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(LOXL) TagMan Probe, AGGCAGCCTCCCCCAAGA
AGCA; LOXL sense-primer, TTGAAAAGCAGGACCTGC
TTC; LOXL antisense-primer, CTCCGGCTAGGCGGCT;
pyruvate dehydrogenase kinases-1 (PDK-1) TagMan Probe,
CCGTCGCCACTCTCCATGAAGCA; PDK-1 sense-primer,
GGACTTCTATGCGCGCTTCT; PDK-1 antisense-primer,
ACTGACCCGAAGTCCAGGAA;  transgelin  TagMan
Probe, CCGCCCTCCATGGTCTTCAAGCA; transgelin
sense-primer, GCCAGTGAAGGTGCCTGAGA; transgelin
antisense-primer, AGAATTGAGCCACCTGTTCCA.

Subcloning of Rat MT

Rat MT cDNA was cloned from rat heart by RT-PCR. The
following primers were used for this experiment: sense
primer, 5-ACTGCCTTCTTGTCGCTTAC-3"; antisense
primer, 5-AGGGCAGCAGCACTGTTCGT-3". This PCR
product was subcloned into pCR2.1 and then transferred to
pcDNA 3.1 (Invitrogen).

Cell Culture and Transfection

HO9c2 cells (a cardiac myoblast cell line) were obtained from
the American Type Culture Collection (Rockville, USA).
Cells were transfected with rat MT-pcDNA3.1 or pcDNA 3.1
(empty vector) by Lipofectamine 2000 (Amersham Bio-
sciences, Piscataway, USA). At 24 h after the transfection,
cells were exposed to norepinephrine (NE; 10~ mol/l) and
cultured for an additional 24 h. The efficiency of the transfec-
tion was assessed by the co-transfection of pQBIS0, which
encodes blue fluorescent protein (Takara, Tokyo, Japan).

Assessment of Apoptosis and Caspase 3 Assay

Apoptosis was assessed by TUNEL staining (In Situ Cell
Death Detection kit, Roche Diagnostics, Mannheim, Ger-
many). Caspase-3 activity was measured by a CaspACE
assay system (Promega, Madison, USA).

Statistical Analysis

Data are presented as the mean:t SEM. Comparisons of mean
values were performed by one-way ANOVA followed by
Scheffe’s test. Values of p<0.05 were considered to indicate
statistically significant differences.

Results

Figure 1 shows the echocardiographic findings 4 weeks after
the surgery. Left ventricular diastolic diameter (LVDd) was
significantly higher in the rats subjected to VO compared
with those subjected to PO and those undergoing sham oper-
ation (hereafter the VO, PO, and sham groups, respectively)
(PO: 96+8% of the sham-group value; VO: 119+£9% of the
sham-group value). While interventricular septal wall thick-

ness (IVST) was increased in both types of hypertrophy (PO,
126£12% of the sham-group value; VO, 120£11% of the
sham-group value), the IVST of the PO group was greater
than that of the VO group. Thus, PO produced concentric
hypertrophy and VO produced eccentric hypertrophy. There
was no difference among the PO, VO and sham groups in per-
cent fractional shortening (%FS). The left atrial diameter
(LAD) of both hypertrophy groups was larger than that of the
sham group. As shown in Fig. 2, the left ventricular weight/
body weight ratio and heart weight/body weight ratio were
significantly increased in both hypertrophy groups, compared
with the sham group. These ratios were slightly larger in the
VO than the PO group (PO: 139+11% of the sham-group
value; VO: 157+16% of the sham-group value).

Figure 3 and Table 1 show results of DNA chip analysis. A
total of 33 genes were upregulated in both forms of hypertro-
phy, whereas 31 were downregulated. The genes that were
upregulated in both forms included BNP, atrial natriuretic
peptide (ANP), and skeletal a-actin, which are known to be
upregulated in the hypertrophied myocardium. In the PO
group, 52 genes were selectively upregulated and 41 genes
were downregulated. In the VO group, 88 genes were selec-
tively upregulated and 46 genes were downregulated.

Subsequently, we performed hierarchical clustering with
the average linkage method. Figure 4 shows the cluster of
upregulated genes (A) and downregulated genes (B) in both
hypertrophy groups. The differentially expressed genes were
grouped by functional category classification according to the
GeneOntology (http://www.geneontology.org/) terms based
on the NCBI LocusLink (http://www.ncbi.nlm.nih.gov/
LocusLink/) database. The gene cluster that showed the most
marked increase was the natriuretic peptide family. The
hydrogen-transporting two-sector ATPase group, the cyto-
skeletal organization and biogenesis group, and the mitochon-
drial substrate carrier group were upregulated in both
hypertrophied hearts. On the other hand, the calcium ion—
binding group and the basic-leucine zipper transcription fac-
tor group were downregulated in both hypertrophy groups.
We observed selective upregulation of the genes that bind to
actin in the VO group (e.g., tropomyosin 4, thymosin $-4, and
transgelin).

Next, we performed real-time RT-PCR analysis to confirm
the results of the DNA chip analysis (Fig. 5). Real-time RT-
PCR revealed that BNP, MT and LOXL mRNAs were all
upregulated in both the VO and PO groups, compared with
the sham group. MT mRNA expression in the VO group was
significantly higher than that in the PO group. The levels of
BNP and LOXL mRNAs in the VO group were also higher
than those in the PO group, but these differences did not reach
the level of statistical significance. DNA chip analysis
showed that GMP reductase mRNA was selectively downreg-
ulated in the VO group. This was confirmed by real-time RT-
PCR.

We then examined the expressions of some of the genes
that were differentially altered in VO and PO hearts. DNA
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Fig. 4. Hierarchical cluster analysis of expression profiles. Regulated genes are depicted using a color scale (red, upregulated
genes; blue, downregulated genes). A: The one of the cluster consisting of genes that were increased in both forms of hypertro-
phy. B: The one of the cluster consisting of genes that were decreased in both forms of hypertrophy.

chip analysis revealed that transgelin was increased in the VO
group but downregulated in the PO group, and PDK1 was
decreased in VO but upregulated in PO. Real-time RT-PCR
confirmed these changes (Fig. 5E, F).

In our DNA chip analysis, BNP and ANP showed the most
remarkable upregulations in hypertrophied LVs. MT showed
the next highest level of upregulation. Accordingly, we exam-
ined the role of MT in the development of cardiac hypertro-
phy (Fig. 6). MT is a free radical scavenger and is suggested
to play a protective role in many cell types. Therefore, we
hypothesized that MT plays an anti-apoptotic role in cardiac
hypertrophy and performed the following experiments. MT
c¢DNA or control vector (pcDNA3.1) was overexpressed in
HO9c2 cells. The cells were then exposed to a high concentra-
tion of NE for 24 h, and TUNEL staining was performed. In
cells overexpressing the control vector, NE increased
TUNEL-positive cells. Overexpression of MT inhibited the
increase of TUNEL-positive cells (Fig. 6). To confirm the

anti-apoptotic effects of MT, we next examined the level of
caspase-3 activity, which is critically involved in apoptosis, in
these cells (Fig. 7). Caspase-3 activity was increased in cells
treated with NE. The overexpression of MT reduced the aug-
mentation of caspase-3 activity by 42+9.9% compared with
that in the cells transfected with the control vector
(pCDNA3.1; Fig. 7).

Discussion

We examined the similarity and difference of the gene
expression profiling between the PO and VO hearts. We
found many genes that are regulated similarly or differentially
between the two groups. The alterations of some specific
genes were confirmed by real-time RT-PCR. Among the
genes that were upregulated in both forms of hypertrophy, we
examined the role of MT in apoptosis, and found that this
gene played a novel role in anti-apoptosis.

—-200—



1042 Hypertens Res Vol. 29, No. 12 (2006)

A B Metallothionein-1
7 30
56 5
(5] 5 w
B B 20
3 4 a
g 3 g
2 2 10
3 2 )
e 1 &
Sham VO PO
C D GMP Reductase
1 5 hkd * %
3 5
w [52]
kS 5 1.0
2 2
g g
2 gos5
] 2
o O
w w
Sham VO PO Sham VO PO
E Transgelin F PDK-1
25 25
g ;
5 2 & 2
° 15 o 15
g ! g !
§ 0.5 E 0.5
0 ]
Sham VO PO Sham VO PO

Fig. 5. Real-time RT-PCR. A: B-type natriuretic peptide (BNP). B: Metallothionein-1 (MT). C: Lysyl oxidase-like protein 1
(LOXL). D: GMP reductase. E: Transgelin. F: Pyruvate dehydrogenase kinases-1 (PDK-1). Values are the mean +SD. *p <(.05,
**p<0.01.
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Fig. 6. Effects of overexpression of MT on the percentage of TUNEL-positive cells. A: TUNEL staining. B: Percentage of
TUNEL-positive cells. H9c2 cells were transfected with MT-pcDNA3 or pcDNA3 alone. At 24 h after the transfection, cells were
exposed to norepinephrine (10~ mol/l) and cultured for an additional 24 h. TUNEL staining was performed as described in
Methods. Values are the mean£SD. **p<0.01.
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Fig. 7. Effects of overexpression of MT on caspase-3 activ-
ity. H9c2 cells were transfected with MT-pcDNA3 or
PcDNA3 alone. At 24 h after the transfection, cells were
exposed to norepinephrine (10~ mol/l) and cultured for an
additional 24 h. The caspase-3 assay was performed as
described in Methods. Data are from four independent exper-
iments. Values are the mean+SD. **p <0.01.

Methodological Considerations

In this study, we used two different procedures to induce car-
diac hypertrophy: abdominal constriction for pressure over-
load and aortocaval shunt for volume overload. These two
procedures produced the same magnitude of hypertrophy
with distinct morphological differences as shown by echocar-
diography. Thus the similarities in gene profiling may be
attributable to hypertrophy per se and the dissimilarity to the
different morphologies of the heart, i.e., concentric hypertro-
phy or eccentric hypertrophy. In both forms of hypertrophy,
cardiac function assessed by fractional shortening was nor-
mal, indicating that changes in gene profiling were not attrib-
utable to those of the myocardium at the failing stage.

These mechanical stresses activate many molecules in the
heart. There are two peaks in the activations of biochemical
signals after an exposure to hemodynamic load (/8). Acute
responses occur within a few minutes, and hypertrophic
responses follow over the next several days or weeks. As a
pilot study, we measured the time-dependent change of the
expression of BNP mRNA in rat PO hearts. The left ventricu-
lar weight/body weight ratio increased gradually until day 28
after the initiation of PO and continued at a plateau level
thereafter. BNP mRNA levels showed a biphasic response,
i.e., an initial increase and a later gradual increase. The first
peak of the expression was at 24 h and the subsequent peak
was at day 28 (data not shown). Thus, at day 28 acute gene
responses were no longer observed and hypertrophic gene
responses were maximal and stable. This is the time when
hypertrophy was morphologically established. In order to
investigate gene responses with hypertrophy but without

Miyazaki et al: Gene Expression Profiling in Cardiac Hypertrophy 1043

heart failure, we chose day 28.

We examined gene profiling at the stage of established car-
diac hypertrophy but did not examine it chronologically. Thus
the gene profiling in our study may not represent that of the
developmental stage of hypertrophy, but merely that of the
compensation of hypertrophy. Moreover, we examined gene
profiling of the whole heart. Thus our results do not necessar-
ily indicate gene profiling of cardiomyocytes, but may also
include profiling for the interstitial tissues.

Gene Profiling in PO and VO

The present study revealed gene expression profiles that may
be associated with hypertrophy per se or different types of
remodeling. In agreement with previous reports (13, 14, 19,
20), we found changes in gene profiling in PO. As shown in
Fig. 3, most genes were unaltered in the hypertrophic myocar-
dium induced by PO. Only 85 genes were upregulated. Thus,
the number of genes upregulated in the hypertrophied myo-
cardium induced by PO was less than that of several previous
reports. This discrepancy may be ascribable to the criteria
used for the gene selection and the use of different kinds of
chips. The present study is the first to describe gene expres-
sions in VO. As shown in Fig. 3 and Table 1, the levels of
most of the genes were unaltered, just as in PO. Only 121
genes were upregulated. It may be interesting to note that
some genes were regulated differentially between VO and
PO. Among those genes, extracellular matrix—related pro-
teins, e.g., osteopontin, secreted acidic cysteine rich glyco-
protein, and tropoelastin, were predominantly upregulated in
VO. The upregulation of these genes may be related to the
specific remodeling in VO, but not to hypertrophy per se. In
addition, the selective upregulation of genes in VO that bind
to actin (e.g., tropomyosin 4, thymosin -4, and transgelin)
may explain the difference in structural ventricular remodel-
ing between VO and PO. Several gene profiles have been
reported in other models of hypertrophy (21, 22). These
reports have shown that the common genetic events in hyper-
trophy include upregulations of ANP, BNP, and skeletal a-
actin. These genes were increased in both forms of hypertro-
phy in the present study as well.

GMP reductase was predominantly downregulated in VO.
Because GMP reductase increases the adenine nucleotide
pool through synthesis of inosine monophosphate (23), the
decrease of GMP reductase may have some deteriorative
effects on myocardial metabolism. We also found that the
expressions of PDK-1 and transgelin were differentially reg-
ulated in VO and PO hearts (Fig. 5E, F). Transgelin (also
known as SM22 @) is a 22-kDa protein that is associated with
cytoskeletal actin filament bundles in contractile smooth
muscle cell (SMC) (24, 25). It is expressed in cardiac,
smooth, and skeletal muscle cells during early embryogenesis
but becomes restricted to visceral and vascular SMC at late
embryonic stages and throughout adulthood. Transgelin was
upregulated in VO and downregulated in PO hearts in the

—202—~



1044 Hypertens Res Vol. 29, No. 12 (2006)

present study (Fig. 5E), but the significance of these changes
is unknown. Transgelin may regulate several genes that are
associated with vascular development, remodeling, and alter-
ations. The differential expression of this gene may reflect the
difference of vascular remodeling between concentric and
eccentric cardiac hypertrophy. PDK-1 was downregulated in
VO but upregulated in PO (Fig. 5F). PDKs phosphorylate the
mitochondrial pyruvate dehydrogenase complex, which cata-
lyzes the oxidative decarboxylation of pyruvate, and thereby
inactivate it (26). Although the significance of alterations of
this enzyme in the hypertrophied hearts is unclear, these
changes may be associated with the difference of the myocar-
dial energy production in both forms of hypertrophy.

Upregulated Genes in Both Forms of Hypertro-
phy

Our DNA chip analysis showed upregulation of 33 genes in
both forms hypertrophy (Table 1). These genes may be asso-
ciated with hypertrophy per se. Among these genes, we con-
firmed the upregulations of BNP, MT and LOXL mRNA.
Wang et al. (13) and Weinberg et al. (14) have reported that
MT is upregulated significantly in aortic banding mice. In the
present study, MT was one of genes showing the highest level
of upregulation in both forms of hypertrophied heart. Accord-
ingly, we examined the role of MT in cardiac hypertrophy.
MT is a cysteine-rich protein with a strong affinity for Zn*
(reviewed in Palmitter (27), and Kang (28)). MT is known to
detoxify the heavy metals. Recent studies revealed that MT
binds to rare metals in vivo and regulates metalprotein and
metal-dependent transcriptional factors. Moreover, MT is a
potent free radical scavenger. And in the hearts of mice with
adriamycin-induced cardiomyopathy, MT expression has
been shown to be increased (29). Moreover, it has been
reported that overexpression of MT in the hearts of transgenic
mice suppresses doxorubicin cardiotoxicity and ischemia-
reperfusion injury (30, 37). Thus MT plays cytoprotective
roles in many cell types. In this study, MT suppressed the NE-
induced increase of TUNEL-positive cells. This inhibition
was associated with the suppression of caspase-3 activity,
suggesting that MT inhibits the apoptosis of cardiomyocytes.
It has been reported that the myocardium of both rat models
of hypertrophy shows apoptotic cardiomyocyte death (32,
33). Therefore, we consider that MT may exert anti-apoptotic
effects under physiological conditions. Aronow and cowork-
ers showed that MT was universally increased in hypertro-
phied hearts produced by four different mechanisms,
suggesting that the upregulation of MT is a highly conserved
genetic event in hypertrophy (21). Interestingly, the expres-
sion of MT was greater in the hypertrophy model than in the
heart failure model in their study (27). This suggests that apo-
ptosis of the hypertrophied myocardium, which leads to heart
failure, is prevented by the expression of MT. Taken together,
these findings indicate that MT may have a protective effect
on the heart through its anti-apoptotic effects.

LOXL was also significantly upregulated in both forms of
hypertrophy. LOXL is a member of the lysyl oxidase gene
family, which is an extracellular, copper-dependent enzyme
family that initiates the cross-linking of collagens and elastin
(34, 35). It may be possible that LOXL is associated with the
remodeling of the extracellular matrix in the hypertrophied
myocardium. Among the upregulated genes, GATA-4 is
known to be essential for the induction of several cardiac-spe-
cific genes (36). The upregulation of GATA-4 supports the
idea that this protein may be the common regulator of hyper-
trophic responses.

In conclusion, we found many genes that are similarly or
dissimilarly regulated in the hearts of VO and PO. The altered
expressions of BNP, MT, GMP reductase, LOXL, transgelin,
and PDK-1 were confirmed by real-time RT-PCR. Gene pro-
filing by DNA chip technology represents a useful tool for
identification of genes that may contribute to morphological
and functional differences between PO and VO. Moreover,
the overexpression of MT in H9¢2 cells attenuated the norepi-
nephrine-induced apoptosis. MT may play a novel protective
role in the development of cardiac hypertrophy. Although we
found that many genes were altered in the hypertrophied
hearts, it remains uncertain whether these changes played a
role in or were secondary to the development of hypertrophy.
To clarify these questions, functional studies should be per-
formed for each molecule.
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Significance of Asymmetric Basal Posterior Wall Thinning in Patients
With Cardiac Fabry’s Disease
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Although classic Fabry’s disease results in multiple causes of death, the cardiac variant
of Fabry’s disease affects only the cardiac system and results in initial symmetric left
ventricular (LV) hypertrophy and later LV dysfunction, asymmetric basal posterior LV
wall thinning, restrictive mitral flow, and functional mitral regurgitation with end-
stage chronic heart failure (CHF), leading to death. The purpose of this study was to
investigate whether these findings predict prognoses in patients with cardiac Fabry’s
disease. In 13 consecutive men with cardiac Fabry’s disease, LV wall thickness, the
ejection fraction, mitral E-wave deceleration time, the LV Tei index, and functional
mitral regurgitation were measured by echocardiography. Patients were followed for 5
to 96 months (mean 41 = 9). Eight patients developed New York Heart Association
class III CHF, and 6 experienced cardiac death. A LV Tei index >0.60 and basal
posterior LV wall thinning with a ratio of ventricular septal to posterior wall thickness
>1.3 significantly preceded CHF and death (Tei index: 4.4 and 5.1 years; posterior wall
thinning: 4.0 and 4.7 years), respectively (p <0.05). In conclusion, an increased LV Tei
index and asymmetric basal posterior LV wall thinning are important echocardio-
graphic findings that precede CHF and cardiac death in patients with cardiac Fabry’s
disease. - © 2007 Elsevier Inc. All rights reserved. (Am J Cardiol 2007;99:261-263)

Patients with classic Fabry’s disease show multiple organ
involvement, leading to heterogenous causes of death.}? In
contrast, an atypical variant of Fabry’s disease with mani-
festations limited to the heart, reported as cardiac Fabry’s
disease,>* is more frequent than previously expected and
can be found in 3% to 6% of men with left ventricular (LV)
hypertrophy.>¢ We have empirically observed that patients
with cardiac Fabry’s disease initially present with symmet-
ric LV hypertrophy without chronic heart failure (CHF) but
later show LV dysfunction, asymmetric L'V basal posterior
wall thinning without ventricular septal thinning, restrictive
mitral flow, and functional mitral regurgitation with end-
stage CHF and cardiac death. The purpose of this study was
to investigate the natural history of these findings and to
characterize predictors of New York Heart Association

(NYHA) class III CHF or cardiac death in patients with Figure 1. Serial echocardiograms of a patient with cardiac Fabry’s disease
cardiac Fabry’s disease at 57 (left) and 63 (right) years old. Ventricular septal and posterior wall

thicknesses changed from 21 and 18 to 19 and 7 mm, respectively, with the
development of CHF. LA = left atrium; LV = left ventricle; RV = right
Methods and Resulis ventricle.

Four hundred fifty consecutive patients with ventricular
septal or posterior wall thickness =13 mm were screened by
the measurement of plasma «-galactosidase A activity from
1992 to 1996 at our institution, and 13 men were diagnosed
with cardiac Fabry’s disease using the following criteria:

(1) low plasma «-galactosidase A activity (<4.5 nmol/hour/
ml)’; (2) ventricular septal and/or posterior wall thickness
=13 mm; (3) no clinical features of classic Fabry’s disease,
including angiokeratoma, acroparesthesia, hypohidrosis,
and corneal opacity; and (4) accumulation of glycosphingo-
lipid in biopsied cardiomyocytes and/or a-galactosidase A
gene abnormalities.” These patients were followed for 41 *+
9 months by serial echocardiography, with intervals of 1 to
24 months (mean 3.3 = 1.1). Clinical profiles are listed in

Departments of *Cardiovascular, Respiratory and Metabolic Medicine
and PAnesthesiology and Critical Care Medicine, Graduate School of
Medicine, Kagoshima University, Kagoshima, Japan. Manuscript received

January 23, 2006; revised manuscript received and accepted July 27, 2006. Ta!:)le 1_' Coronary angiographic r‘?suns were normgl, and
*Corresponding author: Tel: 81-99-275-5318; fax: 81-99-265-8447. written informed consent was obtained from all patients.
E-mail address: otsujiy@med.uoeh-u.ac.jp (Y. Otsuji). Ventricular septal and posterior wall thicknesses were

0002-9149/07/$ — see front matter © 2007 Elsevier Inc. All rights reserved. www.AJConline.org
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Table 1
Clinical, enzymatic, pathologic, and genetic characteristics of patients
No. Age at Previous Plasma a-gal A Accumulation Gene Age at NYHA Duration of Age at
Diagnosis (yrs)  Diagnosis  Activity (nmol/h/ml) in Myocyte Abnormality Class III (yrs)  Follow-Up (mo)  Death (yrs)
1 47 HC 1.5 + NE NYHA <III 20 Alive
2 57 HC 0.4 + A20P 62 85 64
3 60 HC 1.0 0 F229L NYHA <1l 16 Alive
4 62 HC 1.2 + Decreased mRNA 67 76 68
5 62 HC 13 + NE 63 25 64
6 66 HC 0.9 + NE 66 7 66
7 70 HC 0.6 + Decreased mRNA 73 40 74
8 71 HC 1.4 + NE 73 46 Alive
9 71 HC 0.7 + Decreased mRNA 75 55 76
10 74 HC 1.0 + NE NYHA <III 6 Alive
11 79 HC 0.6 NE Decreased mRNA 80 96 Alive
12 43 . HHD 1.1 + NE NYHA <III 5 Alive
13 62 HHD 0.6 + M2961 NYHA <III 58 Alive
a-gal A = a-galactosidase A; HC = hypertrophic cardiomyopathy; HHD = hypertensive heart disease; mRNA = messenger ribonucleic acid; NE = not
examined. .
in all 6 patients. Most patients with CHF demonstrated
4 I Cardiac death (!) LV systo}ic and diastolic stfunction, with reduged
© gl P<0.05 T ejection fractions, shortened mitral E-wave deceleration
® / times, and increased Tei indexes; (2) left atrial dilation; (3)
8 0.67 VSth/PWih . NYHA I asymmetric basal posterior LV wall thinning (Figure 1); and
& >1.3 i (4) significant mitral regurgitation. The ages at the devel-
£ 047 ’ VSth opment of these findings are listed in Table 2.
R 0.2 >17 Among the evaluated echocardiographic events, Kaplan-
] Meier analysis identified significant associations with pro-
01, ! . . . . . : . gression to NYHA class III CHF and cardiac death for a Tei
45 50 55 80 65 70 75 80 85 index >0.60 and ventricular septum/posterior wall thick-
Age (years) ness ratio >1.3, 1.5, and 1.7 (Figure 2). A Tei index >0.60

Figure 2. Kaplan-Meier curves showing that ventricular septum/posterior wall
thickness ratio (VSth/PWth) >1.3 and 1.7 significantly preceded NYHA class
I CHF and cardiac death in patients with cardiac Fabry’s disease.

measured with echocardiography, and their ratio was
calculated, with 1.2 defined as the upper limit of normal.?
The LV ejection fraction was measured by the biplane
Simpson’s method, and left atrial dimension was mea-
sured by M-mode echocardiography. A mitral flow re-
strictive filling pattern was defined as an E/A ratio >2
and E-wave deceleration time <150 ms.? The Tei index,
combining systolic and diastolic function, was obtained
by mitral filling and aortic ejection flow.1® Mitral regur-
gitant volume was quantified by Doppler echocardiogra-
phy.

Statistical analysis was performed using StatView ver-
sion 5.0 (SAS Institute Inc., Cary, North Carolina). Clinical
and echocardiographic data after the introduction of enzy-
matic replacement therapy were excluded from analysis.
The event-free rate from the ventricular septum/posterior
wall thickness ratio >1.3, 1.5, 1.7, or 1.9; LV ejection
fraction <50%; left atrial dimension >40 mm; restrictive
mitral flow; Tei index >0.50, 0.60, 0.70, or 0.80; mitral
regurgitant fraction >30%; NYHA class III; and cardiac
death was calculated using the Kaplan-Meier method. A
p value <0.05 was considered significant.

NYHA class III or IV CHF developed in 8 of the 13
patients during follow-up. Six died, and the cause was CHF

preceded NYHA class III CHF and death by 4.4 and 5.1
years (p <0.05), respectively. Ventricular septum/posterior
wall thickness ratio >1.3, 1.5, or 1.7 significantly preceded
NYHA class IIT CHF and cardiac death by 4.0, 3.8, or 3.4
and 4.7, 4.5, or 4.1 years (p <0.05), respectively.

Discussion

This study demonstrated that an increased Tei index and LV

. basal posterior wall thinning were significantly associated

with progression to NYHA class III CHF and cardiac death
in patients with cardiac Fabry’s disease. Other findings,
such as a reduced LV ejection fraction, restrictive mitral
flow, left atrial dilation, and significant mitral regurgitation,
occurred temporally close to the development of CHF or
cardiac death and were unable to predict disease progression
by Kaplan-Meier analysis. These results may lead to a better
understanding of the natural history of cardiac Fabry’s dis-
ease and better timing to start enzymatic replacement or
gene therapy.li-14

The Tei index enables the prediction of outcomes in
patients with cardiac amyloidosis and other diseases.!s
Basal posterior LV wall thinning and fibrosis have also
been reported in patients with cardiac involvement in
classic Fabry’s disease.'¢17 The findings of the present
study are consistent with these and further demonstrate
that an increased Tei index and asymmetric LV basal
posterior wall thinning are associated with progression to
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Cardiomyopathy/Echocardiograms of Cardiac Fabry’s Disease

Table 2
Age at event occurrence

263

No. Echocardiographic Events Clinical Events
LV Tei Index VS/PW LAD LVEF  Restrictive MR Fraction NYHA Cardiac
>40 mm <50%  Mitral Flow >30% Class III Death
>050 >060 >070 >0.80 >13 >15 >17 >19

1 49 49 NE NE NE NE NE NE 49 NE NE NE NE NE

2 57 60 60 60 59 59 59 60 59 59 62 62 62 64

3 60 60 60 NE NE NE NE NE NE NE NE NE NE NE

4 65 65 65 67 63 63 63 63 66 63 66 68 67 68

5 62 62 62 62 57 57 62 62 62 62 63 64 63 64

6 66 66 66 66 64 66 66 66 66 66 66 66 66 66

7 73 73 73 73 73 73 73 73 73 73 73 73 73 74

8 72 72 73 73 68 68 68 71 73 71 73 NE 73 NE

9 75 75 75 75 72 72 72 72 75 75 75 75 75 76
10 74 74 74 NE 72 72 72 NE 74 74 NE NE NE NE
11 80 80 80 NE 80 80 80 80 80 80 80 NE 80 NE
12 43 NE NE NE NE NE NE NE 43 NE NE NE NE NE
13 66 66 NE NE 62 62 66 66 NE 66 NE NE NE NE
Mean 64.8 66.8 69.4 70.0 672 674 6718 694 68.3 69.0 70.6 70.7 71.2 71.9
SE 3.0 2.5 2.1 1.9 22 22 2.0 22 29 2.1 2.0 1.7 2.1 1.7

Means and SEs were obtained by the Kaplan-Meier method.

EF = ejection fraction; LAD = left atrial dimension; MR = mitral regurgitation; NE = no event throughout the observation; PW = posterior wall

thickness; VS = ventricular septal thickness.

CHF and cardiac death in patients with cardiac Fabry’s
disease.

Although the incidence of cardiac Fabry’s disease is
more common than previously believed,>¢ its incidence and
the utility of screening in patients with LV hypertrophy
need to be established with a large number of patients. A Tei
index >0.60 and LV basal posterior wall thinning were
associated with progression to CHF and cardiac death in
patients with cardiac Fabry’s disease, whose causes of death
were uniformly cardiac. However, the results may not be
generalized to classic Fabry’s disease with heterogenous
causes of death. Tissue Doppler imaging and the Tei index
may allow the earlier and better prediction of cardiac Fab-
ry’s disease before the development of structural abnormal-
ities,'® which requires further investigation.
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In UM-X7.1 hamster model of human dilated cardio-
myopathy, heart failure progressively develops and
causes 50% mortality by 30 weeks of age. Through
ultrastructural analysis, we found that many cardio-
myocytes of this model contain typical autophagic
vacuoles including degraded mitochondria, glycogen
granules, and myelin-like figures. In addition, ubig-
uitin, cathepsin D, and Rab7 were overexpressed as
determined by immunoassays. Importantly, most car-
diomyocytes with leaky plasma membranes were pos-
itive for cathepsin D, suggesting a direct link between
autophagic degeneration and cell death. Meanwhile,
cardiomyocyte apoptosis appeared insignificant.
Granulocyte colony-stimulating factor (10 pg/kg/
day), injected 5 days/week from 15 to 30 weeks of
age, improved survival among 30-week-old hamsters
(100% versus 53% in the untreated hamsters, P <
0.0001); ventricular function and remodeling, in-
creased cardiomyocyte size, and reduced myocardial
fibrosis followed by a dramatic reduction in the auto-
phagic findings were also seen. Granulocyte colony-
stimulating factor also down-regulated tumor necro-
sis factor-a and increased activities of Akt signal
transducer and activator of transcription-3, and ma-
trix metalloproteinases. However, there was no clear
evidence of transdifferentiation from bone marrow
cells into cardiomyocytes. In conclusion, autophagic
death is important for cardiomyocyte loss in the car-
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diomyopathic hamster, and the beneficial effect of
granulocyte colony-stimulating factor acts mainly via
an anti-autophagic mechanism rather than anti-apo-
ptosis or regeneration. (Am: J Pathol 2006, 168:386-397;
DOF: 10.2353/ajpath.2006.050137)

Autophagy was originally defined as the process of se-
questration of intracellular components and their subse-
quent degradation by lysosomal vacuoles.” Although au-
tophagy is ongoing as a normal process, abnormal
autophagy can cause various neuromuscular degenera-
tive diseases such as Alzheimer's disease, Parkinson’s
disease, and distal type myopathy.” In a specific type of
cardiomyopathy (Danon disease), cardiomyocytes in-
clude marked autophagic vacuoles in the cytoplasm,?
where dysfunction of the autophagic process is sug-
gested by deficiency of the lysosomal protein Lamp-2.54
Dilated cardiomyopathy (DCM) is a major cause of mor-
bidity and mortality among congestive heart failure (CHF)
patients and is associated with a continuous loss of car-
diomyocytes.® At present, the mechanism of cardiomyo-
cyte death in DCM is controversial, with apoptosis pro-
posed by some researchers®® but no apoptosis by
others, including us.®~'" Recent studies reported auto-
phagic vacuoles in myocytes of heart diseases with fail-
ure such as DCM and aortic stenosis of the terminal
stage,’™™™* but the pathophysiological significance in
those diseases is still undetermined. Importantly, a basic
issue such as the linkage between autophagic degener-
ation and cell death has not been evidenced in cardio-
myocytes of failing hearts.

The UM-X7.1 hamster is an animal model of autosomal
recessive cardiomyopathy and muscular dystrophy that
is caused by lack of the 8-sarcoglycan gene and that
develops a progressive cardiomyocyte death.'®'® The
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condition begins at ~4 weeks of age and then worsens
throughout subsequent weeks. Cardiac hypertrophy is
seen by the time the animals are ~20 weeks of age and
is followed by progressive ventricular remodeling and
fibrosis with CHF. Approximately half of these animals die
by the time they are 30 weeks old. Notably, one family
and two sporadic cases of human DCM were recently
identified in which the patients presented with mutations
in the 8-sarcoglycan gene.'”

It is widely accepted that granulocyte colony-stimulat-
ing factor (G-CSF), a regeneration- and/or repair-related
cytokine, can alleviate postmyocardial infarction cardiac
dysfunction and remodeling.®~22 Recently, we reported
that postinfarction treatment with G-CSF accelerated the
healing process of myocardial infarction through aug-
menting macrophage accumulation in the infarcted area,
up-regulating the matrix metalloproteinase (MMP) family,
and inducing transdifferentiation of bone marrow cells
into cardiomyocytes, although the incidence of transdif-
ferentiation was small.?" However, it is unknown whether
the G-CSF treatment is effective against cardiac dysfunc-
tion due to nonischemic origin. Therefore, the aims of the
present study were to define the mode of death of cardi-
omyocytes in UM-X7.1 hamster and to examine whether
G-CSF exerts beneficial effects on the nonischemic fail-
ing hearts.

Materials and Methods

Animals

Male UM-X7.1 hamsters were provided by Drs. T. Ohkusa
and M. Matsuzaki of Yamaguchi University School of
Medicine, Ube, Japan. Male golden hamsters were cho-
sen as the control without heart disease (Clea Japan,
Shizuoka, Japan). The animals were housed in an air-
conditioned room with an automatic 12:12 hours day-
night cycle and maintained on a normal laboratory diet
with free access {o tap water. All animals received hu-
mane care in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH publication no. 8523,
revised 1985).

Experimental Protocols
Protocol I: Examination of Autophagy

Male UM-X7.1 hamsters and the sex-matched golden
hamster controls were sacrificed at the age of 30 weeks
(n = 8 each).

Protocol II: Effect of G-CSF on Hamsters

Recombinant human G-CSF (Chugai Pharmaceutical
Co., Tokyo, Japan) was administered at a dosage of 10
wng/kg/day to 16 male UM-X7.1 hamsters by subcutane-
ous injection on the first 5 days of each week. The injec-
tions were begun when the animals reached 15 weeks of
age and were continued for 15 weeks, until the animals
were 30 weeks of age. In the untreated group of UM-X7.1
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hamsters, the same volume of distilled water (~50 ul per
animal) was given to 15 age- and sex-matched hamsters
throughout the same period. Age- and sex-matched
golden hamsters were similarly treated with G-CSF (n =
8) or with distilled water (n = 6).

In another set of experiments, we examined the pos-
sibility of bone marrow-derived myocardial regeneration.
Bone marrow cells were aspirated from the femoral
bones of 12 UM-X7.1 hamsters at the age of 15 weeks
and labeled by incubation for 30 minutes at 37°C with
fluorescent carbocyanine 1,1'-dioctadecyl-1-3,3,3',3'-
tetramethyllindocarbocyanine perchlorate (Dil; Molecular
Probes, Eugene, OR) as previously described.?® Approx-
imately 3 x 10° labeled mononuclear cells were then
autologously returned to the bone marrow space of the
femurs,?* after which G-CSF or distilled water (n = 6
each) was administered to the animals as described
above. Fifteen weeks later, hearts of hamsters assigned
to this protocol were used exclusively to prepare
cryosections.

Protocol Ill: in Vitro Cell Death Assay

Ventricular cardiomyocytes were isolated from 8-week-
old male Sprague-Dawley rats and cultured overnight by
the method previously described.®>2® Culture media
were replaced with glucose-depleted and 100 mmol/L
mannitol-supplemented on the next day, as starvation is
known to cause autophagic degeneration/death in vari-
ous organs including the heart (glucose-starvation mod-
el).?”28 G-CSF (0, 0.1, 1, 10, or 100 pg/L) was simulta-
neously added to the media, and the cardiomyocytes
were cultured for 96 hours. Cell viability was assessed by
cellular rod shape with trypan blue dye exclusion.2®

Blood Sampling

Blood used for hemocounts was drawn from the retro-
orbital sinus before treatment and from the inferior vena
cava at sacrifice.

Assessment of Cardiac Function

Echocardiography and cardiac catheterization were per-
formed before sacrifice as previously described.?®

Tissue Processing and Histology

One day before sacrifice, Evans blue dye (1% v/v; Sigma,
St. Louis, MO) was intraperitoneally injected to the ran-
domly chosen animals (n = 3 from each group). This was
to detect cardiomyocytes with increased membrane per-
meability.?® The heart was transversely cut at the center
between the atrioventricular groove and the apex. The
basal half was fixed with 10% buffered formalin for histo-
logical examination. From the apical half, a small portion
was removed and prepared as specimens for cryosec-
tions and for electron microscopy, and the rest was
quickly immersed in liquid nitrogen for Western blotting
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and zymographic analyses. Other main organs including
lungs and livers were excised and histologically
examined.

On preparations taken from the center of the ventricle
and stained with Masson'’s trichrome, the percent fibrotic
area (expressed by blue areas) was measured using a
muliipurpose color image processor LUZEX F (Nireco,
Kyoto, Japan) by searching the entire ventricular slices.
Cardiomyocyte size (as the transverse diameter of the
cardiomyocyte cut at the nucleus level) was measured in
the cells present in 20 randomly chosen high-power
fields of the left ventricular free wall in each section.
Numbers of cardiomyocytes, leukocytes, and macro-
phages were counted in a whole ventricular slice stained
with hematoxylin and eosin.

In the animals injected with Evans blue dye 1 day
before examination, the hearts were excised and cryo-
sections were examined under a confocal microscope
(LSM510; Zeiss, Jena, Germany) after nuclear staining
with Hoechst 33342 (Sigma). The percentage of Evans
blue-positive celis was calculated in 20 randomly chosen
high-power fields in each section. We also examined
Evans blue-positive cells without a nucleus to check
whether those cells were actually dying.

Immunohistochemistry

The cardiac sections were incubated with a primary an-
tibody against ubiquitin (DAKO Japan, Kyoto, Japan),
cathepsin D (DAKO), Rab? (Santa Cruz Biotechnology,
Santa Cruz, CA),2° von Willebrand factor (DAKO), phos-
phorylated Akt (p-Akt; Cell Signaling, Beverly, MA), or
phosphorylated signal transducer and activator of tran-
scription-3 (p-Stat3, Cell Signaling). An ABC kit (Vector
Laboratories, Burlingame, CA) was used for the immuno-
staining of the deparaffinized sections with diaminoben-
zidine as the chromogen and nuclei were stained with
hematoxylin. Positive control sections for autophagic de-
generation were obtained from mouse liver after 24 hours
of starvation.?” For immunofluorescence, Alexa Fiuor 488
(Molecular Probes) was the secondary antibody and nu-
clei were then stained with Hoechst 33342. After immu-
nofluorescence the sections were observed under the
confocal microscope.

In situ nick end-labeling assays were performed to
detect apoptotic cells using an ApopTag kit (Chemicon
int.,, Temecula, CA) according to the manufacturer’s in-
structions. Positive control sections were from mouse
mammary gland. The percentage of immunopositive cells
was calculated in 20 randomly chosen high-power fields
in each section.

Using hearts from the animals receiving autologous
implantation of the Dil-labeled bone marrow cells 15
weeks before, the ventricles were cut into three trans-
verse blocks. At least 20 cryosections (6-um thick) from
each block, and thus more than 60 cryosections from
each heart, were made. They were then immunostained
using the primary antibody against troponin | (Chemi-
con), von Willebrand factor (DAKO), or a-smooth muscle
actin (Sigma). In a preliminary study, we checked the

pattern of Dil uptake by bone marrow cells and by cul-
tured adult rat ventricular cardiomyocytes that were ob-
tained by the method previously described.*2® For all
sections, unanimous interpretation of the staining was
acquired from two observers blinded to the specimen’s

group.

Electron Microscopy

Cardiac specimens or cultured cardiomyocytes were
fixed with phosphate-buffered 2.5% glutaraldehyde (pH
7.4) and postfixed with 1% osmium tetroxide, after which
they were conventionally processed for electron micros-
copy (H700; Hitachi, Tokyo, Japan). Terminal dUTP nick-
end labeling (TUNEL) assay at the electron microscopic
level (EM-TUNEL) was performed on ultrathin sections as
previously described.®

Western Blotting

Proteins (100 ng) extracted from hearts were subjected
to polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene difluoride membranes. The
membranes were then probed using the antibody against
ubiquitin, cathepsin D, Rab7, p-Akt, p-Stat3, phosphory-
lated extracellular signal-regulated kinase (p-ERK, Cell
Signaling), or tumor necrosis factor-a (TNF-«; eBio-
science, San Diego, CA), and the blots were visualized
by means of enhanced chemiluminescence (Amersham
Biosciences, Piscataway, NJ). The signals were quanti-
fied by densitometry. a-Tubulin (analyzed using antibody
from Sigma) was a loading control.

Gelatin Zymography

The activity of MMP was measured using the gelatin-
zymography kit (Yagai Research Center, Yamagata,
Japan).

Statistical Analyses

Values are presented as means = SEM. Analysis of sur-
vival was evaluated using the Kaplan-Meier method with
the log-rank Cox-Mantel method. The significance of dif-
ferences in the findings was evaluated using Student's
t-test or one-way analysis of variance followed by the
Newman-Keul’s multiple comparison test. Values of P <
0.05 were considered significant.

Results

Cardiomyocyte Degeneration and Death in
UM-X7.1 Hamsters

Spontaneous cardiomyocyte degeneration occurs in this
strain.*®'® Sarcolemmal integrity was assessed by living
staining with Evans blue dye. The dye is excluded by
cardiomyocytes with normal sarcolemmal permeability
but taken up by cardiomyopathic cells with leaky cell
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Figure 1. Confocal micrographs. A: Myocardium from the golden (left) and
untreated UM-X7.1 (right) hamsters injected with Evans blue dye. Red
fluorescence (arrows) indicates uptake of Evans blue; blue fluorescence
shows nucleus. Percentages of cells taking up Evans blue are compared in
the bar graph on the right. C, untreated golden hamster; C-U, untreated
UM-X7.1 hamster; and U-G, G-CSF-treated UM-X hamster. *P < 0.05. B:
Myocardium from the untreated UM-X7.1 hamster injected with Evans blue
(red) and immunostained for cathepsin D (green). Nuclei (blue) are coun-
terstained with Hoechst 33342. Scale bars, 50 pm (A); 10 pm (B).

membranes.?® No cardiomyocyte was found to include
Evans blue in golden hamsters. However, the hearts of
UM-X7.1 hamsters exhibited extensive dye uptake (Fig-
ure 1A). Nuclei were absent in 6.7 = 0.7% of Evans
blue-positive cardiomyocytes in the untreated UM-X7.1
hearts, implying ongoing death in those cells.
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Figure 2. A to D: Light and electron micrographs showing severe vacuolar
degeneration in cardiomyocytes from untreated UM-X7.1 hearts. A: A semi-
thin section showing a cardiomyocyte with severe vacuolar degeneration
(arrow). B and D; The vacuoles contained degraded subcellular organelles
(eg, mitochondria) as indicated by arrows in D and thus appeared autoph-
agic vacuoles. C: An example of a cardiomyocyte in which the cytoplasm is
almost replaced by vacuoles. Arrows indicate barely remaining myofibrils.
Such degenerative changes were attenuated in the G-CSF-treated group (E).
Nucl, nucleus. Scale bars, 10 um (A); 1 pm (B-E).

Ultrastructural analysis of the hearts revealed various
grades of autophagic degenerative changes in cardio-
myocytes (Figure 2, A-D). By contrast, we found no clear
evidence of interstitial cell degeneration/death in the UM-
X7.1 hearts. In addition, immunostaining for ubiquitin,
cathepsin D, and Rab7 revealed significantly higher in-
cidences of cardiomyocyies in the UM-X7.1 hamsters
than in the hearts of golden hamsters (Figure 3, A-D). In
particular, ubiquitin and cathepsin D were expressed as
granular cytoplasmic inclusions (Figure 3, A and B).
Waestern blotting confirmed up-regulation of ubiquitin, ca-
thepsin D, and Rab7 in the hearts of UM-X7.1 hamsters
(Figure 3, E and F). Next, to examine whether such de-
generation may be causatively related with cell death, we
observed the hearts of animals injected with Evans blue
after immunostaining for cathepsin D. We found that al-
most all Evans blue-positive cardiomyocytes were also
positive for cathepsin D (Figure 1B), suggesting a direct
linkage between autophagic degeneration and death in
cardiomyopathic cells.

Rare TUNEL-positive cardiomyocytes were found, al-
though significantly more in UM-X7.1 hamsters than in
golden hamsters (Figure 4A). EM-TUNEL revealed that
TUNEL-positive cardiomyocytes exhibited not apoptotic
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Figure 3. Immunohistochemistry and Western blotting for markers of autophagy. A-C: Immunostaining for ubiquitin (4), cathepsin D (B), and Rab7 (C) in the
myocardium. D: Percentages of the immunopositive cells are compared in the bar graphs. E and F: Western blots for myocardial ubiquitin, cathepsin D, and Rab7
(E) and graphs showing densitometry (F). In ubiquitin blotting, the whole gel image is shown to demonstrate the distribution of ubiquitinated substrates. P <
0.05 compared with the value of untreated golden hamsters (*) or that of untreated UM-X7.1 hamsters (#). Scale bars, 20 um.

ultrastructure but hypertrophied nuclei (Figure 4B). This
finding was consistent with human DCM, as previously
reported,® and suggests a false-positive TUNEL reaction
as apoptosis. Catalytic activity of both MMP-2 and
MMP-9 in the heart was significantly higher in the UM-
X7.1 hamsters compared with the golden hamsters (Fig-
ure 5A). Cardiac TNF-a levels were up-regulated in the
30-week-old UM-X7.1 hamsters (Figure 5B).

Effect of G-CSF to UM-X7.1 Hamsters
Hemocount

Granulocyte counts in animals treated with G-CSF for
15 weeks reached 14,921 = 1037 cells/ul, which was
significantly greater than the counts obtained from un-
treated controls (774 = 65 cells/ul) or the baseline counts
obtained from the groups before the treatment (694 =
168 cells/ul). There was no significant difference in red
blood cell or platelet counts between the groups.

Improvement of Survival and Cardiac Function and
Structure

Although 7 of 15 untreated UM-X7.1 hamsters died
by 30 weeks of age (survival rate, 53%), all 16 ham-
sters (100%) treated with G-CSF survived 30 weeks
(Figure 6). All golden hamsters, with or without G-CSF-
treatment, survived until the age of 30 weeks. At 30
weeks of age, all of the surviving animals underwent
echocardiography and cardiac catheterization. The
untreated UM-X7.1 hamsters showed severe left ven-
tricular (LV) enlargement and signs of decreased car-
diac function compared with the untreated golden
hamsters (Figure 7): low LV ejection fraction (%EF),
high LV end-diastolic pressure, and reduced *dp/dt.
All of those parameters were significantly improved in
the G-CSF-treated animals (Figure 7). On the other
hand, there was no difference in systolic LV pressure,
diastolic aortic pressure, or heart rates between the
untreated and G-CSF-treated UM-X7.1 hamsters. G-
CSF did not affect cardiac function of golden hamsters
(data not shown).
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Figure 4. TUNEL and EM-TUNEL assays. A: Photograph of a TUNEL-positive
cardiomyocyte (arrow) in the hean of untreated UM-X7.1 hamster and graph
showing the percentage of TUNEL-positive cardiomyocytes among groups.
“P < 0.05 compared with untreated golden hamsters. B: An EM-TUNEL-
positive cardiomyocyte reveals that such a cell is not ultrastructurally apo-
ptotic, suggesting a false-positive TUNEL reaction as apoptosis.

The hearts of unireated UM-X7.1 were bigger and
heavier at necropsy than those of golden hamsters, but the
degree was attenuated in the G-CSF-treated UM-X7.1 (Fig-
ure 8, A and C). Histologically, there were numerous fibrotic
foci and abundant interstitial fibrosis in the ventricles of
untreated UM-X7.1 hearts, which were significantly miti-
gated in the ventricles of G-CSF-treated hearts: percent
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Figure 5. Effect of G-CSF on MMP catalytic activity and expression of TNF-a
protein in hearts. A: Gelatin zymogram. B: Western blot for TNF-a. The bar
graphs summarize the quantifications by densitometry. P < 0.05 compared
with the value of untreated golden hamsters (*) or that of untreated UM-X7.1
hamsters (#).
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Figure 6. Effect of G-CSF on the survival curve for cardiomyopathic ham-
sters. The treatment was started at 15 weeks of age and continued until 30
weeks of age.

area of ventricular fibrosis was 20.2 = 2.3% in the unireated
group versus 8.6 = 1.0% in the G-CSF group of UM-X7.1
hamsters {Figure 8, B and D). In fact the percent area of
fibrosis in the G-CSF group at 30 weeks of age was not
different from that seen before treatment, when the animals
were only 15 weeks of age (7.3 = 1.3%, n = 6). Cardiomy-
ocyte population per ventricular slice was smaller in the
untreated UM-X7.1 compared with that in golden hamsters,
which was partially restored by the G-CSF treatment (Figure
8E). Such an attenuated fibrosis and restored cardiomyo-
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Figure 7. Effect of G-CSF on cardiac function based on echocardiography (A
and B) and cardiac catheterization (C-E). C, untreated golden hamster; U/C,
untreated UM-X7.1 hamster; U/G, G-CSF-treated UM-X7.1 hamster. LVDd,
left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction;
LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular peak
systolic pressure. P < 0.05 compared with the value of untreated golden
hamsters (*) or with that of untreated UM-X7.1 hamsters (#).
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Figure 8. Effect of G-CSF on cardiac pathology. A: Light micrographs of the
whole ventricular slices. Masson’s trichrome stain. B: Highly magnified pho-
tographs of the myocardial tissue. C-E: Graphs showing the heart to body
weight ratio, the percent areas of fibrosis in the ventricles, the numbers of
cardiomyocytes in a whole ventricular slice, the size of cardiomyocytes,
vascular density, and the infiltrated inflammatory cell population, P < 0.05
compared with the value of untreated golden hamsters (%) or with that of
untreated UM-X7.1 hamsters (#). Scale bars: 5 mm (A); 100 pm (B).

cyte population in hearts suggest a protective effect of
G-CSF against cardiomyocyte dropout in the cardiomyo-
pathic hamster. The cardiomyocyte size of the untreated
UM-X7.1 hamsters was greater than that of golden ham-
sters, and the increase in the size was significantly aug-
mented by the G-CSF treatment (golden, 12.6 + 0.24 um;
untreated UM-X7.1, 15.7 = 0.27 um; and G-CSF-treated
UM-X7.1, 17.0 = 0.19 um; P < 0.05) (Figure 8F). Vascular
density in myocardium was significantly reduced in UM-
X7.1 hamsters, compared with golden hamsters. Treatment
with G-CSF did not affect the density in UM-X7.1 hamsters
(Figure 6@G). Inflammatory cell infiltration into the myocar-
dium was rare in both groups of UM-X7.1, although greater
compared with that in golden hamsters, and the numbers of
infiltrated inflammatory cells (granulocytes, lymphocytes,
and macrophages) were similar between the unireated and
G-CSF-treated UM-X7.1 (Figure 8H). When we examined
the animals for adverse reactions, including splenic rupture,
splenomegaly, thromboembolism, interstitial pneumonia,

and atherosclerosis, we detected no notable adverse effect
of G-CSF.

Preventive Effect of G-CSF on Autophagic Alteration
but Not on Incidence of TUNEL-Positive
Cardiomyocytes

The incidence of cardiomyocytes with Evans blue dye
uptake was clearly decreased in the G-CSF-treated
hearts of UM-X7.1 hamsters, compared to that of the
untreated group (Figure 1A). Cardiomyocytes with auto-
phagic degenerative ultrastructure were diminished in
the G-CSF-treated group (Figure 2E). In addition, immu-
nostaining for ubiquitin, cathepsin D, and Rab7 revealed
significantly lower incidences of cardiomyocytes in the
G-CSF-treated hearts (Figure 3, A-D). Western blotting
confirmed these findings (Figure 3, E and F). These sug-
gest that G-CSF exerts a protective effect against auto-
phagic degeneration and death of cardiomyocytes. The
incidence of TUNEL-positive cardiomyocytes was similar
between the untreated and G-CSF-treated UM-X7.1 ham-
sters (untreated, 0.06 = 0.001% versus G-CSF, 0.04 +
0.008%, P = n.s.) (Figure 4A).

Activation of Downstream Signals of G-CSF

The binding of G-CSF to its receptor evokes signal
transduction through activation of Janus kinase (Jak)/
Stat; Akt kinase, which has been identified as a down-
stream target of phosphatidylinositol-3'-kinase (PI3K);
and mitogen-activated protein  kinase = (MAPK)/
ERK.2'3132 Western blot analysis revealed that treatment
with G-CSF resulted in a significant up-regulation of p-
Stat3 and p-Akt, but not of p-ERK, in UM-X7.1 hearts
(Figure 9, A and B).

Immunohistochemistry revealed that p-Stat3 distrib-
uted on cardiomyocytes whereas p-Akt was exclusively
on endothelial cells in the G-CSF-treated UM-X7.1 hearts
(Figure 9C). And, both proteins appeared more intensely
expressed in the G-CSF-treated hearts compared with
the untreated ones. This suggests that Jak/Stat pathway
may contribute for cardiomyocyte protection, consistent
with the previous report.??

Increase in MMP Catalytic Activily and Decrease in
TNF-a Content in the Heart

The MMP catalytic activity was significantly increased
in the G-CSF-treated group, compared to that of the
untreated group (Figure 5A). G-CSF significantly reduced
cardiac TNF-a levels (Figure 5B).

No Dil-Labeled (Bone Marrow-Derived)
Cardiomyocytes and Vascular Cells

In another set of experiment, we evaluated the mobili-
zation of Dil-labeled bone marrow cells into the heart. In
our preliminary study, Dil was taken up by both bone
marrow cells and cultured adult cardiomyocytes and was
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Figure 9. Downstream signals of G-CSF. A and B: Western blotting for myocardial p-Akt, p-Stat3, and p-ERK. The graphs show the densitometry (B). C:
Immunohistochemistry for p-Akt and p-Stat3 in the untreated and G-CSF-treated UM-X7.1 hearts. P-Akt localized on endothelial cells whereas p-Stat3 localized
on cardiomyocytes. Confocal images show p-Akt localization on von Willebrand factor-positive endothelial cells. Scale bars: 10 um (C, top); 50 um (C, bottom).

distributed in a spotty pattern (Figure 10A), similar to that
seen previously in neuronal cells.?® Extensive examina-
tion by confocal microscopy revealed no cardiac cells,
ie, cardiomyocytes, endothelial cells, vascular smooth
muscle cells, or interstitial cells, were positive for Dil in
any hearts, in the G-CSF-treated and untreated hearts
(Figure 10B).

Effect of G-CSF on Cultured Aduft
Cardiomyocytes

After 96 hours, survival rate was markedly reduced when
cardiomyocytes were cultured in glucose-depleted media
(Figure 11A). Electron microscopy confirmed many autoph-
agic vacuoles in the cardiomyocytes with glucose starva-
tion (Figure 11A). Addition of G-CSF significantly improved
the survival in a dose-dependent manner (Figure 11B).

Discussion

Autophagy as the Major Mode of
Cardiomyocyte Death in Nonischemic
Cardiomyopathy

In the present study, we found abundant autophagic
degeneration in cardiomyocytes of the cardiomyopathic
hamsters, in which cathepsin D and Rab7 were overex-
pressed. Importantly, we suggested that cardiomyocyte
death succeeds to autophagic degeneration based on
the finding that most of the cardiomyocytes with dis-
rupted plasma membrane were positive for cathepsin D.
Although TUNEL-positive cardiomyocytes were more fre-
quently found in the cardiomyopathic hamsters than in
the healthy hamsters, the positivity rate was very low and
moreover, the false-positive reaction of TUNEL as apo-
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A

Figure 10. Confocal photomicrographs. A: Merged images of Dil fluorescence (red), immunostaining of the indicated cellular protein (green), and Hoechst 33342
(blue). Top: Smear of bone marrow cells showing Dil labeling and immunostaining of B-actin (green) using anti-B-actin antibody (Sigma). Bottom: Cultured rat
cardiomyocytes labeled with Dil and a-sarcomeric actin (green) detected by anti-a-sarcomeric actin antibody (DAKO). These are positive control sections for Dil.
B: Myocardium from a G-CSF-treated UM-X7.1hamster. No Dil spots (red) are observed, merging with green fluorescence of troponin I, von Willebrand factor,
or a-smooth muscle actin. Nuclei (blue) are counterstained with Hoechst 33342, Scale bars, 10 pm.

ptosis was suggested by the EM-TUNEL assay. This is
consistent with a recent report indicating apoptosis does
not significantly contribute to cardiomyocyte dropout in
another DCM hamster model {glycoprotein-sarcoglycan
deficiency) similar to ours.®® Thus, autophagy rather than
apoptosis is the major mode of cardiomyocyte death of
the present cardiomyopathic hamster.

TNF-a, which is elevated in patients with heart failure,
is not only a cytotoxic cytokine that directly depresses
cardiac function,3* it also up-regulates angiotensin Il type
1 receptor, thereby contributing to angiotensin 1l-medi-
ated organ fibrosis.®® In general, members of the MMP
family are up-regulated in CHF, and in postmyocardial
infarction models of CHF, their inhibition has a beneficial
effect on cardiac remodeling and function.®® It is be-
lieved that increases in MMP can exacerbate heart failure

by catalyzing collagen degradation. In addition to auto-
phagy of cardiomyocytes, the up-regulation of these cy-
tokines may play an important role as pathogenesis of
cardiac heart failure in this model.

Beneficial Effect of G-CSF on Cardiomyopathic
Hamsters and the Mechanisms

G-CSF treatment improved survival, cardiac function,
and fibrosis. It reduced autophagic degeneration of car-
diomyocytes as indicated by ultrastructure and immuno-
positivity for cathepsin D and Rab7. Although it is known
that G-CSF can induce transdifferentiation of stem cells in
bone marrow into cardiac cells, we could not find Dil-
labeled cardiomyocytes and vascular cells in hearts. Our
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