (as
evaluated by LV dP/dt,,,) and in LV relaxation (as evaluated
by Typ) in all patients.

Serum Levels of Procollagen Peptide Fragments
Are Markers of Collagen Turnover

The PIP fragment is released during the extracellular process-
ing of procollagen type I before the formation of collagen
fibers and serves as a marker of fibrogenesis.?2 CITP is a
pyridinoline—cross-linked telopeptide produced as a result of
the hydrolysis of collagen type I fibrils by matrix
metalloproteinase-1 and is a marker of collagen type I
degradation.?* The PIP/CITP ratio, an index of coupling
between the synthesis and degradation of collagen type I, was
found to be higher in hypertensive patients with increased
collagen accumulation in myocardial tissue than in those with
normal collagen accumulation.? The PIP/CITP ratio thus
serves as a serum marker of myocardial collagen accumula-

CVF (%)
O N W s U N

02 04 06 08 -1 1.2 1.4
LV early diastolic strain rate (/s)

Figure 4. Correlation between CVF and LV early diastolic strain
rate at baseline and after treatment with spironolactone for all
patients.

tion. Indeed, both the CVF and the abundance of collagen
type I and III mRNAs in the LV myocardium were higher in
the patients with an increased PIP/CITP ratio (group B) than
in those with a lower PIP/CITP ratio (group A) in the present
study. .

The plasma concentration of aldosterone correlates with
mortality in individuals with chronic heart failure.2* We have
now shown that treatment with the mineralocorticoid receptor
antagonist spironolactone induced both a substantial regres-
sion of myocardial fibrosis and a significant amelioration of
LV diastolic dysfunction in patients with an elevated serum
marker of myocardial collagen accumulation. In addition,
myocardial collagen content was strongly correlated with LV
diastolic function in all patients before and after treatment
with spironolactone. We therefore propose that the ability of
spironolactone to improve LV diastolic function in mildly
symptomatic patients with DCM is related to its capacity to
reduce the extent of myocardial fibrosis through normaliza-
tion of collagen metabolism. This scenario might explain the
previous finding that the beneficial effect of spironolactone
on survival and hospitalization in RALES was significant
only in patients with higher levels of serum markers of
collagen synthesis.!!

LV diastolic dysfunction is an important prognostic marker
in patients with chronic heart failure.?> The efficacy of
mineralocorticoid receptor antagonism with regard to mortal-
ity reduction in patients with heart failure might thus be due
to the improvement in LV diastolic function induced by such
treatment. Our present results and those of the previous study
by Zannad et al!! suggest that such an effect of spironolactone
might be limited to patients with increased collagen accumu-
lation in myocardial tissue. Indeed, the serum concentration
of BNP, which is also an important prognostic marker in
chronic heart failure,20 was reduced by treatment with spi-
ronolactone to a greater extent in patients with an increased
serum PIP/CITP ratio at baseline than in those with a lower
PIP/CITP ratio.

Although a marked effect of spironolactone on myocardial
fibrosis was evident in the present study, the number of
patients in this pilot study was small. In addition, our study
included only patients with a nonischemic origin, and none of
the subjects had been treated with S-blockers. Further studies
with larger numbers of patients, including those with an
ischemic origin and those treated with B-blockers, are needed
before our results can be applied more generally to mildly
symptomatic patients with heart failure.

In summary, we have shown that treatment with the
mineralocorticoid receptor antagonist spironolactone resulted
in an improvement in LV diastolic function that was associ-
ated with regression of myocardial fibrosis in mildly symp-
tomatic patients with DCM. This effect of spironolactone,
however, was limited to patients with increased myocardial
collagen accumulation. Our data suggest that collagen accu-
mulation that results from mineralocorticoid receptor stimu-
lation might play a critical role in the impairment of LV
diastolic function in patients with DCM.
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Abstract

Tenascin-C is an extracellular matrix glycoprotein supposed to be a profibrotic molecule in various fibrogenic
processes. To elucidate its significance for myocardial fibrosis in hypertensive heart, we employed a mouse model
with infusion of angiotensin II, and examined results by histology, immunohistochemistry, in situ hybridization and
quantitative real-time RT-PCR. Angiotensin II treatment elevated blood pressure and expression of tenascin-C by
interstitial fibroblasts in perivascular fibrotic lesions. Angiotensin II infusion also caused accumulation of
macrophages, upregulated expression of collagen Io2, Illacl, proinflammatory/profibrotic mediators including
TGFp, PDGF-A, PDGF-B, and PDGF-receptor o, but not IL-13 and PDGF-receptor B, in the myocardium. Treatment
with an aldosterone receptor antagonist, eplerenone, significantly attenuated angiotensin II induced fibrosis,
expression of tenascin-C and inflammatory changes without affecting the blood pressure level. Ir vitro, neither
eplerenone nor aldosterone exerted any influence on tenascin-C expression of cardiac fibroblasts, while angiotensin
IT, TGF-B1 and PDGF significantly upregulated expression of tenascin-C. These results suggest that, in the angiotensin
II induced hypertensive mouse heart: 1) tenascin-C may be involved in the progression of cardiac fibrosis; 2)
aldosterone may elicit inflammatory reactions in myocardium, which might, in turn, induce tenascin-C synthesis of
fibroblasts through at least two pathways mediated by TGF-f and PDGF-A-B/PDGF-receptor 0.

Key words
Myocardial fibrosis, Tenascin, Aldosterone, Angiotensin II, Hypertension, Inflammation

Introduction

Diastolic dysfunction in hypertensive heart is an important clinical problem, partly due to the rigidity caused
by myocardial fibrosis. Such fibrosis has been classified into replacement (=secondary) and reactive (=primary)
types 2. In replacement fibrosis, necrosis of myocytes elicits acute inflammation and myocardial dropout is
subsequently replaced by collagen fibers. In contrast, reactive fibrosis is characteristically observed in pressure
overloaded hearts, in which collagen fibers increase in perivascular regions without loss of cells and eventually
extend among individual cardiomyocytes®. Recently, inflammation mediated by the renin-angiotensin II-
aldosterone system, especially involvement of aldosterone, has received much attention as a trigger of reactive
fibrosis 7, however, the molecular pathways remain to be detailed.

Fibrotic lesions do not form by abrupt deposition of collagen molecules, but through multiple steps of synthesis
and degradation of various matrix proteins, including tenascin-C. Tenascin-C is an extracellualr glycoprotein with
strong bioactivity, transiently expressed during embryonic development, wound healing, and cancer invasion 319,
Accumulating evidences suggest that tenascin-C may be a key regulator in early step of fibrotic process in various
tissue ', In the heart, tenascin-C is sparsely detected in the normal adults, but becomes expressed in the pathological
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myocardium closely associated with inflammation and tissue remodeling *?!. Based on this specific expression,
we recently reported that tenascin-C can be a clinical marker for active inflammation'® ' and ventricular remodeling
21,22

The aim of the present study was clarify the involvement of tenascin-C in the progression of reactive fibrosis in
the hypertensive heart and the regulatory mechanism of tenascin-C expression, focusing on angiotensin II-aldosterone
system. We employed a mouse model of hypertensive cardiac fibrosis with infusion of angiotensin II (Ang II) in
which reactive fibrosis develops in perivascular regions of myocardium without necrosis of cardiomyocytes or scar
formation. First, we examined histological changes and gene expression of collagen and tenascin-C in the mouse
myocardium with immunohistochemistry, in situ hybridization and quantitative real-time RT-PCR. Next, to study
the involvement of aldosterone and inflammation in regulation of tenascin-C synthesis, the effect of an aldosterone
receptor blocker eplerenone, and expression of proinflammatory /fibrotic mediators, TGF-B, IL-18, and PDGF in
the model mouse were examined. Furthermore, the direct effects of these factors on tenascin-C synthesis were
studied using cultured cells.

Materials and Methods

Animal Model

Female 7-week-old Balb/c mice were used. Ang II (n=95) were given 1% NaCl drinking water and assigned to
one of the following five groups: 1)vehicle control mice (n=25); 2) Ang II-treated mice (n=20); 3) Ang Il/eplerenone-
treated mice (n=20); 4) eplerenone-treated mice (n=19); 5) aldosterone-treated mice (n=11). A micro-osmotic pump
(model 1002;Durect Co, Cuperino, CA) containing 0.1 mL of the vehicle (0.9% NaCl: 99.7 % acetic acid=15:1),
2.83 mg/mL of Ang II (SIGMA, St. Louis, MO) or 1 mg/mL of aldosterone (ACROS ORGANICS, NJ) was
subcutaneously inserted under the back skin of each mouse for treatment for 4 weeks. The approximate doses of
Ang II and aldosterone administered were 560 and 200 ng/kg body weight/min, respectively. The micro-osmotic
pumps were replaced every two weeks. Eplerenone (Pfizer, New York, USA), an aldosterone receptor blocker, was
orally administered in the diet at 1.67 g per kg chow (the estimated dose of eplerenone was 250 mg/kg body weight
/day). Body weights and blood pressure were examined every week. Blood pressure measurements were performed
with the BP-98A (Softron, Tokyo, Japan) tail cuff system while the animals were conscious. All experimental
protocols conformed to international guidelines and were approved by the Mie University Animal Experiment and
Care Committee.

Tissue Preparation
After the 4-week infusion treatment period, the hearts were excised, fixed in 4% paraformaldehyde and embedded
in paraffin. For histopathological analysis, sections were cut at 3 pm.

Immunohistochemistry

Immunostaining of tissue sections was performed as previously described !°. In brief, after treatment with pepsin
for 10 minutes or heating in an autoclave for antigen retrieval, sections were incubated with either an anti-tenascin-
C polyclonal rabbit antibody '¢, an anti-Mac-3 rat monoclonal antibody (Pharmingen, San Diego, CA ; working
dilution 1:10) for identification of macrophages, an anti-PDGF-A polyclonal rabbit antibody (Santa Cruz
Biotechnology, Inc; working dilution 1:20), an anti-PDGF-B polyclonal rabbit antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; working dilution 1:20), a rat monoclonal anti-murine PDGFR-o: antibody(Clone APAS) %, or a rat
monoclonal anti-murine PDGFR-f antibody(Clone APAB) *. Three independent fields in perivascular regions of
myocardium from each mouse were examined under a 20x objective lens, and Mac-3-positive cells, PDGF-A, and
PDGF-B positive cells were counted.

Image Analysis

Sirius red-stained slides were used to quantify myocardial collagen with an optical microscope (BH2, Olympus,
Tokyo, Japan). Three independent perivascular fields from each mouse were visualized under a 20x objective lens
and photographed with a FUJIX DIGITAL CAMERA HC 300Z/OL (Olympus). The images were analyzed using
NIH Image, and percentage areas of perivascular fibrosis were calculated.

Quantitative real-time RT-PCR

Total RNA was extracted from fresh mouse left ventricular tissues using ISOGEN (NipponGene, Toyama,
Japan) and single-strand cDNA synthesis was performed by oligo (dT),, priming from 1 pg aliquots in a final
volume of 20 ul with a single-strand cDNA synthesis kit for RT-PCR (Roche Diagnostics, Germany) according to
the manufacturer’s instructions. Quantitative analysis of target mRNA expression was performed with the TagMan
real-time reverse transcription-polymerase chain reaction and a relative standard curve method using Light Cycler
Software Ver.3.5 (Roche). The GAPDH mRNA level was quantified as an internal control. The primers and probes
for mice are listed in the Table.
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In sity hybridization
Preparation of digoxigenin (DIG)-labeled mouse tenascin-C cRNA probes and in situ hybridization were
performed as previously described **.

Cell Cultures

Cardiac fibroblasts were obtained from ventricles of Balb/c mice and grown in IMDM with 10 % FBS as
previously described . Experiments were performed on secondary cultures. Cells (3x10° cells/well) were plated in
MULTIWELL™ 6-well plates (Becton Dickinson, Franklin Lakes, NJ) for 48 hours in serum-free IMDM media,
then treated with Ang I (0 to 10 mol/L), aldosterone (0 to 10°° mol/L), IL-1f (R&D Systems, Oxon, UK ; 0 to 30
ng/mL), TGF-B1 (Roche Diagnostics; 0 to 10 ng/mL) or PDGF-BB (R&D Systems; 0 to 100 ng/mL) for 6 hours.
Some cells were pretreated with eplerenone (1075, 107, 10 mol/L) for 1 hour and then stimulated with Ang II (10
7 mol/L). To assess the combined effects of co-treatment with Ang II and aldosterone, cardiac fibroblasts were
pretreated with aldosterone (10-*moV/L) for 6 hours and then incubated with Ang I (107 mol/L) for 6 hours. Total
RNA was isolated using ISOGEN, and the relative tenascin-C mRNA levels were determined by quantitative real-
time RT-PCR.

Statistical analysis

All data are expressed as means + standard deviations (SDs). Numeric data were statistically evaluated by one-
way analysis of variance, followed by the Tukey-Kramer method for multiple comparisons. A p value less than 0.05
was considered to be statistically significant.

Resulis

Systolic blood pressure and body weight.

Blood pressure was elevated within 1 week after the onset of Ang II treatment, and remained significantly
increased compared with that of the control mice for up to 4 weeks (Figure 1A). No significant difference was
observed between Ang II-treated and Ang Il/eplerenone-treated groups. Blood pressure remained normal in
vehicle-control, aldosterone-receiving, and eplerenone-alone mice. Increase in body weight was similar in all
experimental groups during the study and no statistically significant inter-group differences were observed at any
time point (Figure 1B).

Mpyocardial Fibrosis and expression of tenascin-C

In Ang II-treated and aldosterone-treated mice, the volume of perivascular collagen fibers in myocardium was
clearly increased, extending into spaces between individual myocytes. Eplerenone treatment almost completely
abolished Ang II-induced perivascular fibrosis, and aldosterone treatment induced fibrotic changes (Figure 2A).
Necrosis of
cardiomyocytes and scar formation were not found in our models.

Cardiac expression of tenascin-C was immunohistochemically detected in perivascular regions in Ang II -
treated mice myocardium where collagen fibers had accumulated, whereas no immunostaining was observed in the
control mice. Eplerenone reduced the tenascin-C expression induced by Ang II treatment, and aldosterone treatment
induced tenascin-C expression (Figure 2B).

In situ hybridization analysis for tenascin-C mRNA in Ang II-treated mice demonstrated signals in interstitial
fibroblasts residing around the vascular tunica adventitia (Figure 2C, D). Vascular endothelial cells, vascular smooth
muscle cells and cardiomyocytes were negative for tenascin-C mRNA.

Quantitative analysis of percentage fibrotic areas (Figure 2E) confirmed significant increased in Ang II-treated
(12.9 + 2.5%, p<0.001) and aldosterone-treated (7.2 + 2.0%, p<0.001) mice compared with control mice (3.2 +
0.9%). Fibrotic areas in eplerenone/Ang II mice were significantly attenuated (4.3 + 1.8%, p<0.001) as compared
with Ang Il-alone. Real-time RT-PCR analysis (Figure 2F) showed that both Ang II and aldosterone significantly
upregulated the mRNA levels for collagen type Io2 (2.6 + 1.0 and 1.8 + 0.3 fold, p<0.01, respectively), and for
MIal (3.2 £ 2.1 fold, p<0.05 and 2.8 + 0.4 fold, p<0.001, respectively) when compared with the control mice (1.0
+ 0.4 and 1.0 + 0.3 fold, respectively). Eplerenone treatment significantly reduced this upregulation of collagen
o2 and o1 (gene expression (to 1.3 + 0.3 fold, p<0.05 and 1.0 + 0.3 fold, p<0.05,) when compared to Ang II-
alone mice (2.6 + 1.0 fold, 3.2 + 2.0 fold, respectively). Parallel to the change in collagen gene expression, tenascin-
C mRNA levels in Ang II-treated and aldosterone-treated groups was significantly upregulated (11.2 + 5.8 fold
increase for Ang II, p<0.05 and 2.6 + 0.6 fold for aldosterone, p<0.001) compared with the control mice (1.0 + 0.2).
Eplerenone treatment significantly abrogated the induction of tenascin-C expression by Ang II (2.3 + 1.3 fold,
2<0.05).

Macrophage infiltration

Immunohistological analysis demonstrated many Mac 3 positive macrophages to have accumulated in the
perivascular spaces in Ang II-treated mice, whereas only a few macrophages were observed in control mice (14.3 +
3.4 vs. 1.8+ 0.9 cells/optic field, p<0.05, Figure 3A). In Ang IT/eplerenone-treated mice, the number of macrophages
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was significantly reduced (4.5 + 2.9 cells/optic field, p<0.05) as compared with the Ang II-alone case. Aldosterone
treatment also caused increase of the number of macrophages (6.7 + 1.25 cells/optic field, p<0.01)

Expression of cytokines and growth factors

Immunostaining demonstrated that Ang I treatment significantly increased the numbers of PDGF- A (Figure 3B)
and PDGF- B (Figure 3C) positive cells in the perivascular region as compared with the controls (17.83 £ 3.37 vs.
7.11 £ 1.67 cells/optic field, p<0.01, 32.3 = 7.2 vs. 8.23 + 3.35 cells/optic field, p<0.001, respectively). Aldosterone
treatment also significantly increased the number of PDGF-A, -B positive cells (12.72 £ 0.97 vs. 7.11 £ 1.67 cells/
optic field, p<0.01, 17.7 + 3.86 vs. 8.23 = 3.35 cells/optic field, p<0.001, respectively). In Angll/eplerenone-treated
mice, the numbers of PDGF- A and PDGF-B positive cells were significantly reduced (8.39 = 1.46 cells/optic field,
p<0.01, 10.7 & 1.63 cells/optic field, p<0.001, respectively) as compared with the Ang II-alone case. Perivascular
fibroblasts in Ang II or aldosterone treated mouse heart upregulated the expression of PDGF receptor o (Figure 3D)
but did not express PDGF receptor B (Figure 3E). No expression of either receptor was detected in the control
group.

Real-time RT-PCR analysis (Figure 4) showed Ang II and aldosterone treatment significantly upregulated the
mRNA levels for TGF-B1 (1.74 + 0.20 fold, p<0.05 and 1.49 + 0.18 fold, p<0.05, respectively, Figure 4A) in the
mouse myocardium when compared with the control mice (1.0 + 0.35 fold). Eplerenone treatment significantly
reduced TGF-B1 gene upregulation induced by Ang II treatment (0.67 + 0.11 fold, p<0.05). In contrast, no significant
change of mRNA level of IL-1p, another major inflammatory mediator from macrophages, was observed in any of
the groups (Figure 4B).

The effects of Ang I1, aldosterone and inflammatory/fibrotic cytokines on Tenascin-C synthesis by cardiac
Jfibroblasts in culture.

The direct effects of Ang II and aldosterone on tenascin-C gene expression of cardiac fibroblasts was examined
in culture by quantitative real-time RT-PCR (Figure 5). Ang II (0 to 10”° moV/L) significantly increased tenascin-C
mRNA levels in a dose-dependent manner and the expression level reached a peak at the concentration of 107 mol/
L (2.1 £ 0.7 fold increase, Figure 5A). In contrast, addition of aldosterone (0 to 10-° mol/L) did not significantly
affect tenascin-C expression levels at any of the concentrations examined (Figure 5B). Eplerenone did not significantly
influence Ang Il-induced tenascin-C expression, and no synergism was evident with Ang II (107 mol/L) in the
presence of aldosterone (10 mol/L, Figure 5C).

To identify possible mediators of upregulation of tenascin-C expression in cardiac fibroblasts, cells were treated
with PDGF-BB (Figure 5D) and TGF-[3 (Figure 5E). These factors caused significant increase of tenascin-C expression
in a dose-dependent manner.

Discussion

Possible involvement of tenascin-C reactive fibrosis of hypertensive heart

Tenascin-C has been proposed to promote fibrosis because its expression is upregulated in various fibrogenic
process such as liver fibrosis %, lung fibrosis '2, skin wound healing, and scar formation after myocarditis ! .
Directly supporting this possibility, we have recently reported that locally applied tenascin-C accelerates collagen
fiber formation in aneurismal cavities in a rat model %, and that deficiency of tenascin-C significantly attenuates
liver fibrosis in immune-mediated chronic hepatitis mouse model . In the present study, we demonstrated that
tenascin-C is not detected in the normal myocardium but becomes markedly upregulated in perivascular fibrosing
areas in the Ang IT induced hypertensive mouse heart, and that the expression level parallels the extent of fibrosis.
These findings suggest that tenascin-C may be involved in the progression of reactive fibrosis, and its elevated
expression might be a marker for active progression of the fibrosis in the hypertensive heart.

Mechanism of upregulation of tenascin-C gene expression

Previous studies demonstrated that expression of tenascin-C is upregulated with vascular remodeling in
pulmonary hypertension #”-* and spontaneous hypertensive rats %, and that mechanical stress is an important
tenascin-C inducing factor (reviewed in ®). In this study, we found that up-regulated expression of tenascin-C in
Ang II induced hypertensive mice was blocked by an aldosterone blocker, eplerenone, without affecting the
blood pressure level, which suggests that Ang II may induce tenascin-C expression in myocardium through an
aldosterone-dependent pathway but independent of blood pressure. Based on our in situ hybridization analysis
demonstrating that the source of tenascin-C was cardiac fibroblasts in perivascular region, we speculated that
aldosterone might stimulate interstitial fibroblasts to synthesize tenascin-C. However, aldosterone did not induce
tenascin-C synthesis in cardiac fibroblasts in culture, although Ang II enhanced tenascin-C expression as
reported for other types of cells?-*°. While it remains controversial whether cardiac fibroblasts express mineral
corticoid receptors >, several reports have suggested synergism between Ang II and aldosterone %33 because of
induction of Ang II receptor levels * or receptor binding *’ by the latter. However, neither addition of aldosterone
nor blocking with eplerenone exerted any influence on tenascin-C expression induced by Ang II in the present
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