Southern Blot Analysis

DNA wus extracted from cardiac tissues, and a Southern blot
analysis was performed (o measure the mtDNA copy number as
described earlier.” Primers for the mDNA probe corresponded 1o
nucleotides 2424 10 3605 of the mouse mitochondrial genome, and
those for the nuclear-encoded mouse 18S rRNA probe corresponded
to nucleotides 435 to 1951 of the human 188 rRNA genome. The
MDNA levels were normalized to the abundance of the 185 1RNA
gene run on the same gel.

RNA Isolation and Northern Blot Analysis

Total RNA was isolated from frozen LV by the guanidinium method.
and a Northern hybridization analysis was performed according to
methods described previously.” Probes lor mRNA analysis were
prepared by amplification of nucleotides 1209 10 2606 (probe 1),
nucleotides 3351 to 7570 (probe 2), nucleotides 8861 10 14349
{probe 3), and nucleotides 14729 to 15837 (probe 4) of mDNA from
mouse genomic DNA.

Mitochondrial Enzyme Activity

The specific activity of complex 1. complex Il complex 111, and
complex 1V was measured in the myocardial tissues according (o
methods described previously.” The specific enzymatic activity of
rotenone-sensitive NADH-ubiquinone oxidoreductase (complex 1)
was measured by a reduction of the ubiquinone analogue decylu-
biguinone. For the activity of succinate-ubiquinone oxidoreductase
(complex II), the reduction of 2,6-dichlorophenolindophenol. when
coupled to complex 1l-catalyzed reduction of decylubiquinone, was
measured. For the specific activity of ubiquinol/cytochrome ¢ oxi-
doreductase (complex [11), the reduction of cytochrome ¢ catalyzed
by complex Il in the presence of reduced decylubiquinone was
monitored. The specitic activity of cytochrome ¢ oxidase (complex
IV) was measured by Tollowing the oxidation of reduced cytochrome
¢, which had been prepared in the presence of dithionite. All
enzymatic activities were expressed as nanomoles per minute per
milligram protein.

Echocardiographic and

Hemodynamic Measurements

After 4 weeks of surgery, echocardiographic studies were performed
under light anesthesia with tribromoethanol/amylene hydrate (Aver-
tin: 2.5% wti/vol, 8 ul/g IP) and spontaneous respiration. A 2D
parasternal short-axis view of the LV was obtained at the level of the
papillary muscles. In general, the best views were obtained with the
transducer lightly applied to the mid upper left anterior chest wall.
The transducer was then gently moved cephalad or caudad and
angulated until desirable images were obtained. After it was ensured
that the imaging was on axis (based on roundness of the LV cavity),
2D targeted M-mode tracings were recorded at a paper speed of
50 mm/s. Our previous study has shown that the intraobserver and
interobserver variabilities of our echocardiographic measurements
for LV dimensions were small, and measurements made in the same
animals on separate days were highly reproducible.!” Then. under the
same anesthesia with Avertin, a 1.4F micromanometer-tipped cath-
cter (Millar Instruments) was inserted into the right carotid artery and
then advanced into the LV to measure pressures.!”

Infarct Size

To measure the infarct size after 28 days of MI. the heart was
excised, and the LVs were cut from apex to base into 3 transverse
sections. Five-micrometer sections were cut and stained with Mas-
son’s trichrome. Infarct length was measured along the endocardial
and epicardial surfaces from cach of the cardiac sections, and the
values from all specimens were summed. Infarct size (in percentage)
was caleulated as total infaret circumterence divided by total cardiac
circumference.!?

In addition, to measure infarct size alter 24 hours when most
animals are stll alive. a separate group of animals including WT-MI
=06) and Tg-MI (n=6) was created. After 24 hours of coronary
artery ligation, Evans blue dye (1%) was perfused into the aorta and
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coronary arteries, and tissue sections were weighed and then incu-
bated with a |.5% triphenyltetrazolium chloride solution. The infarct
area (pale). the area at risk (not blue). and the total LV area from
each section were measured.™ In our preliminary study, we con-
firmed excellent reliubility of infarct size measurements. in which a
morphometric methadology similar to that used in this study was
used. The intraobserver and interobserver variabilities between 2
measuremcents divided by these means, expressed as a percentage,
were <5%.

Histopathology

After in vivo hemodynamic studies, the heart was excised and
dissected into the right and left ventricles, including the septum.
Five-micrometer sections were cut and stained with Masson's
trichrome. Myocyte cross-sectional area and collagen volume frac-
tion were determined by the quantitative morphometry of LV tissue
sections.”?

For assessment of mitochondrial ultrastructure by electron micros-
copy. LV tissues were fixed in a mixwre of 1% glutaraldehyde and
4% paratormaldehyde in 0.1 mol/L. phosphate buffer a1t pH 7.4 for 2
hours at room temperature. After they were washed in 0.1 mol/L
phosphate buffer containing 0.25 mol/L sucrose, they were postiixed
with 1% osmium tetroxide for | hour at room temperature. The
tissues were then block-stained with 1% uranyl acetate in 50%
methanol for 2 hours. dehydrated in a graded series of ethanol, and
embedded in Epon. Ultrathin sections were double stained with
uranyl acetate and lead citrate and then were observed under an
clectron microscope (Hitachi H7000). For quantitative morphometric
analysis, the number and size of the mitochondria were examined
according to methods described previously.® The number of mito-
chondria and the cross-sectional area (size) of each mitochondrion
were measured within a sampling region of 100 square sarcomeres
(sm1?). Eighteen regions were selected al random for each specimen.
and for all regions the averages of mitochondrial number and
cross-sectional area were calculated.

Apoptosis

To detect apoptosis, LV tissue sections were stained with terminal
deoxynucleotidyl transferase—mediated dUTP nick end-labeling
(TUNEL) staining. The number of TUNEL-positive cardiac myocyle
nuclei was counted, and the data were normalized per 10° total nuclei
identified by hematoxylin-positive staining in the same sections. We
further examined whether apoptosis is present by the more sensitive
ligation-mediated PCR fragmentation assays (Maxim Biotech Inc).'®

Statistical Analysis

Data are expressed as mean®=SEM. Survival analysis was performed
by the Kaplan-Meier method, and between-group difference in
survival was tested by the log-rank test. Between-group comparison
of means was performed by 1-way ANOVA, followed by / tests. The
Bonferroni correction was done for multiple comparisons of means.
P<C0.05 was considered statistically significant.

Results

Characterization of Human TFAM Tg Mice

Human TFAM ¢DNA was used to generate Tg mice (Figure
1A). Four lines of Tg mice were confirmed by PCR. These
lines were viable and fertile, and there were no detectable
differences in cardiac size and structure between Tg and WT
mice either macroscopically or microscopically.

We analyzed TFAM protein levels in various tissues by
Western blot analysis using anti-human TFAM antibody. We
found a robust expression of human TFAM protein in the
heart and skeletal muscle, but it was barely detected in the
lung, liver, and kidney (Figure 1B). Among 4 established
lines of Tg mice. 1 line that expressed the highest level of the
human TFAM protein in the heart was used for further
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experiments. The endogenous expression level of the mouse
Tfam protein was not modified or downregulated by the
overexpression of human TFAM gene (Figure 1C). Immuno-
histochemical studies showed homogeneous human TFAM
distribution in cardiac myocytes and colocalized with the
mouse mitochondria (Figure 2). Human TFAM staining
showed a relatively spotty staining pattern. With higher
magnification, its expression appeared not to be restricted to
a specific site of mitochondria (Figure 2, inset). These results
suggest that the human TFAM exerts an expression pattern
similar to that observed for the endogenous mouse Tfam and
may function in the mouse heart.

MtDNA Copy Number and

Mitochondrial Enzymes

We created MI in male Tg mice (Tg-Ml) and nontransgenic
wild-type littermates (WT-MI). Sham operation without cor-
onary artery ligation was also performed in WT (WT-sham)
and Tg (Tg-sham) mice. After 4 weeks of surgery, we
measured mtDNA copy number, expressed as the ratio of
mtDNA o nuclear DNA (18S rRNA), in the myocardial
tissue by a Southern blot analysis. In parallel to an increase in
TFAM protein, mtDNA copy number increased in the heart
from Tg animals compared with WT controls (Figure 3A). In
WT-MI animals, mtDNA copy number in the noninfarcted
LV showed a 41% decrease (P<<0.01) compared with sham
mice, which was significantly prevented and prescrved at a
normal level in Tg-MI mice (Figure 3A).

To determine the effects of mtDNA copy number alter-
ations on mtRNA, mtRNA transcript levels were measured by
Northern blot analysis. As previously reported.” mtRNA
transcript levels, including NDT+ND2, ND4, ND4L, ND5,
cytochrome b, COL. COIL, and COIII transcripts as well as
16S rRNA. were lower in WT-MI than those in WT-sham.
However, overexpression of human TFAM did vot increase.
and even decreased, these mRNA levels in Tg-sham as well
as in Tg-MI (online-only Data Supplement I). These results
indicate that the regulation of mtRNA transcripts is dissoci-
ated from that of mtDNA copy number.

Overlay

Figure 2. Myocardial tissue sections
from WT (top) and Tg (bottom) mice
were double-stained with MitoTracker
dye (red) and a human TFAM specific
antibody {(green). Immunoreactivity for
human TFAM was observed in the cyto-
plasm of cardiac myocytes. Merged
images show that TFAM was colocalized
with the mitochondria (yellow). Bar=20
pm. Inset shows merged images with
higher magnification; bar=10 pm.

We next measured the respiratory chain enzyme activities.
Despite the significant increase in mtDNA copy number in
the heart from Tg, complex I, complex I, complex Il and
complex IV demonstrated no significant changes in the
enzymatic activity in comparison with WT controls (Figure
3B). Consistent with mtDNA copy number, the enzymatic
activities of complex I, complex Il and complex 1V were
significantly lower in the noninfarcted LV from WT-MI than
those from WT-sham. Most importantly, there was no such
decreasc observed in Tg-MI (Figure 3B). The enzymatic
activity of complex I, exclusively encoded by nuclear DNA,
was not altered in cither group. These results indicate that
mtDNA and mitochondrial enzymatic activities are down-
regulated in the hearts after M1, and human TFAM gene
overexpression efficiently counteracts these mitochondrial
deficiencies.

The overall number of mitochondria and the overall aver-
age size of the mitochondria demonstrated no significant
changes in Tg-sham in comparison with WT controls. In
contrast, the mitochondrial number was significantly in-
creased and their size was decreased in WT-MI, both of
which were attenuated in Tg-MI (online-only Data Supple-
ment II).

Survival

The survival analysis was performed in 4 groups of mice
during the study period of 4 weeks: WT-sham (n=20),
WT-MI (n=21), Tg-sham (n=29). and Tg-MI (n=29). There
were no deaths in sham-operated groups. The survival rate
was significantly higher in Tg-MI compared with WT-MI
(100% versus 66%; P<<0.01: Figure 4A).

Infarct Size

We determined the infarct size by morphometric analysis in
the surviving mice 28 days after ML and it was comparable
between WT-MI and Tg-MI (Figure 4B). To further confirm
that overexpression of TFAM gene did not alter the infarct
size, both area at risk and infarct arca were measured in a
separate group of mice 24 hours after coronary artery ligation.
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Figure 3. mtDNA and mitochondrial function. A, top, Southern blot
analysis of MiDNA copy number in total DNA extracts from the
heart from WT-sham, Tg-sham, WT-MI, and Tg-MI mice. Top
bands show signals from the mtDNA fragment, and bottom bands
show signals from the nuclear DNA fragment containing the 188
rRNA gene. A, bottom, Summary data for a Southern blot analysis
of mtDNA copy number in 4 groups of animals (n=8 for each).
Data were obtained by a densitometric quantification of the South-
ern blots such as those shown in A. B, Enzymatic activity of respi-
ratory chain complex 1, complex il, complex i, and complex IV in
isolated mitochondria from 4 groups of animals (n=6 for each).
Each assay was done in triplicate. Values are mean=SEM.
*P<<0.05, *P<0.01 for difference from WT-sham values. 1P<0.05,
F1P<0.01 for difference from WT-M! values. pr indicates protein.

The infarct size (infarct/risk arca) was also comparable
between WT-MI and Tg-MI mice (84.5%£0.4% for n=6
versus 83.2%1.1% for n=6; P=NS; Figure 4C).

Cardiac Function and Structure

The echocardiographic studies of surviving mice at 4 weeks
showed that cardiac diameters were significantly increased in
WT-MI over the values in WT-sham or Tg-sham. Tg-Ml
showed less cavity dilatation and improved contractile func-
tion compared with WT-MI (Figure 5).

There was no significant difference in heart rate and aortic
blood pressure among 4 groups of mice {Table). LV end-di-
astolic pressure increased in WT-MI and was significantly
attenuated in Tg-MIL Coinciding with increased LV end-dia-
stolic pressure, Iung weight/body weight increased in WT-MI
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Figure 4. Survival and infarct size. A, Kaplan-Meier survival
analysis. Percentages of surviving WT-MI (n=29) and Tg-Ml|
(n=29) mice were plotted. Between-group difference was tested
by the log-rank test. B, Infarct size values from WT-M| (n=6)
and Tg-Ml (n=86) mice in surviving mice 28 days after Ml. C,
Infarct size (infarct/risk area) values from WT-MI (n=6) and
Tg-Ml (n=86) mice 24 hours after MI. Values are mean=SEM,

and was also attenuated in Tg-MI (Table). The prevalence of
pleural effusion, a clinical sign of heart failure, was signifi-
cantly lower in Tg-MI than that in WT-M1 (Table).
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Figure 5. A, Representative M-mode echocardiograms obtained
from WT-sham, Tg-sham, WT-MI, and Tg-MI mice. Arrows indicate
LV end-diastolic diameter. B, C, Summary data for echocardio-
graphic measurements in 4 groups of animals (n=6 for each). LV
end-diastolic diameter (B) and percent fractional shortening (C) are
shown. Values are mean=SEM. *P<0.01 for difference from
WT-sham values; 11P<0.01 for difference from WT-MI values.
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Characteristics of Animal Models

WT-Sham Tg-Sham WT-MI Tg-MI
(n=20) (n=21) (n=19) (n=29)
Hemodynamic data
Heart rate, bpm 469+6 471+4 47911 4774
Mean aortic pressure, mm Hg 77+4 76+2 73+1 74+1
LV EDP, mm Hg 0.7+0.5 0.7x0.4 13.122.0"* 4.3+0.8%%
Organ weight data
Body weight, ¢ 27.3+04 26,704 26.2+205 26.0£0.2
LV weight/body weight, mg/g 3.14x0.07 3.23=0.05 3.88+0.24"  3.69x0.09"
RV weight/body weight, mg/g 0.95:+0.05 098004 139x012**  1.12x005t1
Lung weight/body weight, mg/g 5.3=01 53x0.1 8.3+0.6* 6.4x0.3%
Pleural effusion, % 0 0 63+ 31t

Values are mean=SEM. EDP indicates end-diastolic pressure; RV, right ventricular.
**P<0.01 vs WT-sham; 1P<0.05, 3P<0.01 vs WT-MI.

Cross-sectional area of cardiac myocytes. an index of
cellular hypertrophy, increased in the noninfarcted LV from
WT-MI and was significantly attenuated in Tg-M1 (Figure
6A). Collagen volume fraction, an index of myocardial
interstitial fibrosis, also increased in the noninfarcted LV
from WT-MI and was significantly smaller in Tg-MI (Figure
6B). These results indicate that TFAM efficiently counteracts
structural and functional deterioration in post-MI hearts.

Apoptosis

To detect apoptosis, myocardial tissue sections were stained
with TUNEL staining. TUNEL-positive nuclei were rarely
seen in control mice, whereas their number increased in the
noninfarcted LV from WT-MI and was significantly de-
creased in Tg-MI (Figure 7A). In addition, DNA ladder
appeared faint in the noninfarcted LV from Tg-MI compared
with that from WT-MI, suggesting the attenuation of apopto-
sis by TFAM overexpression (Figure 7B).

Discussion
The present study provides the first direct evidence that the
overexpression of TFAM can prevent the decline in mtDNA as
well as mitochondrial respiratory defects in post-MI hearts.
TFAM significantly attenuated cardiac chamber dilatation and
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Figure 6. Summary data for histopathological analysis of LV tis-
sue sections in 4 groups of animals (n=6 for each). Myocyte
cross-sectional area (A) and collagen volume fraction (B) are
shown. Values are mean=SEM. *P<0.01 for difference from
WT-sham values; 11P<0.01 for difference from WT-MI| values.

dysfunction as well as histopathological changes such as myo-
cyte hypertrophy, interstitial fibrosis, and apoptosis. The appar-
ent beneficial effects of TFAM overcxpression were not due to
its MI size—sparing effect, but they occurred secondary to more
adaptive remodeling. All of these beneficial effects could con-
tribute to the improved survival in Tg mice after ML

Previous studies have suggested an intimate link between
mtDNA damage, increased lipid peroxidation, and a decrease
in mitochondrial electron transport complex enzyme activities.*
A growing body of evidence suggests that mtDNA deficiencies
and mitochondrial dysfunction play a major role in the devel-
opment and progression of cardiac failure. A recent study from
our laboratory demonstrated a decline in TFAM and mtDNA
copy number in a murine heart failure model after M1? These
studies imply a relationship between TFAM, mtDNA copy
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Figure 7. A, Number of TUNEL-positive myocytes in nonin-
farcted area of LV from 4 groups of animals (n=8 each). Values
are mean+SEM. »*P<0.01 for difference from WT-sham values.
T1P<0.01 for difference from WT-MI values. B, DNA ladder
indicative of apoptosis in genomic DNA from LV.
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number, and mitochondrial function because the magnitude of
the miDNA defects is paralle] to quantitative deficiencies in
electron transport function. We thus proposed a direct relation-
ship between TFAM content and electron transport chain activ-
ity during the post-MI remodeling process, ignoring the possi-
bility of direct ischemic damage to the electron transport chain
complexes. The downregulation of TFAM gene expression and
a concurrent decrease in mitochondrial genes have been also
shown in heart failure induced by aortic banding.'s In addition,
mtDNA depletion has been reported in mitochondrial myopathy
and respiratory defects.’®-2! On the basis of these studies,
mtDNA defects are considered to be involved not only in the
pathogenesis of the diseases caused by inherited defects of
mtDNA but also in those secondary to ischemia or mechanical
overload.

TFAM not only regulates mtDNA transcription and repli-
cation?* but also maintains mtDNA copy number. In fact,
Tfam knockout mice. which had a 50% reduction in their
transcript and protein levels, exerted a 34% reduction in the
mtDNA copy number, 22% reduction in the mitochondrial
transcript levels, and partial reduction in the cytochrome ¢
oxidase levels in the heart.'!'" Moreover. cardiac-specific
disruption in the Tfam gene in niice exhibited dilated cardio-
myopathy in association with a reduced amount of mtDNA
and mitochondrial transcripts.'? The transfection of antisense
plasmids in cultare, designed to reduce the expression of
TFAM, cffectively decreased the levels of mitochondrially
encoded transcripts.*® On the contrary, the forced overexpres-
sion of TFAM could produce the opposite effect.2* Consistent
with the present results (Figure 3A, 3B), a recent study by
Ekstrand et al?® demonstrated that the overexpression of
haman TFAM in the mouse increased mtDNA copy number.
These lines of evidence imply the primary importance of
TFAM as a regulatory mechanism of mtDNA copy number.
TFAM has been shown to directly interact with mtDNA to
form nucleoids.?627 Therefore, increased TFAM may increase
the steady-state levels of mtDNA by directly binding and
stabilizing mtDNA in Tg-sham mice. Our study also showed
that overexpression of human TFAM did not increase the
respiratory chain complex enzyme activities in Tg-sham mice
(Figure 3C), suggesting that the regulation of mtDNA copy
number is dissociated from that of electron transport func-
tion.? Furthermore, our proposed association between TFAM,
mtDNA copy number, and electron transport chain activity may be
weakened by our data that TFAM overexpression did not affect
mtRNA levels (online-only Data Supplement I). There may be
complex regulatory mechanisms responsible for the association of
TEAM, miDNA, and mitochondrial function, and further studies
are clearly needed to solve this issue.

The results obtained from human TFAM Tg-sham mice
differ from those from the inducible. cardiac-specific over-
expression of peroxisome proliferator-activated receptor vy
coactivator-lae (PGC-1¢) transgene in adult mice. which
leads to a modest increase in mitochondrial number and
development of reversible cardiomyopathy.*® PGC-1a is the
transcriptional coactivator and acts upstream of TFAM and
also has the capacity to increase mtDNA levels as well as
mitochondrial mass in cultured cells and in Tg mice.**3° The
reason for the discrepant results between PGC-1 and TFAM
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transgene overexpression remains unsolved in this study,
which. however, may be related to the complex regulatory
mechanisms of mitochondrial biogenesis and function by
PGC-1 and its downstream factors, including nuclear respi-
ratory factors 1 and 2 and TFAM.?'2 This may also be due
to the difference in the timing of transgene overexpression.
Moreover, even though the present study demonstrated the
beneficial effects of TFAM overexpression on post-MI LV
remodeling, it could not determine whether it must occur
before the ischemic insult or only during the post-Ml phase.

The present study clearly demonstrated that TFAM overexpres-
sion could ameliorate the decline in mtDNA copy number and
preserve it at a normal level in hearts from Tg-MI mice (Figure 3A).
TFAM overexpression might increase the steady-state levels of
mtDNA by directly stabilizing mtDNA. Consistent with alterations
in mDNA, the decrease in oxidative capacities scen in M1 was also
prevented (Figure 3B). Moreover, our studies establish an important
role of TFAM in myocardial protection against remodeling and
failure (Figures 4A and 5). The beneficial effects of TFAM over-
expression shown in the present study were not due to its Ml
size-sparing effect because infarct size was comparable between
WT-MI and Tg-MI mice (Figure 4B, 4C). Furthermore, its effects
were not due to the effects on hemodynamics because blood
pressure and heart rate were not altered (Table).

Several factors may be attributable to the protective effects
conferred by TFAM against myocardial remodeling and
failure. First, TFAM overexpression prevented the decrease in
mtDNA copy number (Figure 3A) and mitochondrial electron
transport function (Figure 3B), which may contribute to the
decrease in myocardial oxidative stress. The decreased oxi-
dative stress could contribute to the amelioration of cardiac
hypertrophy, apoptosis, and interstitial fibrosis.'® Second,
TFAM overexpression may induce mitochondrial biogenesis,
which, however. is thought to be unlikely because the number
and size of the mitochondria assessed by electron microscopy
were not altered in Tg-sham mice (online-only Data Supple-
ment II). Importantly, the beneficial effects of TFAM over-
expression on LV remodeling and failure occurred with the
attenuation of increased mitochondrial number seen in MI,
Furthermore, an increase in mitochondrial number itself did
not necessarily exert beneficial effects in ML

Several pathogenic mtDNA base substitution mutations.
such as missense mutations and mtDNA rearrangement mu-
tations (deletions and insertions), have been identified in
patients with mitochondrial diseases.* An accumulation of the
deleted forms of mtDNA in the myocardium frequently
results in either cardiac hypertrophy, conduction block, or
heart failure.?? Furthermore, there is now a consensus view
that mutations in mtDNA and abnormalities in mitochondrial
function are associated with common forms of cardiac dis-
eases, such as ischemic heart disease® and dilated cardiomy-
opathy.® In these conditions, however, the strict causal
relationship between abnormalities in mtDNA and cardiac
dysfunction has yet to be fully clucidated.

The present study supports our earlier conclusions that the
deficiencies of mtDNA contribute to cardiac failure.® Farther-
more, it confirms that the defects in TFAM are critically
involved in mitochondrial dysfunction as well as maladaptive
cardiac remodeling and failure. More importantly, the increased
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TFAM expression could ameliorate the pathophysiological pro-
cesses seen in heart failure. MIDNA decline and mitochondrial
defects are now well recognized in a variety of diseases such as

neurodegenerative diseases, diabetes mellitus, cancer. and ecven
aging. Therefore, with further knowledge on the mechanisms of
TFAM for maintenance of mtDNA copy number and mitochon-
drial function, it may eventually be possible to develop novel
strategies for the treatment of such diseases based on the
manipulation of TFAM.
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Adenovirus-Mediated Overexpression of Diacylglycerol
Kinase-{ Inhibits Endothelin-1-Induced
Cardiomyocyte Hypertrophy

Hiroki Takahashi, MD; Yasuchika Takeishi, MD: Tim Seidler, MD: Takanori Arimoto, MD;
Hideyuki Akiyama, MD; Yasukazu Hozumi, MD; Yo Koyama, MD; Tetsuro Shishido, MD,;
Yuichi Tsunoda, MD; Takeshi Niizeki, MD; Naoki Nozaki, MD; Jun-ichi Abe, MD;
Gerd Hasenfuss, MD; Kaoru Goto, MD; Isao Kubota, MD

Background—Diacylglycerol (DAG) is a lipid second messenger that transiently accumulates in cells stimulated by
endothelin-1 (ET-1) and other Gaq protein-coupled receptor agonists. Diacylglycerol kinase (DGK) is thought to be an
enzyme that controls the cellular levels of DAG by converting it to phosphatidic acid; however, the functional role of
DGK has not been examined in cardiomyocytes. Because DGK inactivates DAG, a strong activator of protein kinase
C (PKC), we hypothesized that DGK inhibited ET-I-induced activation of a DAG-PKC signaling cascade and
subsequent cardiomyocyte hypertrophy.

Methods and Results—Real-time reverse transcription—polymerase chain reaction demonstrated a significant increase of
DGK-{ mRNA by ET-1 in cardiomyocytes. To determine the functional role of DGK-{, we overexpressed DGK-Z in
cardiomyocytes using a recombinant adenovirus encoding rat DGK-{ (Ad-DGKY). ET-1-induced translocation of PKC-€ was
blocked by Ad-DGK{ (P<<0.01). Ad-DGK{ also inhibited ET-1-induced activation of extracellular signal-regulated kinase
(P<<0.01). Luciferase reporter assay revealed that ET-1-mediated increase of activator protein-1 (AP1) DNA-binding activity
was significantly inhibited by DGK-¢ (P<<0.01). In cardiomyocytes transfected with DGK-¢, ET-1 failed to cause gene
induction of atrial natriuretic factor, increases in ['H]-leucine uptake, and increases in cardiomyocyte surface area.

Conclusions—We demonstrated for the first time that DGK-{ blocked ET-1-induced activation of the PKC-e-ERK-AP1
signaling pathway, atrial natriuretic factor gene induction, and resultant cardiomyocyte hypertrophy. DGK-£ might act
as a negative regulator of hypertrophic program in response to ET-1, possibly by controlling cellular DAG levels.
(Circulation. 2005;111:1510-1516.)

Key Words: signal transduction @ hypertrophy @8 enzymes B proteins @ endothelin

Cardiac hypertrophy is a major risk factor for the devel-
opment of heart failure and death.! Identification of the
signaling molecules involved in the progression of cardiac
hypertrophy may lead to the development of therapeutic
strategies to prevent heart failure. It has been widely recog-
nized that heterotrimeric G, protein—coupled receptor ago-
nists such as endothelin-1 (ET-1), angiotensin 11, phenyleph-
rine, and others play an important role in the developnent of
cardiac hypertrophy and progression of heart failure.* In
addition, there is substantial evidence to indicate a critical
role of overactivity of the G,, protein-coupled receptor
signaling pathway.? Ligand binding to its cognate 7
rransmembrane-spanning receptor activates phospholipase
C-B1 and causes cleavage of membrane-bound phosphatidyl-

inositol biphosphate into diacylglycerol (DAG) and inositol
1.4,5-triphosphate.* DAG is a lipid second messenger and
functions as a strong activator of protein kinase C (PKC).5
PKC is a serine-threonine kinase and modulates a variety of
cellular functions, including gene transcription, voltage-
dependent Ca’" channel, Na*/H* exchanger, sarcoplasmic
reticular proteins, and myofilament proteins.® Previous stud-
ies in human heart failure and animal models of heart failure
that included genetically engineered mice clearly demon-
strated that activation of PKC plays a pivotal role in the
development of cardiac hypertrophy and heart failure.”!!
DAG kinase (DGK) is an enzyme that is responsible for
controlling the cellular Ievels of DAG by converting it to
phosphatidic acid!? and thus is thought to act as an endoge-
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nous regulator of PKC activity. To date, 9 mammalian DGK
isoforms, which differ in tissue expression and structural
domains, have been identified.'>!'* A previous study has
indicated that 3 DGK isoforms (DGK-a. DGK-€, and
DGK-{) are expressed in adult rat myocardium,'™ and the
DGK-{ isoform is predominant; however. the functional role
of DGK isoforms in cardiomyocytes remains unclear.

Therefore, in the present study. to clarify the potential roles
of DGK-{ in the cardiomyocyte, DGK-{ was transiently
overexpressed into cultured rat neonatal cardiomyocytes with
a recombinant adenovirus that encodes rat DGK-{. We
studied the effects of DGK-{ on ET-1-induced activation of
DAG-PKC signaling and resultant cardiomyocyte
hypertrophy.

Methods

Materials and Reagents

ET-1, BQ-123, and BQ-788 were purchased {rom Sigma-Aldrich
Japan. ["H]-Jeucine was purchased from Amersham Biosciences
Corp. Collagenase A, Fugene 6, and LightCycler DNA Master
SYBR Green I were obtained from Roche Diagnostics Japan. The
Dual-Luciterase Reporter Assay System and phRL-TK were pur-
chased from Promega Corporation. pAP/[-Luc plasmid was obtained
from Stratagene. Antibodies for extracellular signal-regulated kinase
(ERK) and PKC isoforms were obtained from Cell Signaling
Technology. Tnc, and BD Transduction Laboratories, respectively.
All other chemicals were purchased from Invitrogen Corp.

Cardiomyocyte Isolation and Culture

The animals were handled according to the animal welfare regula-
tions of Yamagata University, and the study protocol was approved
by the Animal Subjects Committee of Yamagata University. The

investigation conformed with the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of
Health.

Cultured rat neonatal cardiomyocytes were prepared as described
previously. !¢ Briefly, ventricles were obtained from 1- or 2-day-old
Sprague-Dawley rats, and cardiomyocytes were isolated by digestion
with collagenase. Cardiomyocytes were kept in serum-free medium
(control medium) supplemented with transferrin (5 mg/mL) and
insulin (1 mg/mL) for 24 hours before adenoviral infection. In this
study, o induce cardiomyocyte hypertrophy, ET-1 (100 nmol/L) was
added in the control medium, and cells were incubated for 48
hours.!” In some experiments, selective ET, receptor antagonist
BQ-123 (10 umol/L) or selective ET); veceptor antagonist BQ-788
(10 wmol/L) was added to the medium I hour before the addition of
ET-1.0¢

Adenoviral Overexpression of DGK-{ in Isolated
Rat Neonatal Cardiomyocytes

The rat DGK-{ gene'-2 in vector pcDNA3.1 was cloned and ligated
downstream from an immediate-carly cytomegalovirus promoter
into vector pACCMYV . pLpA with primers to create Kpnl and Hindlll
sites (Ad-DGKY). Recombination with pJMI7 plasmid and produc-
tion of replication-deficient adenovirus were performed according to
standard procedures as reported previously.?! Gene tansfer with
adenovirus encoding B-galactosidase (Ad-LacZ) was used as an
internal control.

Luciferase Assays

The plasmid pAPI-Luc that contained the firefly luciferase reporter
gene driven by a basic promoter element (TATA box) joined to
tandem repeats of activator protein-1 (AP1) binding element was
obtained from Stratagene. As an internal control. phRL-TK that
contained the renilla luciferase reporter gene driven by the herpes
simplex  virus—thymidine kinase promoter was used. At 24 hours

DGK-{ Inhibits Cardiomyocyte Hypertrophy by ET-1 1511

after DGK transfection, cardiomyocytes were cotranstected with
pAPI-Luc and phRL-TK using Fugene 6 as reported previously.??
After the preconditioning period of 24 hours, ET-1 or vchicle was
added to the culture medium for 12 hours. Both firefly and renilla
luciterase activities were determined in the same cell Tysates with the
Dual-Luciferase Reporter Assay System and MiniLumat LB95S06
(Perkin-Elmer Japan Co. Ltd). Each firefly luciferase activity as AP
transcriptional activity was corrceted for differences in transfection
efficiency by division with the renilla luciferase luminometric signal
from the same well.?”

Western Blotting for ERK Phosphorylation Activity
Cardiomyocytes were lysed in ice-cold lysis buffer, and the protein
was extracted as reported previously.?®2* To examine phosphoryla-
tion activity o ERK., Western blotting was performed with an
anti-phosphospecific ERK1/2 antibody as reported previously, -4
To quantify the protein fevels, the same membrancs were reprobed
with nonspecific anti-ERK1/2 antibody. The relative amount of
phosphorylated proteins versus total proteins was used tor phosphor-
ylation kinase activity.

Protein Extraction and Separation of Membranous
and Cytosolic Fractions for PKC Localization

Protein samples were extracted from the cardiomyocyte, and mem-
branous and cytosolic fractions of detergent-extracted PKC were
prepared as described previously. 9102 Equal amounts of membra-
nous and cytosolic protein were subjected to electrophoresis, and the
subcellutar localization of PKC isoforms was examined by quanti-
tative immunoblotting with isoform-specific antibodies as reported
previously. %1% Membrane/cytosol ratios of immunoreactivity were
used as indices for the extent of translocation of PKC isoforms.”-10-24

Assessment of Cardiomyocyte Hypertrophy

After 48 hours’ incubation with ET-1. we measured cell surface
arcas using the Scion Image (Scion Corporation) as reported previ-
ously.2 At least 100 cardiomyocytes in 20 to 25 fields were
examined in each experiment. and the data were averaged.

The rate of protein synthesis was determined by incorporation of
[‘H]-leucine as described previously.?¢ Briefly, cardiomyocytes
(1.0X10° cells/em?) were stimulated with ET-1 in medium supple-
mented with ["H}-leucine (1.0 wCi/mL.). Thereafter, the cells were
rinsed 3 times with ice-cold PBS and wreated with 5% trichloroacetic
acid (TCA) on ice for 20 minutes. After they were washed twice with
ice-cold 5% TCA, cells were lysed in 0.5 N NaOH. The lysate was
neutralized by 0.5 N HCI. and OPTI-FLOUR (Perkin-Elmer Japan
Co. Ltd) was applied. The incorporation of ['H]-leucine was mea-
sured by a Tri-Carb Liquid Scintillation Analyzer (Perkin-Elmer
Japan).

Extraction of Total RNA and Real-Time Reverse
Transcription-Polymerase Chain Reaction

Total RNA was extracted from cardiomyoeytes with TRIzol as
described previously.?? First-strand ¢DNA was synthesized from
I pe of RNA sample with oligo (dT) primers and superscript I1
reverse transeriptase. Real-time polymerase chain reaction (PCR)
was performed with LightCycler DNA Master SYBR Green Tin
a 20-pl. volume reaction with a light cycler (Roche Diagnostics
Japan). Standard curves of DGK-Z and atrial natriuretic lactor
(ANF) amplification were generated by full-sequence plasmids of
known coneentrations. respectively. Variahility in the initial
quantities of ¢cDNA was normalized to GAPDH. The primers used
tor amplification were 3-GAAGTTCAACAGCCGCTTTC-3'
(forward) and 3-AGAGCCTCGTAG FTGCAT-3" (reverse)
for DGK-£, and 5'-GATGGATTTCAAGAACCTGC-3" (forward)
and S"-TTCAAGAGGGCAGATCTATC-3" (reverse) for
‘,{\NF.H.ZS
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Figure 1. A, Quantitative analysis of DGK-{ mRNA expression
after ET-1 stimulation in rat neonatal cardiomyocytes. mRNA
levels for DGK-¢ were examined by real-time RT-PCR and nor-
malized to GAPDH. Open bars indicate control (C), and solid
bars indicate ET-1 data. B, Effects of selective ET-1 receptor
antagonists on DGK-£ mRNA expression. Selective ET, receptor
antagonist BQ-123 or selective ETy receptor antagonist BQ-788
was added to medium 1 hour before addition of ET-1. Values
are mean®=SEM (n=10). *P<0.05 and **P<0.01 vs control;
#P<0.05 vs ET-1.

Statistical Analysis

Data are expressed as mean=SEM, Comparisons among groups
were performed by [-way ANOVA followed by Fisher’s protected
least significant difference test. Values with P<C0.035 were considered
statistically significant.

Results

Quantitative Analysis of DGK-{ mRNA Expression
After ET-1 Stimulation

Whether DGK-{ mRNA expression is changed after stimu-
lation with hypertrophic agonists in cardiomyocytes has not
been examined previously. To quantitatively determine
changes in mRNA levels of DGK-{ after ET-1 stimulation.
we performed real-time reverse transcription (RT)-PCR anal-
ysis. As shown in Figure 1A, DGK-Z mRNA levels increased
significantly at 1 hour (1.98%0.43-fold, P<<0.05) and 3 hours
(2.93£0.45-fold, P<0.01) after ET-1 stimulation and re-
turned to basal levels after 6 hours. These results suggest that
ET-1 upregulated DGK-Z mRNA expression in rat neonatal
cardiomyocytes.

To identify which ET receptor subtype was responsible for the
induction of DGK-{ mRNA, we examined the effects of selec-
tive antagonists for ET, (BQ123) and ET,; (BQ788) on ET-1-
induced DGK-{ mRNA expression. ET-1-induced increases in
DGK-¢ mRNA expression were significantly inhibited by treat-
ment with BQI23 but not by BQ788 (Figure IB). These
observations suggested that ET-1 increased DGK-{ mRNA
expression via the ET, receptor in cardiomyocytes.

Adenovirus-Mediated Expression of DGK-{ in Rat
Neonatal Cardiomyocytes

To examine the effect of DGK-¢ on subeclular signaling and
cardiomyocyte hypertrophy, rat nconatal cardiomyocytes
were transfected with a recombinant adenovirus encoding for
rat DGK-{ (Ad-DGKY). After incubation of cardiomyocytes

A 0 I 10 20 40 qvop
500 bp DGKZ
500 bp GAPDH
B 13—
DGKZ
91 KD —
GAPDH

Figure 2. Verification of transgene expression in isolated rat
neonatal cardiomyocytes. Forty-eight hours after transfection
with indicated multiplicity of infection (MOI), RT-PCR (A} and
immunoblots (B) indicate successful overexpression of DGK-¢
mBNA and protein, respectively. Detection of GAPDH served to
demonstrate equal sample loading.

with Ad-DGK({ for 48 hours, RT-PCR and immunoblots were
performed to confirm the adenovirus-mediated expression of
DGK-{. As shown in Figures 2A and 2B, mRNA and protein
levels of DGK-{ rose in a dose-dependent manner. On the
basis of these results, cardiomyocytes 48 hours after trans-
fection with 20 multiplicity of infection (MOI) Ad-DGK{
were used for the following experiments,

Inhibition of ET-1-Induced PKC-¢ Translocation
in Cardiomyocytes by DGK-{

It has been reported that ET-1, a potent hypertrophic agonist,
causes the translocation of PKC-e to the membrane fraction
in rat neonatal cardiomyocytes.2® Therefore, we examined the
effects of Ad-DGK{ or Ad-LacZ on ET-1-induced transio-
cation of PKC isoforms in cardiomyocytes using isoform-
specific antibodies. As shown in Figure 3, the membrane-
associated immunoreactivity of the PKC-e isoform was
significantly increased in ET-1-stimulated cardiomyocytes
after Ad-LacZ transfection. However, transtocation of PKC-«
and PKC-6 by ET-1 was not observed in our cardiomyocyte
preparations (Figures 3A and 3B). ET-1-induced transloca-
tion of PKC-e was blocked after Ad-DGK{ transfection
(membrane/cytosol  ratio 4.93*£0.35 versus 1.31+0.14,
P<0.01), as shown in Figure 3C. These data suggest that
DGK-{ had an inhibitory cffect on ET-l-induced PKC-e
translocation in cardiomyocytes.

Inhibition of ET-1-Induced ERK Activation by DGK-{
We next investigated effects of Ad-DGK{Z on ET-1-induced
ERK activation. As shown in Figure 4. we observed signifi-
cant ERK activation in ET-1-stimulated cardiomyocytes after
Ad-LacZ transfection (3.394+1.05-fold  over control,
P<0.01); however, after Ad-DGK{ transfection. ET-1-in-
duced ERK activation was completely abolished (0.78+0.20-
fold, P<<0.01). Equal protein levels of ERK were demon-
strated among cardiomyocytes infected with Ad-DGK{ or
Ad-LacZ. as shown in Figurc 4. These results suggest the
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Figure 3. Changes in subcellular localization of PKC isoforms
were examined by quantitative immunoblotting with isoform-
specific antibody. Membrane/cytosol ratio (M/C ratio) of immu-
noreactivity was used as index of PKC translocation. Represen-
tative immunoblots and group data for M/C ratio of PKC-a (A)
and PKC-8 (B) in response to ET-1. Translocation of PKC-« and
PKC-86 was not observed after ET-1 in this cardiomyocyte prep-
aration. C, Representative immunoblots and M/C ratio for trans-
location of PKC-e. ET-1 translocated PKC-¢ to membranous
fraction, and this translocation was blocked by Ad-DGK{. Data
are mean*=SEM and were obtained from 6 separate experi-
ments for each group. *P<0.01 vs control Ad-LacZ; ##P<0.01
vs ET-1 Ad-LacZ. cont indicates control; mem, membrane; and
cytosol.

inhibitory effect of DGK-{ on ET-1-induced ERK activation
in cardiomyocytes.

o
1

3*

*

Phosphorylation activity
of ERK {fold increase)

¢]
Phosho~
ERK
Total-
ERK
control ET-1 contro} ET-1
Ad-LacZ Ad-DGKL

Figure 4. Inhibition of ET-1-induced ERK activation by
Ad-DGK{. Changes in phosphorylation activity of ERK were
measured by Western blotting with phosphospecific ERK anti-
body (upper blots). No difference in amount of total ERK protein
was observed in lysates from any samples by Western blot
analysis with anti-ERK antibody (fower blots). Results were nor-
malized for all experiments by arbitrarily setting densitometry of
control Ad-LacZ samples to 1.0 (n=8). *"P<0.01 vs control
Ad-LacZ; ##P<0.01 vs ET-1 Ad-LacZ.
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Figure 5. Inhibition of ET-1-induced AP1 DNA-binding activity
by DGK-{. Cardiomyocytes were transfected with pAPT-Luc and
phRL-TK. Each AP1 luciferase luminometric value was corrected
for process differences by division with phRL-TK luciferase lumi-
nometric signal from same well. Bar graph with error bars repre-
sents mean®=SEM (n=12). **P<0.01 vs control; ##P<0.01 vs
ET-1.

Inhibition of ET-1-Induced AP1

DNA-Binding Activity

ET-1-induced activation of the PKC-e-ERK pathway leads
to activation of the AP transcription factor. thereby promot-
ing the transcription of immediate-carly genes such as c-fos
and c-jun.?* Therefore, we investigated whether DGK-{
inhibited ET-l-induced activation of AP1 DNA-binding
activity by luciferase assay. As shown in Figure 5, API
DNA-binding activity was significantly increased in ET-1-
stimulated cardiomyocytes (4.14*+0.22-fold, P<<0.01). After
transfection of DGK-£, ET-1 did not increase AP1 DNA-
binding activity, as shown in Figure 5 (1.36Xx0.72-fold.
P<0.01). These results suggest the inhibitory etfect of
DGK-£ on ET-1-induced AP1 DNA-binding activity.

Effects of DGK-{ on Hypertrophic Responses to ET-1
We then examined the effects of Ad-DGK{ or Ad-LacZ on
hypertrophic responses to ET-1 determined by the induction
of hypertrophic gene ANF, protein synthesis, and increascs in
cardiomyocyte surface arca. Real-time RT-PCR revealed that
ET-1 induced ANF genc expression after Ad-LacZ transfec-
tion (2.67*+0.82-fold. P<<0.01): however, Ad-DGK{ inhib-
ited ET-1-induced increases in ANF gene expression levels,
as shown in Figure 6A (1.13£0.20-fold, P<<0.01).

Figure 6B shows the protein synthesis evaluated by the
incorporation of [*H]-leucine into cultured cardiomyocytes.
Although ET-1 augmented ['H}-leucine uptake (1.33%0.06-
fold. P<<0.01) in control cardiomyocytes, ET-1 did not
increase |*H]-leucine uptake (1.11x=0.07-fold, P<0.01) in
cardiomyocytes infected with Ad-DGKz.

Furthermore, we measured cardiomyocyte areas after Ad-
DGK{ or Ad-LacZ wansfection. As shown in Figure 7, ET-1
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Figure 6. A, Effects of Ad-DGK{ on ANF gene induction by
ET-1. B, Effects of Ad-DGK{ on ET-1-induced increases in
incorporation of [°H]-leucine. Data reported are mean=SEM
from 3 independent experiments. Ad-DGK{ blocked ET-1-in-
duced ANF gene induction and increases in [*H]-leucine uptake.
*P<0.01 vs control Ad-LacZ; #P<0.05 and ##P<0.01 vs ET-1
Ad-LacZ.

stimulation for 48 hours caused cnlargement of cardiomyo-
cyte surface area infected with Ad-LacZ (2486257 versus
3113+64 pm?, P<0.01) however, after transfection of
Ad-DGK{, ET-1 did not cause increases in cardiomyocyte
surface area (2653759 um®*, P<<0.01). These results suggest
that DGK-{ blocked hypertrophic responses by ET-1.

Discussion
We demonstrated that adenovirus-mediated overexpression
of DGK-¢ inhibited the ability of ET-1 to induce the cardio-
myocyte hypertrophic growth program. In cardiomyocytes
transtected with Ad-DGK{, ET-1 failed to induce transloca-
tion of PKC-¢, ERK activation, AP1 DNA-binding activation,
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Figure 7. A, Light microscopic observations. Cardiomyocytes
were infected with Ad-DGK{ or Ad-LacZ and then treated with
ET-1. Representative cardiomyocytes are demonstrated. B,
Effects of Ad-DGK{ on ET-1-induced increases in cardiomyo-
cyte surface area. At least 100 cardiomyocytes in 20 to 25 fields
were examined in each experiment, and values were averaged.
Data reported are mean+SEM from 6 independent experiments.
7P<0.01 vs control Ad-LacZ; ##P<0.01 vs ET-1 Ad-LacZ.

ANF gene induction, and subsequent increases in [*H]-
leucine uptake and cardiomyocyte surface arca.

Increases of DGK-{ mRNA by ET-1 in Rat
Neonatal Cardiomyocytes

DGK is a well-conserved lipid kinase that phosphorylates
DAG to yield phosphatidic acid and is therefore thought to be
an endogenous regulator of DAG-PKC signaling.'* To date, 9
mammalian DGK isoforms have been cloned and divided into
5 classes based on common structural motifs.'* DGK-{ has
been isolated from ¢cDNA libraries of rat retina and brain.’® In
adult rat myocardium. it has been reported that DGK-{
mRNA level is increased in the area of experimental myo-
cardial infarction in the acute phase’; that study concluded
that this increase of DGK-{ mRNA in the infarct area might
be ascribed to infiltrated macrophages and granulocytes. In
the present study, we demonstrated that ET-1 increased
mMRNA Jevels of DGK-{ in isolated rat neonatal cardiomyo-
cytes. To the best of our knowledge, this is the first report
showing that DGK-{ mRNA expression is upregulated by a
hypertrophic agonist in cardiomyocytes,

We also demonstrated that ET-1 increased mRNA levels of
DGK-{ via the ET, receptor but not the ETy receptor in
cardiomyocytes (Figure 1). It has been reported that cardio-
myocytes predominantly express the ET, receptor.®? Consis-
tent with expression levels in cardiomyocytes, the ET,
receptor acts as a major pathway for several effects of ET-1,
including myocardial contraction and hypertrophy.*® Simi-
larly, ET-1-induced DGK-{ mRNA expression in cardiomyo-
cytes was mediated via the ET, receptor in the present study.
These data support the notion that DGK may play a role in
regulating hypertrophic growth in response to G,, protein—-
coupled receptor agonists or other mechanical stimuli.

Critical Role of the DAG-PKC Signaling Pathway

It has been reported that ET-1 causes membrane translocation
of PKC-¢, and to a lesser extent PKC-6, in cultured rat
neonatal cardiomyocytes.?® ET-1-induced PKC-€ transloca-
tion is accompanied by subsequent activation of ERK.* In
animal models of cardiac hypertrophy and heart failure by
pressure overload. translocation and activation of PKC-a and
PKC-e€ isoforms are observed.”>* We have demonstrated that
transgenic overexpression of a constitutively active mutant of
the PKC-¢ isoform in the mousc heart results in concentric
cardiac hypertrophy.'' Conversely, overexpression of
PKC-B2 in transgenic mouse heart causes a dilated cardio-
myopathy phenotype.” Furthermore, activation of the Ca™-
sensitive PKC-a, -1, and -2 isoforms is demonstrated in
human end-stage heart failure.® Therefore. it is important to
regulate PKC activity and its downstrcam signaling pathway
in the development of cardiac hypertrophy and heart failure.

Effects of Phosphatidic Acid on

Cardiomyocyte Hypertrophy

Phosphatidic acid is yiclded not only by DGK but also by the
action of phospholipase D. Phospholipase D hydrolyzes
phosphatidylcholine to form phosphatidic acid, and phospha-
tidic acid itself also has a signaling function. It has been
reported that phosphatidic acid stimulates DNA synthesis and
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modulates the activity of several enzymes, including
phosphatidylinositol-4-phosphate 5-kinases, ERK, and oth-
ers.'** However, because the bulk of the signaling pool of
phosphatidic acid is derived from the action of phospholipase
D, overexpression of DGK-{ may not affect the phospha-
tidic acid pool and its signaling function. Activation of
downstream ERK and protein synthesis by ET-1 were abol-
ished by Ad-DGK( in the present study (Figures 4 and 6B).
These results suggest the importance of inhibiting the DAG-
PKC signaling pathway by DGK-{ to prevent cardiomyocyte
hypertrophy.

DGK as a Regulator of the DAG-PKC

Signaling Pathway

DAG is a potent activator of conventional and novel PKC
subfamilies.* As indicated in Figure 3. the PKC-€ isoform
was translocated from a cytosolic to a membranous fraction
by ET-1. The PKC-e isoform belongs to the novel PKC
subfamily, which is activated by DAG but not Ca?".3
Previous studies have demonstrated the interconnectivity
between PKC-e and ERK signaling in cardiomyocytes.'” The
APl is a sequence-specific transcriptional activator com-
posed of the Jun and Fos families. Recent studies have
demonstrated that myocardial AP1 DNA-binding activities
are involved in experimental cardiac hypertrophy. > ERK
activation results in increased synthesis of c-Fos, which
translocates to the nucleus and combines with preexisting
c-Jun proteins to form AP1 dimers.?s

Recently, it has been reported that PKC-¢ inhibits DGK-{
in HEK293 cells.*¢ Activated PKC-a phosphorylates DGK-{.
and this phosphorylation inhibits DGK activity to remove
cellular DAG. In the present study with rat neonatal cardio-
myocytes, PKC-a was not activated by ET-1 (Figure 3A),
and these results were concordant with previous reports.>®
Adenovirus-mediated overexpression of DGK-{ also did not
atfect PKC-a translocation (Figure 3A).

In Jurkat T cells, Zhong et al*” recently reported that
overexpression of DGK-{ interferes with T-cell antigen
receptor-induced ERK activation and AP] induction. Luo et
al3® have demonstrated spatial association of DGK-{ with
PKC-a in HEK293 cells. Recently, Verrier et al® demon-
strated that peroxisome proliferator—activated receptor-vy ago-
nists activate DGK-a mRNA expression and ameliorate
endothelial cell activation via the inhibition of a DAG-PKC
signaling pathway. However, the functional role of any DGK
isoforms in the regulation of DAG-PKC signaling has not
been investigated in cardiomyocytes. In the present study, we
demonstrated for the first time that DGK-{ inhibited the
ET-1-induced hypertrophic growth program characterized by
activation of the PKC-ERK-AP! signaling pathway with
resultant induction of ANF gene expression. Furthermore,
DGK-{ abolished increases in protein synthesis and cardio-
myocyte surface area by ET-1. Thus, DGK-{ may act as an
inhibitor of a DAG-PKC signaling cascade in cardiomyocytes
by controlling cellular DAG levels.

ET-1 is only one of the neurohumoral factors that mediate
G,, stimulation with resultant increases in cellular DAG
levels.® Other G, protein—coupled receptor agonists, such as
angiotensin 11, phenylephrine, and prostaglandin F.,, also

DGK-{ Inhibits Cardiomyocyte Hypertrophy by ET-1 1515

activate this cell signaling pathway by binding to their
respective cognate 7 transmembrane spanning receptors.?
Therefore, the control of cellular DAG levels by DGK-£
might inhibit this signaling cascade more cffectively than
doces the pharmacological blockade of each receptor.

Conclusions

The present data showed that DGK-{ might act as a negative
regulator of hypertrophic response via inhibition of the
PKC-e-ERK-AP1 pathway. Because G,, protein—coupled
receptor signaling plays an important role in the development
of cardiac hypertrophy and the progression of heart failure,
DGK-{ might represent a new target for the prevention and
treatment of this pathological process. Future experiments
generating genetically manipulated mice will further eluci-
date the present results obtained from cultured
cardiomyocytes.
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Clinical Characteristics of Heart Disease Patients With
a Good Prognosis in Spite of Markedly Increased Plasma
Levels of Type-B Natriuretic Peptide (BNP)

—— Anomalous Behavior of Plasma BNP
in Hypertrophic Cardiomyopathy —

Ichiro Takeuchi, MD; Takayuki Inomata, MD; Mototsugu Nishii, MD;
Toshimi Koitabashi, MD; Hironari Nakano, MD; Hisahito Shinagawa, MD;
Hitoshi Takehana, MD; Tohru Izumi, MD

Background Although it is not rare to encounter patients with plasma B-type natriuretic peptide (BNP) levels
unequivalent to the severity of heart faiture (HF), there has been little investigation to clarify the causative back-
ground of this phenomenon.

Methods and Results  Among the 1,838 outpatients whose plasma BNP was measured. persistently increased
levels of BNP above 500 pg/ml was observed for more than 6 months in 14 subjects with few HEF symptoms.
Among these, all of 4 patients without any following cardiac events (E—/high) for 12 months showed hypertro-
phic nonobstructive cardiomyopathy (HNCM). When we compared the clinical parameters of these patients with
those of 22 HNCM patients without any following cardiac events whose plasma BNP levels were less than
200 pg/ml, there were only 2 clinical characteristics to be distinguished: (i) plasma renin activity (PRA) and nor-
epinephrine (NE) levels were low in spite of markedly increased levels of plasma BNP in E-/high HNCM; and
(i) echocardiographic investigation revealed that only global left atrial fractional shortening was significantly

lower in E~/high HNCM.

Conclusions Plasma BNP levels do not always reflect the severity of HF in HNCM. It might be considered to
utilize other clinical parameters such as NE and PRA (o recognize HF severity in such patients.  (Cire J 2005;

69: 277-282)

Key Words: Heart failure; Hypertrophic cardiomyopathies; Natriuretic peptides; Prognosis

ventricle-derived, cardiac neurohormone that pro-
motes natriuresis and reduces vascular tone in an
endocrine fashion to relieve heart failure (HEF) status! As
plasma levels of BNP are associated well with the severity?
and prognosis?# of HF, BNP is now widely used as a useful
clinical marker for differential diagnosis®7 and adequate
management$? for HF. Tt is not rare, however, to encounter
patients with plasma BNP levels unequivalent to the severi-
ty of HE. This finding might suggest that BNP levels
should be individually evaluated according to the patients’
background including basal cardiac diseases.
In the present study, we focused on the profiles of clini-
cally-stable outpatients with markedly increased plasma

Type—B natriuretic peptide (BNP) is a predominantly
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BNP levels in spite of few HF symptoms, especially those
with hypertrophic cardiomyopathy (HCM). The causative
mechanism of the discrepancy between HF severity and
plasma BNP levels is discussed.

Methods

Study Patients

The study population consisted of a consecutive series of
1,838 oulpatients whose plasma concentration of BNP was
measured at Kitasato University Hospital from January
2001 to July 2002. Among these, 42 patients who were
admitted because of HF exacerbation soon after the BNP
measurement and 7 patients with end-stage renal failure
with hemodialysis were excluded from the analyses.

Clinical Measurement of HF

At the outpatient visit on the first measurement of
plasma BNP, functional capacity according to the New
York Heart Association (NYHA) was classified and clinical
status including physical exams, blood tests, chest X-rays
and ultrasound echocardiograms (UCG) were undertaken.
Survival and cardiac events of HF exacerbation recognized
by medical intensification or hospital admission were
assessed at 12-month follow-up from the first measurement
of plasma BNP.
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Table 1 Comparison of Basal Characteristics Between Stable Outpatients Whose Plasma Type-B Natriuretic Peptide
(BNP) was Markedly Increased With and Without Following Cardiac Events

L+/high E-/high

n 10 4
Age 67410 68+]18 NS
Men:women 8:7 1:3 NS
NYHA

I 8 4 NS

/i 2 0

m 0 0

n 4] 0
Basal heart disease

HCM 0 4

DCM 2 0

IHD 7 0
LVDd (mm) 54304 5.0%0.3 NS
LVEF (%) 35.8%9.8 64.743.6 <0.01
(IVSt+ PW1)/2 (mni) 94419 154£2.0 <0.01
BNP (pg/ml) S96+117 565451 NS
Hb (g/dl) 11.3£3.9 13.910.6 NS
Cre (mg/dl) 11202 1.0+0.1 NS

E+/high, patients with persistently increased levels of plasma BNP above 500 pg/nl for more than 6 months who had cardiac
events during the 12 months follow up period; E~/high, patients with persistently increased levels of plusima BNP above 500 pg/ml
Jor more than 6 months who had no cardiae events during the same follow up period: NYHA, New York Heart Association; HCM,
hypertrophic cardiomyopathy; DCM. diluted cardiomyopaihy: IHD, ischemic heurt diseuse: LVDA, left vemricular end-diasiolic
dimension; LVEF, left ventricular ejection fraction; IVSt, wall thickness of interventricular sepmum; PWI, left ventricular posterior
wall thickness: Hb, hemoglobin: Cre, serwn creatinine; NS, not significant.

Venous blood samples for neurohumoral factors were
taken from an antecubital vein after I5min of rest. Plasma
BNP and type-A natriuretic peptide (ANP) were determined
by immunoradiometric assay (Shionoria BNP/ANP®).
Plasma renin activity (PRA) was measured using the radio-
immunoassay (RIA) double-antibody method, and the
plasma aldosterone concentration (PAC) was measured
using the RIA solid-phase method. Plasma norepinephrine
(NE) was determined by high-performance liquid chro-
matography.

Pulmonary capillary wedge pressure (PCWP) was esti-
mated by 2 blind observers using radiographic pulmonary
vasculature and alveolar/interstitial edema as Turner has
reported! Briefly, presumed PCWP was calculated using
5-grade estimation according to the pulmonary capillary
redistribution compared with: the upper and lower lung, and
interstitial edema of chest X-rays at the upright position.
The inter- and intra-observer variance was less than 5%.

M-mode images of UCG were obtained in left paraster-
nal long-axis views using a SONOS 500 (Hewlett Packard,
USA) to measure chamber dimensions and wall thick-
nesses. Global left atrium fractional shortening (gl AFS:
100 [(LAdmax—LAdmin)/LAdmu,\D (LAdrnax, maximum left
atrial (LA) diameter at the ventricular end-systole; LAdmin,
minimum LA diameter at the end of atrial contraction)!!
and feft ventricular (LV) mass (LVM: 1.04 [(IVSt+
LVDd+PW1)3-LVDd3]-13.6) (IVSt, wall thickness of
intraventricular septum; LVDd, LV end-diastolic dimen-
sion; PWt, LV posterior wall thickness)!? were calculated
as previously reported. The LV ejection fraction (LVEF)
was derived from 2-dimentional apical 4-chamber views
with a modified Simpson’s rule argorithm!? The transmitral
pulsed Doppler velocity recordings were used to derive
measurements as follows: E and A velocities were the peak
values reached in early diastole and after atrial contraction,
respectively, and deceleration time was the interval from
the E-wave peak to the decline of the velocity to baseline.
The peak instantaneous LV outflow tract (LVOT) gradient

was estimated under basal conditions with continuous-
wave Doppler and the patients with hypertrophic cardio-
myopathy (HCM) with a LVOT gradient >30 mmHg were
classified as having hypertrophic obstructive cardiomyopa-
thy (HOCM). The diagnosis of HCM was made according
to the definition and classification proposed by the World
Health Organization/International Society and Federation
of Cardiology Task Force!®

Soon after UCG analysis, thalium-201 (2°1T1) myocardial
scintigraphy was performed by peak exercise using a multi-
stage bicycle ergometer or intravenous infusion of dipyri-
damole (.57 mg/kg) in HCM patients. Stress-induced myo-
cardial ischemia was defined as the presence of a reversible
regional perfusion abnormality at the late phase redistri-
bution in the images of single-photon emission computed
tomography (SPECT). In patients without specific electro-
rardiographic findings for LV hypertrophy including ST-T
strain pattern who rejected the scintigraphy, more than
0.2mV of ST-segment depression at peak exercise during
the treadmill exercise stress test was considered to be posi-
tive for myocardial ischemia.

All the study subjects signed informed consent forms
before the study, and the study protocol was approved by
the research council of our institution.

Statistical Analysis

Statistical analyses were performed by the Mann-—
Whitney U-test. Data are expressed as mean=SD. Statisti-
cal significance was defined as p<0.05.

Results

Persistently increased levels of plasma BNP above
500pg/ml were observed for more than 6 months in 14
(0.78%, out of 1,789) outpatients. There were no lethal
events in these patients during a 12-month follow-up.
However, 10 patients (7 with ischemic heart disease and 3
with dilated cardiomyopathy) had cardiac events with HF

Cirenlation Jowmal - Vol 69, March 20035
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Figl. Comparison of plasma type-B natriuretic peptide
(BNP) fevels among patients with hypertrophic car-
diomyopathy (HCM). The plasma BNP wus higher in
E—~/high nonobstructive hypertrophic cardiomyopathy
(HNCM) than not only that in E~/low HNCM but also
most of hypertrophic  obstructive  cardiomyopathy
(HOCM).

E-/high, event-free HNCM patients with persistently in-
creased levels of plasma BNP above 500 pg/mi for more
than 6 months; E~/low, event-free HNCM patients with
plasma BNP less than 200 pg/mil.

Table 2 Comparison of Patients’ Characteristics Including Ultrasound Echocardiograms (UCG) Findings and
Nenrohumoral Factors Between Event-Free Hypertrophic Nonobstructive Cardiomyopathy (HNCM) With

High and Low Levels of Plasma BNP

E-/high HNCM

E-/low HNCM

n
Age
Men:woimen
NYHA
I
I
m
Af
HR (/inin)
sBP (nunHg)
Hb (g/dl)
Cre (ing/dl}
p-PCWP (nimHg)
Positive for MI
UCG findings
LVEF (%)
TVSt (mm}
PWr (mm)
IVSt/PWt (nun)
LAd (mm)
DCT (mns)
E/A
gLFAS (%)

LYOT-PG (nunHg)

LVMI (g/in?)

Neurolwmoral factors

BNP (pg/ml)
ANP (pg/ml)
PRA (ng/ml/h)
PAC (pg/inl)
NE (pg/mi)
BNP/NE

4
68%18
1:3

4
0
0
!
62+7
116£12
13.940.6
1.010.7
11+3
0

64.743.6
18.543.1
11.242.0
1.5£0.3
44.5+4.6
218£59
0.97+0.7
10.3£3.0
6.619.2
270£53

565151

173270
0.610.5

52426
4982232
1.330.5

22
5812 NS
15:7 NS

21 NS

61.6£3.6
17.311.9
11.4%15
1.5%0.2
45.5£84
239443 NS
0.95£0.45 NS
17.9£5.4 <0.05
8.2%8.1 NS
22334 NS
108+63 <0.01
57140 <0.01
1.8+1.2 <0.05
79447 NS
704£32] NS
0.350.2 <0.01

E-/high. event-free HNCM patients with persistently increased levels of plasma BNP above 300 pg/ml for more than 6 monihs;
E-tlowe eveni-free HNCM patients with plasma BNP less than 200 pg/ml; Af. airial fibrillation; HR, heart rate; s8F, systolic blood
pressure; p-PCWP, pulmonary capillary wedge pressure presumed by radiographic pelmonary vasculuture: MI myocardial
ischenia: LAd, left atrium dimension; DCT, deceleration time: E/A, the ratio of E wave 1o A wave: gLFAS, global left atrium
Sraction shortening: LVOT-PG, left ventricular oatflow pressure gradient; LYMI left venwricular mass index: ANP. tvpe-A
natriuretic peptide; PRA, plasma renin activity; PAC, plasma conceniration of aldosterone; NE, plasma norepineplrine.
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exacerbation (E+/high) during an observational period,
while all 4 patients without any following cardiac events
(E—/high) had hypertrophic nonobstructive cardiomyopa-
thy (HNCM) as basal heart diseases (Table ).

To investigate the clinical characteristics and causative
mechanisms of paradoxical phenomenon as E—/high. we
compared the clinical parameters of these 4 E—/high
HNCM patients with those of another 22 consecutive clini-
cally-stable HNCM patients without following cardiac
events whose plasma BNP levels were less than 200 pg/ml
(E~/low), as well as 9 HOCM patients. The plasma BNP
was higher in E~/high HNCM (56551 pg/mi), not only in
E~/low HNCM (108+63 pg/ml), but also in most of HOCM
(387+238 pg/ml) (Fig 1). Among estimated clinical param-
eters for neurohumoral factors, PRA. PAC and NE was low
in spite of markedly increased levels of plasma BNP in
E—/high HNCM. The significant difference of the ratio of
BNP 1o NE between the 2 groups of HNCM demonstrated
the discrepancy between plasma BNP and NE, a repre-
sentative biomarker for HF severity!® other than BNP, in
E-/high HNCM (Table 2). However, the UCG study dem-
onstrated that there was no significant difference of LV
diastolic properties implied from transmitral Doppler flow,
LVM and LVOT pressure gradients between E—/high and
E—/low HNCM. gLLFAS was the only echocardiographic
parameter to significantly differentiate these 2 groups.
There was no significant difference of positive myocardial
ischemia between E-/high HNCM (n=0) and E-/low
HNCM (n=2) (Table2).

Discussion

The plasma level of BNP is determined under the bal-
ance sheet between myocardial production and peripheral
clearance of BNP. In addition to the secretion from the
kidney, enzymatic and receptor clearance pathways con-
tribute to natriuretic peptide clearance through neutral
endopeptidase and the guanylyl cyclase (GC)-A and GC-C
receptors, respectivelyl® Tt has been reported that renal
dysfunction, age, anemia, or gender could influence these
clearance pathways to cause elevation of plasma BNP
levels!720 We could not, however, find any significant
difference of such clinical parameters as to affect BNP
clearance between E~/high and E-/low HNCM (Table 2).

However, BNP release appeared to be directly propor-
tional to ventricular volume expansion and pressure over-
load?! Nevertheless, there were no significant differences
of hemodynamic status which could influence ventricular
wall stress such as systemic blood pressure or the degree of
LVOT obstruction between the 2 HNCM groups (Table 2).
As clinically stable outpatients with few HF signs were
focused on in the current study, we had to utilize noninva-
sive clinical parameters to imply LV overload. Doppler-
derived transmitral velocity profiles are routinely used (o
evaluate LV diastolic properties together with LV filling
pressure?? However, this is not the case with HCM; gL AFS
{rom the M-mode echocardiographic profiles of the left
atrium, not mitral Doppler indexes, has a reverse correla-
tion with left ventricular end-diastolic pressure (LVEDP)!!
Although the significantly lower gl AFS could suggest that
elevated LVEDP might be one of the causes of increased
BNP in the E~/high HNCM. However, pulmonary venous
pressure presumed from pulmonary vasculature in chest
X-rays according to Turner’s calculation!? was not elevated
in this group. Why did the E-~/high HNCM patients have
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few signs of pulmonary congestion in spite of elevated
LVEDP? Braunwald and Frahm reported the relationship
between mean LA pressure (MLAP) and LVEDP using
direct intracardiac pressure measurement?* Unlike the sub-
jects with normal cardiovascular systems. the LVEDP
exceeded MLAP by 9mmHg on average in patients with
left ventricular hypertrophy, especially with concomitant
elevated LVEDP. Although the specific mechanism was
not clarified, the volume of blood contributed by atrial sys-
tole might be greater than normal in the patients with LVH
as the thickened LV wall presumably results in diminished
compliance. Hence the dissociation between LVEDP and
LA internal pressure in determining the symptoms of left
heart failure could be the causative mechanism of the clini-
cally stable status without pulmonary congestion in spite of
elevated LVEDP in E~/high HNCM.

Another point of view to explain the mechanism of in-
creasing BNP production is the pathophysiology of myo-
cardial hypertrophy in HCM. It is known that natriuretic
peptides are overexpressed in hypertrophied myocardium
as a result of retranscription of embryonic cardiac-specific
genes2t Although it is certain that the plasma BNP levels
are increased in hypertensive patients with left ventricular
hypertrophy leading to LV diastolic dysfunctions? the mean
value of plasma BNP in such patients appears to be approx-
imately 40pg/ml. as reported in Japanese subjects?6 This
means that the mechanism of the markedly increased levels
of plasma BNP in some cases with HCM might differ from
that in hypertensive heart disease. Hasegawa et al>? specu-
lated that increased levels of plasma BNP disproportional
to LVEDP or LVMZ:.29 in HOCM could be contributed to
morphological changes such as interstitial fibrosis and
myocardial disarray. In the present study histological
assessment by cardiac biopsy was not performed because
the study patients were clinically stable outpatients. Genetic
analyses have shown causal mutation of genes encoding
cardiac sarcomere proteins3? suggesting impaired force
production?' =33 agsociated with the inefficient use of adeno-
sine triphosphate (ATP) as the crucial disease mechanism3?
Therefore, hypertrophy could possibly be a means of com-
pensation for low force generation although precise patho-
mechanisms have not yet been clarified?* Elucidating the
causative mechanisms for myocardial hypertrophy could
lead to understanding of the setting of plasma BNP levels
through myocardial BNP production in HCM. Moreover, it
has been reported that concomitant myocardial ischemia
could induce the elevated plasma BNP in HCM¥ myocar-
dial ischemia was not evidently observed in E—/high
HNCM.

Various circulating neurohumoral factors that increase in
patients with HF are thought to play important roles in the
pathogenesis of HF. Neurohumoral systems including the
renin-angiotensin-aldosterone system (RAAS), sympathetic
nervous system, vasopressin, endothelin, and natriuretic
peptides cooperatively modulate both vascular tone and the
retention of salt and water? The natriuretic peptide family
including BNP plays important roles to diminish neuro-
humoral activation for HF exacerbation?* Inversely, neuro-
humoral activation, namely from RAAS and the sympa-
thetic nervous system, induces the release and secretion of
natriuretic peptides?® This means that the activity of accel-
erating factors such as NE and protective factors such as
BNP should be simultaneously altered in HF37 We could
notice in the current study, however, that plasma PRA and
NE were disproportionally low to the markedly increased
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levels of plasma BNP in E-/high HNCM. This could be
derived from the different form of secretion into the
systemic bloodstream. Circulatory NE in blooed 1s secreted
from sympathetic nerve terminals and the majority of
which are located in peripheral vessels, some in the adrenal
medulla, and only a few in the myocardium?® The major
site of release of circulating renin is the juxtaglomerular
apparatus of the kidney. where multiple stimuli may contrib-
ute to renal release of renin into the systemic circulation,
including increased renal sympathetic” efferent activity,
decreased distal tibular sodium delivery, and reduced renal
perfusion pressure?” That is to say. the majorily of circula-
tory NE and renin is derived from the secretion [rom
systemic organs other than the heart in situ. In patients with
E~/high HNCM, the increased levels of plasma BNP might
reflect myocardial hypertrophy peculiar to HCM, not the
severity of HF implicated by ventricular overloading.
Plasma NE levels or PRA, however, might rather reflect the
general status or severity of HF adequately in such patients.
That is, disproportion between BNP and PRA/NE may
often be observed in compensated patients with HNCM.

Study Limitations

We attempled to compare the clinical values between
E~/high and E-/low HNCM to draw the causative patho-
mechanism (o increase BNP independently from the clini-
cal HF status. Tt is certain that some limitations of the study
must be acknowledged because there was insufficient
statistical power in some analyses owing to only 4 E—/high
HNCM to be compared. Despite these limitations, howev-
er, it was noteworthy that 4 patients whose level was over
500 pg/mi without following cardiac events abstracted from
a large number of outpatients all showed HNCM as basal
heart diseases. In other words, the increase in BNP concen-
tration up to several hundred pg/ml does not often indicate
the prognosis of HNCM patients. Further prospective
studies addressing the pathogenesis of increasing BNP in
HNCM in conjunction with the cardiac events seem
warranted.
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