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Table 2 Necropsy data

Control NTX-MI with vehicle NTX-MI with aliskiren NTX-M! with hydralazine M! alone
Body weight (g) 2496 +£0.62 2334+ 045 23.60%0.65 2395+0.34 26.23 £0.50%
Heart weight (mg) 116.6 £327%" 137384535 136.5% 2.88 13517+ 445 12575 +593
H/B ratio (mg/g) 467 +0.08*" 5.92+0.31 580+0.15 566+021 470+0.17%"
Lung weight (mg) 135.8+471 146t 4.16 135.83+1.76 14326+3.13 12744 +£450
L/B ratio (mg/q) 544+ +0.10% 6454 0.12 569%0.15* 6.07£0.16 494 +£0,07%"
LV weight (mg) 29.17 £ 3.57* 13.87 +2.19 27 257 24.92+£223 22.90%0.99
RV weight (mg) 3477 +1.19 3233+£202 40.88%1.75 3426220 3498 +273
“P<0.05 vs vehicle, *P<0.05 vs aliskiren, and P <0.05 vs hydralazine.
Table 3 Pathological analysis

Control NTX-MI with vehicle NTX-MI with aliskiren NTX-MI with hydralazine Ml alone

Infarcted area (%) 0.00+0.00" 21.55+2.14 1677 £1.52 20.28+2.79 16194 1.66
LV thickness (mm) 1.36£0.06" 0.43 £0.09* 0.75 £ 0.10%* 0.45 £ 0.05 0.73+0.07
Infarction length (mm) 0.00 + 0.00" 6.3 +0.65* 558+ 0.66 6.82+£0.97 3.26+0.31
Septal wall thickness (mm) 1.25+0.07 1.39+0.14 1.17+£0.09 1221012 1.48+0.08
LV circumference (mm) 7.32+0.34% 1211 +£09% 8.89 + 0.56™ 1147 +084 7.95+043
Fibrosis in border zone (%) 0.00+0.00 - 19.26 £2.41* 6.81 £ 2.00%* 1543+ 3.04 474+0.77

#P<0.05 vs cantrol MI, **P<0.05 vs NTX-MI with vehicle, P<0.05 vs each group, and 'P <0.05 vs vehicle and hydralazine.

hypertrophy, however, cardiac function was comparable
between the Tg and WT mice. (Table 2 and Supplementary
Table 1). The creatinine level was not affected in the double-
Tg mice compared with the age-matched WT mice (creati-
nine: WT 0.13 £ 0.0l mg/dl and double-Tg 0.18 £ 0.04 mg/
dl). We induced MI in double-T'g and WT mice to analyze the
effect of increasing RAS activation including renin in this
model. We showed basal data of double-Tg mice in
Supplementary Table 1. LAD ligation expanded remodeling
at the LV anterior wall in the double-Tg mice compared with
the WT mice. No Tg mice died after MI operation. MI hearts
in the double-Tg mice showed impaired LVEF compared
with the WT mice (Figure 5b). Collagen concentration from
the cardiac ventricle was analyzed using hydroxyproline assay.
MI hearts in double-Tg mice elevated collagen concentration
compared with the WT+MI mice. Aliskiren treatment
suppressed the concentration of collagen in double-Tg mice
(Supplementary Figures 2C and D). The double-Tg mice
showed increased deterioration of pathological myocardial
remodeling after MI compared with WT + MI mice. We then
examined levels of ANP collagen-type I, Nox2, Nox4, and
MCP-1. MI hearts in the double-Tg mice showed additionally
elevated levels of ANB collagen-type I, Nox2, Nox4, and
MCP-1 mRNA compared with the WT + MI mice. Aliskiren
treatment suppressed BP increasing, cardiac dysfunction, LV

remodeling, and inflammatory or oxidative factors in dou-
ble-Tg mice compared with the non-treated double-Tg mice
(Supplementary Figures 2E-I).

RAS Enhanced Oxidative Stress and MCP-1 in In Vitro
Isolated cardiomyocytes were stimulated by murine plasma,
and mRNA was collected 24 h after stimulation. Significantly,
enhanced expression of Nox2 mRNA levels was observed by
NTX murine plasma stimulation compared with plasma
from non-NTX mice. Plasma stimulation from aliskiren-
treated NTX mice decreased expression of Nox2 levels,
whereas aliskiren-pretreated cardiomyocytes did not show
altered mRNA levels. The AT1-deficient cardiomyocytes with
stimulation of NTX mice plasma did not show increased
Nox2 levels (Figures 5a and b).

Plasma from NTX mice elevated expression of Nox2 and
MCP-1 in primary mononuclear cells. Although plasma from
aliskiren-treated mice did not alter these levels, aliskiren pre-
treated mononuclear cells showed significantly suppressed
Nox2 and MCP-1 levels (Figures 5¢ and e). ATI-deficient
mononuclear cells did not have suppressed Nox2 and MCP-1
expression, but aliskiren-treated mononuclear cells showed
markedly suppressed expression of these factors compared
with the NTX plasma-treated group (Figures 5d and f).
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Figure 4 NTX (5/6 nephrectomy) enhanced ANP, oxidative stress, and monocytes chemoattractant protein (MCP)-1 in myocardial ischemia (MI). Real-
time (RT) PCR. We performed RT-PCR to analyze the expression of ANP (a), oxidative stresses (b and ¢) and MCP-7 (d) in hearts from Ml with NTX mice.
*P <0.05. (e) Representative left ventricular ejection fraction analysis of Ml hearts with NTX. Mice were administrated apocynin (red line; n=6) or
vehicle (blue line; n=8). (f) Representative light micrograph of apocynin-treated hearts from MI with NTX mice. *P <0.05 vs vehicle.

DISCUSSION oxidative stress. Double-Tg mice showed myocardial
In this study, we investigated the pathophysiology of remodeling and Nox2 and Nox4 elevation comparable
ventricular remodeling after MI associated with renal fail-  to those of WT MI mice with NTX. In addition, a Nox
ure. RAS activation by renal failure augmented myocardial  inhibitor attenuated LV remodeling in MI plus NTX
remodeling, expression of inflammatory factors, and mice. We revealed that upregulated Nox induced by RAS
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Figure 5 Renin-angiotensin system enhanced oxidative stress and monocytes chemoattractant protein (MCP)-1 in in vitro. Cardiomyocytes were
isolated from wild type (WT) (a) or ATT KO (b) and stimulated by murine plasma. (a) Representative real-time PCR data detecting the expression of
Nox2. (b) Nox2 levels in AT1-deficient cardiomyocytes with stimulation of 5/6 nephrectomy (NTX) plasma. Mononuclear cells were isolated from WT
(¢ and e) or AT1 KO (d and f) and stimulated by the specified plasma. *P <0.05; NS, not significant.

stimulation has a pivotal role in the development of myo-
cardial remodeling associated with renal dysfunction in this
type IV cardiorenal syndrome (or chronic renocardiac
symdrome) model.

It is known that oxidative stress, which results in cell
damage, is increased in various cardiovascular diseases.
The Nox protein family consists of well-known factors that
characterize ROS-generating systems. Nox2 and Nox4 can
also be activated by a number of stimuli, such as RAS,
inflammatory cytokines, sheer stress, or hypoxia. Recent
studies indicate that similar Nox systems are present in a
wide variety of cells. Nox2 and Nox4 are known to be
expressed in cardiomyocytes and fibroblasts and may

1774

potentially contribute to adverse remodeling. Previous
studies showed that Nox2™~ reduced LV remodeling after
aortic constriction or MI, suggesting that Nox2 exerted
specific effects on the extracellular matrix.?? Nox4 is
known to be a key contributor in converting fibroblasts to
myofibroblasts, which are a main contributor to cardiac
fibrosis.> Nox4 overexpression in cardiomyocytes induces
apoptosis resulting in expanded myocardial remodeling.?*
Therefore, elevated myocardial levels of Nox in NTX mice
deteriorated MI-induced cardiac collagen synthesis and
ventricular remodeling. We demonstrated that the MI plus
NTX hearts showed upregulation of Nox2 and Nox4
compared with the MI plus non-NTX hearts. Moreover,

Laboratory Investigation | Volume 92 December 2012 | www.laharatoryinvestigation.org

—177—



in vitro studies revealed that stimulation of plasma from
NTX mice enhanced Nox2 expression from WT
cardiomyocytes, but not ATI-deficient cells. These results
suggest that Nox expression was increased through the AT1
pathway and resulted in deteriorated myocardial remodel-
ing through collagen synthesis.

MCP-1 is well known to be contributor to the develop-
ment of LV remodeling following MI. The reduction against

MCP-1 and the receptor suppress LV remodeling in MI
models.?>?¢ Our data, therefore, suggest that MCP-1 may
have contributed to the development of LV remodeling in this
model. Nox2 and MCP-1 were upregulated in mononuclear
cells stimulated with NTX plasma or with NTX plus aliskiren
plasma. However, cells stimulated with NTX that were
pretreated with aliskiren did not show upregulation of these
factors. Pre-treatment of aliskiren inhibits renin activation
and Ang II expression, but does not have an inhibitory
effect on already-produced Ang II. These results indicate
that MCP-1 expression was not increased through the
‘AT1 pathway. A previous study showed that renin deficiency
of macrophage or aliskiren-reduced macrophage adhesion
to endothelial cells resulted in suppression of atherosclerosis
in mice.® Qur data may indicate that aliskiren has a direct
role on the anti-inflammatory effect through inactivation
of macrophages. However, the underlying mechanism is
unknown, and further investigation is needed to
determine the effect of aliskiren on LV remodeling in
AT1 ™'~ mice and the mechanism of aliskiren action on
monocytes.

This study demonstrated that NTX deteriorated MI-
induced LV remodeling through RAS activation. Oxidative
stresses such as increased Nox2, Nox4, and MCP-1 induced
the activation of RAS. These proteins are known as key fac-
tors contributing to the development of LV remodeling
through enhanced interstitial fibrosis and inflammation.
These results suggested that the increase of inflammatory
response affected development following MI. Aliskiren sup-
pressed these factors and improved LV function and re-
modeling. Therefore, further investigation is needed to
determine the clinical usefulness of RAS inhibition on car-
diorenal syndrome. Interestingly, upregulation of cardiac
AT1a receptor was evident after NTX in mice, and in vitro
study showed a lack of ATla receptor benefit on oxidative
stress. This data suggest that AT1 blockers may also benefit
the cardiac remodeling caused by MI plus CKD.

Our data showed that aliskiren treatment improved cardiac
remodeling and dysfunction in NTX-MI mice without al-
teration of renal function. However, creatinine is imperfect in
mice as a measure of renal function. We need further in-
vestigation using more solid methods to analyze the renal
function.

In conclusion, RAS activation has a pivotal role in adverse
MI-induced myocardial remodeling associated with renal
failure, and aliskiren treatment improved the myocardial
remodeling and suppressed the expression of oxidative

) Po#t-infardibn' ‘carﬁliacf remodeling in CKD
& i M Ogawa et al

stress and inflammatory factors in this cardiorenal models.
Aliskiren treatment may be a new methodological approach
about patients with cardiorenal syndrome.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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For successful mitochondrial transgene expression, an optimal packaging exogenous DNA is an
important issue. We report herein on the effects of DNA packaged with mitochondrial transcription
factor A (TFAM), which packages mitochondrial DNA (mtDNA), on the transcription process. Our ini-
tial findings indicated that the transcription of the TFAM/DNA complex was activated, when the

complex was formed at an optimal ratio. We also found that TFAM has a significant advantage over
protamine, a nuclear DNA packaging protein, from the viewpoint of transcription efficiency. This
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result indicates that TFAM can be useful packaging protein for exogenous DNA to achieve mitochon-
drial transgene expression.
© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

It has been reported that mutations and defects in the mito-
chondrial genome (mtDNA) can form the basis for a variety of hu-
man diseases [1,2]. Therefore, mitochondrial gene therapy and
diagnosis would be expected to have substantial medical benefits.
Mitochondrial transgene expression represents an attractive meth-
odology for achieving such an innovative medical goal. However,
successful examples of mitochondrial transgene expression have
not been reported to date. On the other hand, many reports have
appeared describing the use of a variety of applications for nuclear
transgene expression, including cationic liposomes, cell-penetrat-
ing peptides, polycations, etc. [3]. The formation of nanoparticles
between plasmid DNA (pDNA) and polycations have been
extensively investigated by many researchers, because it is known
that the manner in which pDNA is packaged with polycations has a
substantial effect on gene expression [4,5]. Protamine is well
known as a nuclear DNA condenser with a high transfection
activity [6,7].

mtDNA is packaged with specific core proteins in a complex re-
ferred to as a mitochondrial nucleoid, which has been implicated,

* Corresponding author. Fax: +81 11 706 4879.
E-mail address: harasima@pharm.hokudai.ac.jp (H. Harashima).
! These authors contributed equally to this work.

not only in replication and transcription but also in the mainte-
nance of mtDNA [8-12]. Mitochondrial transcription factor A
(TFAM), one of the major components of nucleoids [8,13], was ini-
tially identified as a factor that activates transcription on heavy
and light strand mtDNA promoters (HSP and LSP) via sequence-
specific binding [14-17]. TFAM also binds DNA non-specifically, a
property that is essential for mtDNA packaging to play a crucial
role in mtDNA maintenance [18-21]. The expression levels of
TFAM and mtDNA are sufficiently interactive that the knockdown
of TFAM results in mtDNA depletion, and a reduction in mtDNA
copy number results in the degradation of TFAM [22,23]. Thus,
TFAM largely contributes to mtDNA maintenance and would be ex-
pected to affect the replication and transcription.

Based on previous reports, we predicted that TFAM represents a
potentially optimal DNA condenser for mitochondrial transgene
expression. To validate this prediction, we compared DNA com-
plexes produced using TFAM and protamine in terms of their phys-
icochemical properties and transcription efficiency. We first
prepared DNA complexes with TFAM and protamine at various mo-
lar ratios, and evaluated their physicochemical properties. We then
evaluated the extent to which transcription was affected by the
conformation of DNA packaged with DNA condensers using T7
RNA polymerase, an enzyme that is homologous to mitochondrial
RNA polymerase [24,25]. We also compared the transcription effi-
ciency of long circular DNA (pDNA, 6445 bp) and short linear DNA
(1324 bp), to examine how the conformation in different-struc-
tured DNA packaged with TFAM affected transcription.

2211-5463/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Material and methods
2.1. Chemicals and materials

Protamine was purchased from Calbiochem (Darmstadt, Ger-
many). T7 RNA polymerase, ribonuclease inhibitor and SYBR Green
2 were purchased from Takara (Shiga, Japan). The pTriEx-3 Neo
vector (6445 bp) was obtained from Novagen (Madison, W1,
USA). pDNA was purified using a Qiagen EndoFree Plasmid Mega
Kit (Qiagen GmbH, Hilden, Germany). Ribonucleoside 5'-triphos-
phates were from GE Healthcare Bio-Sciences (Piscataway, NJ,
USA). For the preparation of short linear DNA (1324 bp), pDNA
was digested by Tth1111 and Xbal, and subjected to agarose gel
electrophoresis. Short linear DNA (1324 bp) was then extracted
and purified using a QJAquick Gel extraction kit (Qiagen GmbH).

-2.2. Purification of Recombinant TFAM

A fragment of human TFAM, corresponding to residues 43-246
(NCBI NP_003192) was amplified by PCR using the following pair
of primers; 5'-ggggcatatgtcatctgtcttggcaagttg-3' (forward) and 5'-
ggggctcgagtctacttttaacactectca-3’ (reverse). N-terminal protein re-
gion was reported to be mitochondrial targeting signal [26], and
was, therefore, removed from our construct. To express human
TFAM in Escherichia coli, the PCR fragment was cloned into pET-
28a (Novagen) that had been cleaved with Ndel and Xhol. Bacterial
cells harboring the plasmid were grown in LB medium containing
100 mg/L kanamycin, and expression was induced by treatment
with 1 mM isopropylthiogalactoside. The N-terminal His tag was
utilized for nickel-nitrilotriacetic acid affinity purification of the re-
combinant human TFAM according to the manufacturer’s instruc-
tions (Qiagen GmbH). The purified protein was finally dialyzed
against a buffer containing 10 mM Tris-HCl, pH 7.4, 150 mM NacCl,
1 mM dithiothreitol, and 20% glycerol. Protein concentrations were
determined using a BCA protein assay kit (Pierce, Rockford, IL,
USA).The purified protein was analyzed by SDS-PAGE to confirm
that the recombinant human TFAM was purely prepared (Fig. S1).

2.3. Preparation of TFAM/DNA complex and protamine/DNA complex

For preparation of the DNA complex, DNA and TFAM (or prot-
amine) solutions at various molar ratios were mixed in 10 mM
HEPES buffer (pH 7.4) and the preparations then incubated at
25 °C for 30 min. Dynamic light scattering (DLS) was employed to
determine the hydrodynamic diameters of the complexes in the
suspension (Zetasizer Nano ZS; Malvern Instruments, Herrenberg,
Germany). The {-average diameter (mean diameter) was calculated
from a cumulants analysis based on the intensity of the scattered
light. The {-potential, an indicator of surface potential, was deter-
mined electrophoretically using laser doppler velocimetry (Zeta-
sizer Nano ZS).

2.4. Electrophoretic mobility shift assay of TFAM/DNA complex and
protamine/DNA complex

To evaluate the packaging of DNA, TFAM/pDNA complex and
protamine/pDNA complex were subjected to agarose gel electro-
phoresis before and after treatment with the polyanion prepara-
tion. The samples were incubated for 30 min at 25°C with a
polyanion, ie., a 1 mg/ml solution of poly (L-aspartic acid) (pAsp),
to release the pDNA. A 0.1 pg sample of pDNA was subjected to
electrophoresis. Electrophoresis was performed on a 1% agarose
gel in TAE (40 mM Tris-HCl, 40 mM acetic acid, 1 mM EDTA, pH
8.0) at 100V for 30 min. The gel was stained with EtBr and ana-
lyzed by ImageQuant LAS 4000 (GE Healthcare Bio-Sciences).

2.5. In vitro transcription assay

Transcription efficiencies of TFAM/DNA complex and prot-
amine/DNA complex were evaluated by in vitro transcription assay
using T7 RNA Polymerase as described below. DNA complexes con-
taining pDNA (30 fmol) or short linear DNA (60 fmol) were incu-
bated with T7 RNA Polymerase (17 U) at 37°C for 2h, in a
reaction mixture (5.5 pL) containing incubation buffer (40 mM
Tris-HCl, pH 8.0, 8 mM MgCl,, 2.0 mM spermidine, 5.0 mM dithio-
threitol), 1.0 mM ribonuclease inhibitor and the four ribonucleo-
side 5'-triphosphates (2 mM each). The reaction was terminated
by the addition of 14.5 uL of blocking buffer (29.6 mM Mops, pH
7.0, 7.4 mM sodium acetate, 1.5 mM EDTA, 18.5% formaldehyde,
74.1% formamide) and then incubated at 65 °C for 15 min. The
reaction mixtures were analyzed by 18% formaldehyde-1% agarose
gel electrophoresis and stained with SYBR Green 2. Fluorograms
were obtained with an ImageQuant LAS 4000 to evaluate transcrip-
tion efficiency. Transcription efficiency was calculated as follows;

Transcription efficiency = intensity of the transcript band from
samples/intensity of the transcript band from naked DNA.

2.6. Investigation of transcription inhibition by ultrafiltration and
in vitro transcription assay

pDNA were packaged with TFAM at various molar ratios, and
the resulting complexes were then subjected to ultrafiltration to
remove unbound TFAM using Amicon Ultra Centrifugal Filters
(14,000g, 25°C,15 min). An in vitro transcription assay before
and after ultrafiltration were performed, and as result, electropho-
resis gel data of transcripts after in vitro transcription reactions
were obtained (Fig. 4A). Relative transcription values were calcu-
lated as follows, the transcription efficiency of samples was nor-
malized by maximum transfection efficiency among the samples
(Fig. 4B).

3. Results

3.1. Physicochemical characteristics of TFAM/DNA complex and
protamine/DNA complex

We first prepared pDNA complexes using several different mo-
lar ratios of pDNA (circular DNA, 6445 bp) and TFAM, or protamine
that is a nuclear DNA packaging protein, which is a polycationic
peptide rich in arginine residues [27]. Their particle sizes and ¢
potentials are summarized in Fig. 1. The particle sizes of the pDNA
complexes became smaller with increasing molar ratio in the case
of both TFAM and protamine (Fig. 1A), however, major differences
were observed in the case of { potentials (Fig. 1B). In the case of
protamine/pDNA complex, as the molar ratio increased, negatively
charged particles were converted into positively charged particles,
with diameters of ~100 nm (Fig. 1, open diamonds). On the other
hand, negatively charged particles were formed when TFAM pack-
aged pDNA, and no positively charged ones were observed (Fig. 1,
closed diamonds). These results suggest that DNA packaging be-
tween TFAM and protamine occur in a different manner.

3.2. Investigation of the stabilities of TFAM/DNA complex and
protamine/DNA complex

We evaluated the stability of TFAM/pDNA complex and the
protamine/pDNA complex by means of an electrophoretic mobility
shift assay (Fig. 2). In this experiment, pDNA packaged with TFAM
or protamine at various molar ratios, and the pDNA complexes
were subjected to gel electrophoresis before and after treatment
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with a counter polyanion (pAsp). A fluorescent band is observed by
emitted as the result of EtBr intercalating with pDNA, when pDNA
is released from the complex or is loosely packaged with TFAM (or
protamine).

As shown in Fig. 2A, TFAM/pDNA complexes were detected by
EtBr at any molar ratio in the absence of pAsp, although their
mobilities were shifted to shorter values with increasing molar ra-
tio (Fig. 2A, lanes 1-6). We also observed a similar tendency in the
electrophoretic mobility shift of pDNA after pAsp treatment
(Fig. 2A, lanes 7-12). On the other hand, the stability of the pDNA
complex formed with protamine was quite different from that
formed with TFAM (Fig. 2B). Protamine/pDNA complexes formed
at molar ratios of 500 or more were undetectable by EtBr in the ab-
sence of pAsp (Fig. 2B, lanes 5 and 6), suggesting that pDNA is
tightly packaged at high molar ratios. We also observed the release
of pDNA from the protamine/pDNA complex after pAsp treatment
(Fig. 2B, lanes 7-12), suggesting that electrostatic interactions be-
tween pDNA and protamine are major contributors to the packag-
ing pDNA.

3.3. Comparison of the transcription efficiencies between TFAM/DNA
complex and protamine/DNA complex

We examined the issue of how transcription efficiency was af-
fected by the conformation of the pDNA packaged with TFAM
(Fig. 3A). Transcription efficiency was estimated by using T7 RNA
polymerase, an enzyme that is homologous to mitochondrial RNA
polymerase [24,25]. The transcription from pDNA packaged with
TFAM was activated in the optimal molar ratio, and an approxi-
mate twofold increase in transcription efficiency was found com-
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Fig. 1. Characteristics of pDNA packaged with TFAM or protamine. pDNA were
packaged with TFAM (closed symbols) and protamine (open symbols) at various
molar ratios, and their diameters (A) and { potentials (B) were then measured. Data
are presented as the mean £ SD (n=3). :
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Fig. 2. Electrophoretic mobility shift assay of pDNA packaged with TFAM and
protamine. Gel shift analysis of pDNA packaged with TFAM (A) and protamine (B).
pDNA was packaged with TFAM or protamine at various molar ratios (molar
ratio = 0; lane 1 and 7, 1; lane 2 and 8, 50; lane 3 and 9, 100; lane 4 and 10, 500; lane
5 and 11, 1000; lane 6 and 12), and then the resulting products were subjected to
agarose gel electrophoresis with pAsp (lanes 1-6) or without pAsp (lanes 7-12).

pared to the naked pDNA (Fig. 3A, closed diamonds). We also
observed a decrease in the transcription efficiencies, when pDNA
was packaged with TFAM at molar ratios of 500 and more. On
the other hand, in the case of protamine, no activation of transcrip-
tion was observed when pDNA was packaged at any molar ratio,
and the transcription was progressively inhibited with increasing
molar ratio (Fig. 3A, open diamonds).

3.4. Evaluation of transcription efficiency of different structured DNA
packaged with TFAM

To determine whether the transcriptional activation of DNA
packaged with TFAM is influenced by the structure of DNA, we
compared the transcription efficiency of a TFAM/DNA complex in
the case of pDNA (circular structure, 6445 bp) and short linear
DNA (linear structure, 1324 bp) preparations. Activation and inhi-
bition of transcription were observed in the case of both pDNA
and short linear DNA, but the optimal molar ratio for activating
transcription was different (Figs. 3A, B, closed symbols). The tran-
scription efficiency of pDNA was the highest when pDNA was
packaged at a molar ratio of 375 (Fig. 3A, closed diamonds), while,
for short linear DNA, the highest value was observed at a molar ra-
tio of 75 (Fig. 3B, closed triangles). The highest transcription effi-
ciency of the TFAM/pDNA complex was 1.8-fold greater than that
for naked pDNA, while the value for short linear DNA was 1.3-fold.
A previous report showed that super coiled DNA was activated to a
greater extent by TFAM than relaxed circular DNA [28]. It seemed
that the conformational change for transcription activation might
be limited to linear DNA. In the case of protamine, the transcription
of the DNA complex was greatly inhibited and no activation was

-found in the case of both pDNA and short linear DNA (Fig. 3A, B,

open symbols).

Based on the data shown in Fig. 3A, B (closed symbols), we con-
verted the molar ratios to the base-pair intervals required to TFAM
to bind to DNA (bp intervals) on the X-axis (Fig. 3C, closed
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Fig. 3. In vitro transcription assay of DNA packaged with TFAM and protamine. pDNA (A, circular structure, 6445 bp) and short linear DNA (B, linear structure, 1324 bp) were
packaged with TFAM and protamine at various molar ratios, and then subjected to an in vitro transcription assay. Electrophoresis gel data for transcripts after in vitro
transcription reactions (upper part). Transcription efficiencies of DNA packaged with TFAM (closed symbols) and protamine (open symbols) were calculated based on the
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ratios to base-pair intervals that TFAM binds to DNA (bp intervals) in the X-axis (C). Closed diamonds and closed triangles indicate the values using'pDNA and short linear

DNA, respectively. Data are presented as the mean £ SD (n=3).

diamonds, pDNA; closed triangles, short linear DNA).The base-pair
intervals were calculated, when a DNA complex was formed at the
optimal molar ratio for transcriptional activation (see Supplemen-
tary material for details).The values were calculated to be 17.1 and
17.6 in the case of pDNA and short linear DNA, respectively. These
values are in general agreement with values previously reported by
Kang and co-workers. They showed that one molecule of TFAM for
every 20 bp activated transcription by in vitro transcription using
mitochondrial RNA polymerase and mtDNA [21,28]. Based on this
stoichiometric consideration, we speculated that transcription

might be activated at the optimal DNA-conformation, when TFAM
binds to DNA at the appropriate interval, as shown in Fig. 5A.

3.5. Investigation of transcription inhibition by excess TFAM using
in vitro transcription assay

At high molar ratios, the transcription of DNA packaged with
TFAM was inhibited (Fig. 3A, B). In such situation, a number of un-
bound TFAM molecules might interfere with the transcription
reaction by T7 RNA polymerase. To validate this consideration, a
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ultrafiltration. Electrophoresis gel data of transcripts after in vitro transcription
reactions (A). pDNA were packaged with TFAM at various molar ratios {molar
ratio = 0; lane 1 and 9, 10; lane 2 and 10, 50; lane 3 and 11, 100; lane 4 and 12, 250;
lane 5 and 13,375; lane 6 and 14, 500; lane 7 and 15, 1000; lane 8 and 16), and then
subjected to in vitro transcription assay before ultrafiltration (lanes 1-8) and after
ultrafiltration (lanes 9-16). Relative transcription value was calculated as follows
(B), transcription efficiency of samples was normalized by maximum transfection
efficiency among samples. Relative transcription values are indicated before (closed
symbols) ultrafiltration and after (open symbols) ultrafiltration. Data are presented
as the mean £ SD (n=3).
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Fig. 5. Schematic illustration of DNA packaged with TFAM and the transcriptional
manner. TFAM might form active DNA conformation for the transcription process,
where DNA is bent or supercoiled for recruiting T7 RNA polymerase (T7 RNAP) (A).
On the other hand, the overpackaging of DNA by excess TFAM would inhibit
transcription, because T7 RNA polymerase might be inaccessible to the T7 promoter
(B).

transcription assay using TFAM/pDNA complex was carried out
after removing unbound TFAM by ultrafiltration. pDNA were pack-
aged with TFAM at various molar ratios, and then subjected to
in vitro transcription assay before and after ultrafiltration to re-
move unbound TFAM. Fig. 4A shows electrophoresis gel data of
transcripts before ultrafiltration (Fig. 4A, lanes 1-8) and after ultra-
filtration (Fig. 4A, lanes 9-16). Relative transcription value was
normalized by maximum transfection efficiency among samples
(Fig. 4B, closed diamonds, before filtration; open diamonds, after
filtration).

If unbound TFAM interferes with the transcription reaction by
T7 RNA polymerase, the transcription would be expected to be
accelerated after the removal of unbound TFAM. However, the
quantitative data showed that the transcription was inhibited to
the same extent both before and after ultrafiltration (Fig. 4), indi-
cating that transcriptional inhibition was not largely involved with
the interference of transcription reaction by T7 RNA polymerase.
This supports the view that the inhibition of transcription by TFAM
is dependent on another factor, excess TFAM might bind to DNA
and, as a result, decrease the recognition affinity of the T7 pro-
moter by T7 RNA polymerase via the overpackaging of DNA
(Fig. 5B).

4. Discussion

We first investigated the physicochemical properties of pDNA
complexes when packaged with TFAM and protamine. In the case
of protamine, negatively charged particles were converted into
positively charged particles at a molar ratio of 500 (Fig. 1B, open
diamonds). In this electrostatic inversion point, which is calculated
to be a * charge ratio of 2.4, excess protamine would contribute to
the formation of positively charged particles. On the other hand, in
the case of TFAM, the ¢ potentials of the pDNA complexes were
negatively charge at all molar ratios (Fig. 1B, closed diamonds).
TFAM possesses high mobility group domains that contain both
cationic and anionic amino residues [13,29]. Based on our results
and this report, we conclude that the binding of cationic amino res-
idues in TFAM to DNA is possible and, when this occurs, the anionic
amino residues would be displayed on the surface of the TFAM/
pDNA complex.

Electrophoretic mobility shift assay data showed that pDNA
was efficiently released from a protamine/pDNA complex in the
presence of pAsp (Fig. 2B, lanes 7-12), whereas pDNA release
was not observed in the case of the TFAM/pDNA complex with
pAsp treatment (Fig. 2A, lanes 7-12). It is presumed that pAsp
might not be accessible to the TFAM/pDNA complex, because the
TFAM/pDNA complex is negatively charged. In addition, EtBr was
able to intercalate with the TFAM/pDNA compleX, even at high mo-
lar ratios (Fig. 2A, lanes 5 and 6), although the protamine/pDNA
complex was not detected under the same conditions (Fig. 2B,
lanes 5 and 6). These results suggest that a TFAM/pDNA complex
might be more loosely formed compared to a protamine/pDNA
complex.

From the viewpoint of the unique structure of TFAM, we consid-
ered the reasons for why transcription is activated at specific con-
ditions as shown in Fig. 3. One possibility is that TFAM might form
a DNA conformation that is beneficial for activating transcription
via non-specific binding, in which DNA would be easily recognized
by T7 RNA polymerase, as shown in Fig. 5A. A recent crystallo-
graphic analysis of TFAM provides support for this possibility
[29]. In the study, the crystal structure of full-length TFAM in com-
plex with an oligonucleotide containing the LSP sequence was ana-
lyzed and the results suggest that TFAM causes the LSP to bend,
thus creating an optimal DNA arrangement for transcriptional ini-
tiation. It was hypothesized that TFAM might play a role in the
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structural change to strengthen the affinity of mitochondrial RNA
polymerase for mtDNA, resulting in transcription activation.

Our findings indicated that DNA packaged with TFAM would
have a great advantage over one packaged with protamine from
the viewpoint of transcription efficiency. We also found that the
TFAM could activate the transcription process with packaged
DNA at the optimal molar ratio of DNA/TFAM. Moreover, a note-
worthy point is that this study is the first trial to evaluate the effect
of DNA packaged with TFAM on the transcription process using T7
RNA polymerase and DNA containing the T7 promoter. Collec-
tively, our findings would largely contribute to the development
of mitochondrial transgene methodology. In the future, we plan
to investigate the function of DNA packaged with TFAM in mito-
chondria of living cells, using our mitochondrial matrix delivery
system, a MITO-Porter that delivers cargoes into the mitochondrial
matrix via membrane fusion [30-33]. Studies in this area are cur-
rently underway.
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SUPPLEMENTARY MATERIAL

I The properties of preparved TFAM

In this experiment, human TFAM protein with N-terminal His tag was
expressed in bacterial cells, purified by nickel-nitrilotriacetic acid chromatography, and
finally dialyzed. The purified protein (theoretical molecular weight, approximately 27
kDa) was analyzed by SDS-PAGE as shown in Figure S1. As a result, we observed the
bands correspond to recombinant human TFAM, when nickel-nitrilotriacetic acid

chromatography (lane 7) and dialysis (lane 8) were performed.

Figure S1. SDS-PAGE analysis of prepared of human TFAM
12 3 45 6 7 8 1: non-induced cell; 2: induced cell; 3:
~crude cell lysate; 4: insoluble fraction;
5 soluble fraction; 6: Ni-column
flow-through; 7: eluate; 8: dialyzed

protein.
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2 Estimation of the base-pair intervals required for TFAM to bind to DNA for
transcription activation

Based on the data shown in Figures 3A, 3B (closed symbols), we converted the
molar ratios to the base-pair intervals required for TFAM to bind to DNA (bp intervals)

on the X-axis (Figure 3C) using Equation S1.

Equation S1

Base-pair intervals required for TFAM to bind to DNA (bp intervals)

= base-pair number of DNA [A] / value for molar ratio of TFAM/DNA [B]

Note that molar ratio of TFAM/DNA indicates the number of TFAM molecules per

DNA molecule.

The transcription efficiency of pDNA was the highest when pDNA (6445 bp)
was packaged at a molar ratio of 375 (Figure 3A), while the highest value for short
linear DNA (1324 bp) was observed at a molar ratio of 75 (Figure 3B). We calculated
the base-pair number of DNA per TFAM molecule when a DNA complex was formed at

the optimal molar ratio for the transcription activation using Equation S1.
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Example calculation,
Base-pair intervals required for TFAM to bind to DNA (bp intervals), to form a DNA

complex with pDNA (6445 bp) at a molar ratio of 375
= base-pair number of DNA [A] / value for molar ratio of TFAM/DNA [B]

= 6445 [A] /375 [B]=17.1

In the same procedure,
The base-pair intervals required for TFAM to bind to DNA (bp intervals), to

form a DNA complex with short linear DNA (1324 bp) at a molar ratio of 75

are calculated to be 17.6.
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Background: Both peak VO, and VE/VCO, slope are considered to be useful predictors of cardiovascular events.
The left ventricular (LV) response to dobutamine stress testing (DST) also provides useful prognostic
information. However, the relationship between these variables has not been fully investigated. Therefore, the
aim of this study is to investigate the association between myocardial contractile reserve measured by DST
and cardiopulmonary exercise testing (CPX) variables in patients with idiopathic dilated cardiomyopathy

Cordiomgopath (IDCM). A
DObUtaré’i“l: ’ Methods: Thirty-eight patients were subjected to CPX as well as cardiac catheterization for measurement of LV

pressure. The maximum first derivative of LV pressure (LV dP/dty.x) was measured at baseline and during
dobutamine infusion at incremental doses of 5, 10, and 15 pg kg™ 'min™". LV dP/dt .y at baseline and the
percentage increase in LV dP/dt.x (ALV dP/dty.x) induced by DST served as indices of LV contractility and
myocardial contractile reserve, respectively.

Results: Peak VO,, and VE/VCO, slope were 18.6 mL kg~ min~" and 32.3, respectively. Peak VO, was not
correlated with LV dP/dt . at baseline. However, peak VO, was significantly correlated with ALV dP/dt max,
and the correlation became more pronounced as the dose of dobutamine was increased. There was no
correlation between VE/VCO; slope and ALV dP/dtmax. Multivariate regression analysis revealed that ALV
dP/dtyax was independently correlated with peak VO, (p=0.011).

Conclusions: Peak VO,, but not VE/VCO; slope, may reflect myocardial contractile reserve in ambulatory
patients with IDCM. This study population is small, and therefore large confirmatory studies are
needed.

Cardiopulmonary exercise testing

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Heart failure (HF), a major and growing public health prob-
lemn, appears to result not only from cardiac overload or injury but
also from a complex interplay among genetic, neurchormonal, and
biochemical changes acting on cardiac myocytes, the cardiac inter-
stitium, or both [1]. Exercise tolerance reflects a number of prog-
nostically important factors, including cardiac function,
oxygen-carrying capacity, and autonomic nervous system balance
[2-4]. Cardiopulmonary exercise testing (CPX) is a diagnostic tool
used to detect serial changes in exercise capacity, and it is of
particular benefit for patients with chronic HF to assess peak oxygen

* Corresponding author at: Department of Cardiology, Nagoya University Graduate
School of Medicine, 65 Tsurumai-cho, Shouwa-ku, Nagoya 466-8560, Japan. Tel.: 481
52744 2147; fax: +8152744 2211. ’
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0167-5273/% - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.ijcard.2011.05.065

uptake (peak VO,) and minute ventilation/carbon dioxide produc-
tion (VE/VCO;) slope since those parameters have functioned as
predictors for overall mortality or determinants of risk stratification
for such individuals [5-9].

Peak VO, seems to be accurate for evaluating the functional status
of patients with chronic HF and non-ischemic dilated cardiomyop-
athy because the changes in echocardiographic variables assessed by
dobutamine echocardiography are well correlated with peak VO,
[10-13]. Meanwhile, the mechanisms of a high VE/VCO, slope are
multifactorial. Abnormalities of ventilator reflex control, pulmonary
hemodynamics and low cardiac index during exercise are all possible
correlations [14,15], however, its direct association with inotropic
effect on cardiac hemodynamics has remained unclear.

Therefore, this study aimed to investigate a potential asscciation
between CPX variables and the left ventricular (LV) responses during
dobutamine stress testing (DST) in ambulatory patients with idio-
pathic dilated cardiomyopathy (IDCM).
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2. Methods
2.1. Patients

We studied 38 consecutive IDCM patients at Nagoya University Hospital between
December 2007 and December 2009. All patients were in sinus rhythm and on optimal
pharmacological therapy, according to current guidelines for treatment of HF [16].
Ongoing medical therapy was kept unchanged at the time of the stress test. No patients
had implantable cardioverter-defibrillators or pacemakers. Each patient was hospital-
ized for examination and underwent laboratory measurements, a pulmonary functional
test, echocardiography, CPX, and cardiac catheterization. IDCM was defined on the basis
of the presence of both a reduced LV ejection fraction (LVEF) (<50% as determined by
contrast left ventriculography) and a dilated LV cavity, in the absence of coronary or
valvular heart disease, hypertension, or secondary cardiac muscle disease caused by
any known systemic condition, as determined by endomyocardial biopsy [17]. The
study protocol was approved by the Ethics Review Board of Nagoya University School of
Medicine (approval no. 359), and written informed consent was obtained from all
study subjects. Blood samples were collected from the antecubital vein of fasted
patients after they had rested for 20 min in the supine position. Routine blood
biochemical analysis was performed in addition to measurement of the plasma brain
natriuretic peptide (BNP), renin activity, aldosterone, epinephrine, and norepineph-
rine. The estimated glomerular filtration rate (GFR) was calculated by using an equation
modified for Japanese: estimated GFR (mLmin™')=194x (serum creatinine)
~ 1094y (age in years) ~%287, To adjust for female sex, the equation was: estimated
GFR female = estimated GFRx 0.739 [18].

2.2. Echocardiography

Standard M-mode and two-dimensional echocardiography, Doppler blood flow,
and tissue Doppler imaging measurements were performed in agreement with the
American Society of Echocardiography guidelines using the Vivid 7 system (Vivid 7, GE
Healthcare, Milwaukee, W1, USA) [19]. Septal and posterior LV wall thicknesses were
obtained from the parasternal long-axis view. The LV end-diastolic and end-systolic
volumes were obtained from 4 apical and 2 chamber views [20]. The LVEF was
calculated from 2-dimensional apical images according to the formula of modified
Simpson's method. Pulse-wave Doppler echocardiography was used to assess mitral
peak early (E) and late wavé flow velocity and E-wave deceleration time. The tissue
Doppler imaging wave sample of the mitral annulus was obtained from the septal side
of the apical 4-chamber view. Analysis was performed for the early (Ea) diastolic peak
velocity. The ratio of early transmitral flow velocity to early diastolic mitral annular
velocity (E/Ea) was taken as an estimate of LV filling pressure [21].

2.3. CPX procedure and data collection

Each patient underwent CPX at a progressively increasing work rate to maximum
tolerance on a cycle ergometer. The test protocol was in accordance with the
recommendations of the American Thoracic Society and American College of Chest
Physicians [22]. The oxygen and carbon dioxide sensors were calibrated before each
test using gasses with known oxygen, nitrogen, and carbon dioxide concentrations. The
flow sensor was also calibrated before each test using a 3-L syringe. All patients started
at 10 W for 3 min warm-up, followed by a 10 W/min ramp increment protocol up to the
termination criteria. Test termination criteria consisted of patient request, volitional
fatigue, ventricular tachycardia, =2 mm of horizontal or downsloping ST segment
depression, or a drop in systolic blood pressure =20 mm Hg during exercise. A qualified

exercise physiologist conducted each test with physician supervision. A 12-lead -

electrocardiogram was monitored continuously, and blood pressure was measured
every minute during exercise and throughout the recovery period. Respiratory gas
exchange variables, including VO, VCO,, and VE, were acquired continuously
throughout the exercise testing using an Ergospirometry Oxycon Pro (Care Fusion;
Sun Diego, CA, USA), and the gas-exchange data were obtained breath-by-breath, Peak
VO, was expressed as the highest 30-second average value obtained during the last
stage of the exercise test, and the peak respiratory exchange ratio was the highest
30-second averaged value during the last stage of the test. The VE/VCO, slope was
determined by using linear regression analysis of VE and VCO, obtained during exercise
[23]. The ventilatory threshold was determined in all patients by the classical method
[24.25]. :

2.4, Cardiac catheterization and DST

All patients initially underwent routine diagnostic left and right heart catheteri-
zation. A 6-F fluid-filled pigtail catheter with a high-fidelity - micromanometer
(CA-61000-PLB Pressure-tip Catheter, CD Leycom, Zoetermeer, The Netherlands) was
placed in the LV cavity for measurement of LV pressure. We evaluated the maximum
first derivative of LV pressure (LV dP/dtmax) as anindex of LV contractility, as previously
described [26]. After collection of baseline hemodynamic data, dobutamine was infused
intravenously at incremental doses of 5, 10, and 15 pg kg™ ' min~", and hemodynamic
measuréments were made at the end of each 5-minute infusion period. In addition,
we calculated ALV dP/dt.x as an index of myocardial contractile reserve [27]. ALV
dP/dt,, . was defined as the percentage increase in LV dP/dt,,., induced by dobutamine,
and this index was defined on the basis of the formula ALV dP/dtax (X) (%) =[LV

dP/dtyax (X) — LV dP/dtmax (baseline)]/LV dP/diy.x (baseline), where x =the dose of
dobutamine (pg kg~ min~ ).

2.5. Statistical analysis

Data are presented as means+ standard deviation. All statistical analyses were
performed with the SPSS 17.0 software package (SPSS Inc., Chicago, IL, USA). To
investigate the association between myocardial contractile reserve measured by DST
and CPX variables, the relationship between echocardiographic index, hemodynamic
parameters or biomarkers, and CPX variables was analyzed by using correlation
coefficients and a linear regression analysis. As for the differences of measurements
between two groups, normally distributed variables were compared by the Student's t
test and non-normally distributed variables by the Mann~Whitney U test. Differences
between three groups were analyzed by a two-way ANOVA followed by Turkey's post
hoc test. Four major factors used widely in clinical practice — the plasma BNP level
(biomarker), E/Ea ratio (LV diastolic performance), LVEF (LV systolic performance), and
ALV dP/dtmax (10) — were used in a multivariate regression analysis to determine
independent factors of peak VO, and VE/VCO; slope. A p-value of <0.05 was considered
statistically significant.

3. Results
3.1. Baseline clinical characteristics

Baseline clinical characteristics of the patients are shown in Table 1.
The mean age was 51.3 years old, and 92% of patients had mild
symptoms, classified as New York Heart Association functional class 1 or
Il Twenty-one (55%) patients had been treated with B-blockers. No
patients had abnormal respiratory function. The peak VO, was18.6 +
5.2mLkg™ " min~ " and the VE/VCO, slope was 32.3 £ 10.8. The heart
rate at baseline and peak exercise was 85.94+16.1 and 131.1+
22.4 bpm, respectively. The mean LVEF measured by left ventriculo-
graphy was 32.5%. There were no patients with severe pulmonary
hypertension.

3.2. Hemodynamic responses by DST

Hemodynamic responses to intravenous dobutamine infusion are
shown in Table 2. No complications occurred in any of the study
subjects during the dobutamine stress protocol. The heart rate, LV
systolic pressure and LV dP/dtnax were increased as the dose of dobu-
tamine was increased. Contractile response (ALV dP/dtnax) increased
significantly as the dose of dobutamine was increased (Fig. 1). There
were no significant differences in LV dP/dt;,.x (5), LV dP/dty.x (10)
between treatment groups with or without B-blocker, whereas LV
dP/dtnax (15) was only significantly lower in the B-blocker (+) group
than in the B-blocker (—) group (Table 3). We observed that there
were also no significant differences in all ALV dP/dt,.x between two
groups, even though it was increased as the dose of dobutamine was
increased.

3.3. Myocardial contractile reserve and CPX parameters

The correlations between patient characteristics, biomarkers,
echocardiographic data, or hemodynamic parameters and peak VO,
or VE/VCO, slope are shown in Table 4. The plasma BNP level and E/Ea
ratio were significantly correlated with peak VO, (r=—0.538, r=
—0.390, respectively). The plasma BNP level was also correlated with
VE/VCO, slope (r=0.764). However, LVEF was not significantly
correlated with peak VO, and VE/VCO, slope. Whereas the LV
dP/dt.x at baseline was not significantly correlated with peak VO,
(r=0.286, p=0.081), the LV dP/dt,., under the dobutamine infusion
was significantly correlated with peak VO, (LV dP/dty.x (5); 1 =0.339,
LV dP/dt.x (10); r=0.428, LV dP/dt . (15); r=0.490, respectively).
In addition, the ALV dP/dt;,,x was significantly correlated with peak
VO,, and the correlation became more pronounced as the dose of
dobutamine was increased (ALV dP/dtax (5); 1 =0.329, ALV dP/dt ;.
(10); r=0.508, ALV dP/dtmax (15); r=0.601, respectively) (Fig. 2).
In contrast, no significant correlation between ALV dP/dtn.x and
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Table 1
Baseline clinical characteristics (n=38).
Age (yrs) 513+£131
Gender, male/female 25/13
Body mass index (kg m~?) 235444
NYHA functional class (I/1/111/1V) (23/12/3/0)
Medication, n (%)
B-blockers 21 (55)
ACE inhibitors 6(16)
ARBs
19 (50)
Diuretics 21 (55)
Spironoractone 17 (43)
Statins
5(13)
Laboratory measurements
Hemoglobin (g dL™?) 135416
Estimated GFR (mL min™ ") 68.44283
Plasma norepinephrine (ng mL™") 0.56940.311
Plasma BNP (pg mL™") 203.14£2255
Respiratory function
FVC% predicted 104.0+ 150
FEV1% predicted 793468
Dl (mLmin™'mmHg™ 1) 20.7 +6.6
Echocardiography
LV end-diastolic diameter (mm) 63.64+9.2
LV end-systolic diameter (mm) 5354107
Left atrial diameter (mm) 40.94-85
E/A ratio 13+£08
Deceleration time (ms) 203.8+60.8
E/Ea ratio 154+8.8
MR (none or trivial/mild/moderate/severe) (22/10/3/3)
CPX variables
Baseline heart rate (beats min™1) 85.9416.1
Peak heart rate (beats min™") 131.14224
Baseline systolic blood pressure (mm Hg) 11844239
Peal systelic blood pressure (mm Hg) 159.3+£45.2
Peak VO, (mL kg~ min™7) 18.6+£5.2
VE/VCO, slope 323+£108
AVO;/AWR (mLmin~ ' W™T) 91429
Peak RER 1.08£0.09
Cardiac catheterization
LV ejection fraction (%) 3254104
LV end-diastolic volume (mL) 25434927
LV end-systolic volume (mL) 183.2+874
PAWP (mm Hg) 118458
Systolic PA pressure {(mm Hg) 259493
Cardiac index (Lmin™' m~2) 2.78+£0.52
LV end-diastolic pressure {mm Hg) 152487

Data are means = SD.

NYHA = New York Heart Association; ACE = angiotensin-converting enzyme; ARB =
angiotensin Il receptor blocker; GFR = glomerular filtration rate; BNP = brain
natriuretic peptide; FVC = forced vital capacity; FEV1% = forced expiratory volumein 1
second as percent of FVC; DLco = diffusing capacity for carbon monoxide; LV = left
ventricular; E/Ea ratio = ratio of early transmitral flow velocity to early diastolic mitral
annular velocity; MR = mitral regurgitation; CPX = cardiopulmonary exercise testing;
peak VO, = peak oxygen uptake; VE/VCO, slope = the minute ventilation/carbon
dioxide production; AVO,/AWR = the ratio of the increase in VO, to the increase in
work rate; RER = respiratory exchange ratio; PAWP = pulmonary arterial wedge
pressure; PA = pulmonary artery.

VE/VCO, slope was observed (ALV dP/dty.. (5); p=0.257, ALV
dP/dtnax (10); p=0.161, ALV dP/dt .« (15); p=0.085, respectively).
Multivariate regression analysis revealed that ALV dP/dt,,x (10) and
plasma BNP level were independently correlated- with peak VO,

Table 2
Hemodynamic response to intravenous dobutamine infusion.

p <0.001
200 ¢ i |
p <0.05
;@‘ 150 F p <0.001
§ 100}
hs]
>
3 sof
0 _ﬁ , .
5 10 15

Dose of dobutamine (ug kg™ min")

Fig. 1. Contractile response to dobutamine stress testing. Left ventricular hemodynamic
response of 38 patients to dobutamine stress testing. Data are shown as means + SD.
ALV dP/dtnm,x increased significantly as the dose of dobutamine was increased.

(p=0.011, p=0.001, respectively) (Table 5). We observed that
plasma BNP levels was only independently significant correlated with
VE/VCO, slope, whereas ALV dP/dtmax (10) was not significantly
correlated with VE/VCO, slope (p=0.708).

4. Discussion

In the present study, we investigated the association between LV
response to dobutamine and CPX variables to examine our hypothesis
that myocardial contractile reserve correlates closely with exercise
functional capacity. Our results showed that the myocardial contrac-
tile reserve measured by DST was strongly correlated with peak VO,
as the dose of dobutamine was increased, whereas it was not cor-
related with VE/VCO; slope. In addition, the contractile reserve by DST
was independently correlated with peak VO, These findings suggest
that only peak VO, and not VE/VCO, slope, reflects myocardial
contractile reserve in patients with IDCM. To our knowledge, this
investigation is the first to report the relationship between myocardial
contractile reserve as assessed by DST using directly measured LV
pressure and CPX variables — especially the 2 major prognostic
parameters, peak VO, and VE/VCO, slope — in patients with IDCM.

Peak VO, and VE/VCO, slope are 2 major powerful predictors of
mortality in HF patients with severe systolic LV dysfunction [9], but a
dissociation - between peak VO, and VE/VCO, slope is occasionally
seen in patients with HF. Peak VO,, measured at the end of the test, is
widely used as the diagnostic and prognostic surrogate marker in

~ patients with HF [8]. However, the end point of an exercise test is

greatly influenced by motivation on the part of the patients and the
testing personnel {28]. In addition, cardiac output cannot be
accurately estimated from CPX, largely because VO, is influenced by
numerous central and peripheral factors [29]. On the other hand, a
growing body of studies over last decade has demonstrated that
VE/VCO, slope more powerfully predicts mortality or hospitalization
than peak VO, among HF patients [30]. VE/VCO, slope is influenced
not only cardiac function but also respiratory physiological deregu-
lation such as ergoreflex or chemoreflex sensitivity, and inversely
correlated with exercise tolerance in chronic HF [28].

Parameter Baseline Dobutamine (5pg kg™ ! min~7) Dobutamine (10 pg kg~ ' min™"*) Dobutamine (15 pg kg™ ! min™ ")
Heart rate (beats min™ ") 7404145 77.04+163 88.8420.9 101.1+£23.8
LVSP (mm Hg) 12204258 127.7+314 1395+ 42.2 136.74354
LV dP/dtmax (MM Hg s™') 1079.8+299.4 1353.3+583.8 1920.24+891.3 2203.84:994.1

Data are meansZ SD.

LVSP = left ventricular systolic pressure; LV dP/dty,x = maximal first derivative of left ventricular pressure.
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Table 3
Comparison of hemodynamic response by DST between treatment groups with or
without B-blocker.

Table 4
Correlation between ecocardiographic index, hymodynamic parameters or biomarkers
and CPX variables.

Parameter R-blocker R-blocker p-value
(—)(n=17) (+)(n=21)
Heart rate
(beats min™")
Baseline 7954151 6954128 0.04
Dobutamine 8584139 69.9414.8 0.002
(5ngkg™"min~")
Dobutamine 103.3+17.0 7734161 0.00004
(10pg kg™ 'min~")
Dobutamine 118.64+16.6 86.4+18.5 0.000006
(15pg kg™ ' min~ 1) )
LVSP (mm Hg)
Baseline 123.04+£27.0 12114255 0.83
Dobutamine 130.1434.0 125.7429.9 0.68
(5png kg™ min~")
Dobutamine 133.9£33.2 144.04+48.6 0.48
(10pg kg™ "min~ ")
Dobutamine 13274316 140.14:38.8 0.55
(15pg kg™ ! min™ ")
LV dP/dtimax
(mmHgs™ 1)
Baseline 159.24-278.0 10193 £307.5 0.16
Dobutamine 1448946248 1189.84-357.1 0.13
(5pg kg™ min~ ")
Dobutamine 2073.3+806.6 1646.6+597.2 0.08
(10pg kg™ 'min~")
Dobutamine 24529 +1056.0 1851.54+575.3 0.04
(15pg kg™ ! min~1)
ALV dP/dtmax
Dobutamine 26.2+£348 145494 0.16
(5pgkg™'min~ 1)
Dobutamine 79.14:452 56.4:-24.5 0.06
(10pg kg™  min™?)
Dobutamine 110.14+58.2 8251345 0.09

(15pg kg™ min~")

Data are means+SD.

DST = dobutamine stress testing; LVSP = left ventricular systalic pressure; LV dP/dtimax =
maximal first derivative of left ventricular pressure; ALV dP/dt,,.x = the percentage
increase in LV dP/dty.x induced by dobutamine.

Dobutamine is a direct p-agonist that has been used to evaluate
myocardial contractile reserve in chronic HF [31]. Few studies have
evaluated the adrenergic contractile response to dobutamine infusion
by measurement of the increase in LV dP/dtm.x in patients with
non-ischemic LV systolic dysfunction [32,33]. Several studies based on
dobutamine stress echocardiography have shown a relationship
between prognosis and adrenergic myocardial contractile reserve, as
determined by measurement of LV systolic function indices such as
LVEF or cardiac output [10,34]. However, many investigations which
reported DST were measured by echocardiography [10,11]; here, we
more accurately evaluated dobutamine response by measuring using
catheterization with a high-fidelity micromanometer.

Decreased response to dobutamine infusion is a marker of the
pathological status of myocardial damage and is closely associated with
impaired peak VO, [27]. In the present study, peak VO, was significantly
correlated with the absolute value of LV dP/dt,., and more strongly
correlated with ALV dP/dtna.x. Peak VO, was also independently
correlated with ALV dP/dt,.x and plasma BNP level. On the other hand,
VE/VCO, slope was not correlated with ALV dP/dt.x. Because the
percentage increase in LV dP/dtn.x induced by dobutamine is especially
unaffected by factors such as peripheral ergoreceptor activation,
hyperventilation, and LV dP/dt .. at baseline, it is thought to be a useful
and direct assessment of myocardial contractile reserve. Therefore, the
results of this study suggest that myocardial contractile reserve may be
strong determinant for peak VO,, but not VE/VCO, slope in our study
population. Furthermore, VE/VCO, slope was strongly correlated with
plasma BNP level. The abnormal ventilatory response to exercise seems
to be related to sympathetic activation, renin-angiotensin system [35]

Peak VO, VE/VCO; slope
r p-value r p-value
Age 0.076 0.651 0.070 0.677
Body mass index —0.059 0.726 —0439 0.006
Laboratory measurement
Hemoglobin ) 0.203 0.222 —~0396 0.014
Estimated GFR 0.109 0.515 -0.112 0.504
Norepinephrine —0.094 0.576 —0.230 0.165
Plasma BNP ~0538 <0001 0764 <0.001
Echocardiography
LV end-diastolic diameter ~0306 0.062 0.268 0.104
LV end-systolic diameter —0.297 0.070 0332 0.042
Left atrial diameter —0314 0.055 0332 0.041
E/A ratio —0.275 0.094 0750 <0.001
Decerelation time 0114 0.496 —0218 0.188
E/Ea ratio —0390 0.016 0.255 0.122
CPX variables
Baseline heart rate 0.079 0.637 —0291 0.0762
Peak heart rate 0.507 0.001 —0491 0.002
Baseline systolic blood pressure 0.132 0.428 —0536 <0001
Peak systolic blood pressure 0470 0.003 —0646 <0.001
Cardiac catheterization
LV ejection fraction 0.211 0.204 —0277 0.092
LV end-diastolic pressure —0.097 0.564 0.304 0.063
LV end-diastolic volume —0.070 0.677 0.419 0.009
Cardiac index 0.347 0.033 —0493 0.002
PAWP —0342 0.036 0.276 0.093
Systolic PA pressure —0353 0.030 0364 0.025
LV dP/dt,,.x at baseline 0.286 0.081 —0557 <0001
" LV dP/dtmax (5 pg kg™ min~ 1) 0339 0037 —0388 0016
LV dP/dt,nax (10 pg kg™ min~™1) 0.428 0.007 —0355 0.029
LV dP/dtmax (15 pg kg™ min™") 0490 0002 —0395 0014

CPX = cardiopulmonary exercise testing; peak VO, = peak oxygen uptake; VE/VCO,
slope = the minute ventilation/carbon dioxide production; GFR = glomerular filtration
rate; BNP = brain natriuretic peptide; LV = left ventricular; E/Ea ratio = ratio of early
transmitral flow velocity to early diastolic mitral annular velocity; PAWP = pulmonary
arterial wedge pressure; PA = pulmonary artery; LV dP/dtna. = maximal first
derivative of left ventricular pressure.

and ergoreflex activation [36] rather than to myocardial contractile
reserve.

Our group reported previously that DST is a useful diagnostic tool for
identifying reduced adrenergic contractile reserve related to altered
myocardial expression of the p-adrenergic receptor and Ca®*-handling
mRNA level, even in asymptomatic or mildly symptomatic patients with
IDCM [27]. A direct relationship of the degree of p,-receptor down-
regulation to peak VO, was also found in patients with IDCM [37]. These
results suggest that decreased peak VO, is potentially related to
impaired Ca®*-handling or P;-adrenergic receptor in patients with
IDCM.

Myocardial contractile reserve, as determined by dobutamine stress
echocardiography, predicts improvement in LVEF with B-blocker
therapy [29]. In the absence of contractile reserve (i.e., when myocytes
have been supplanted by replacement fibrosis because of cell death and
interstitial remodeling), ventricular function cannot be improved by this
biological mechanism because there are not enough contractile units.
Contractile reserve itself appears to improve after LVEF has increased
with B-blocker therapy. Thus, the benefit of 3-blockade in HF patients is
related not only to improvement in resting ventricular function but also
to improved contractile reserve and the ability to respond to stress,
likely to be found during exercise. However, we did not measure
contractile reserve after B-blocker therapy. Higher peak VO, might
indicate higher contractile reserve; and therefore a better potential
response to B-blocker therapy and improved prognosis.

CPX is a useful tool for assessment of exercise tolerance and the-
rapeutic effects in patients with HF, and accurate and repetitive mea-
surements are available to the clinician at a reasonable cost. Indeed,
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Fig, 2. Correlation between myocardial contractile reserve and peak VO,, VE/VCO; slope. ALV dP/dty.x Was significantly correlated with peak VO, and the correlation became more
pronounced as the dose of dobutamine was increased. In contrast, no significant inverse correlation between ALV dP/dtnax and VE/VCO, slope was apparent, even at the maximum
dose of dobutamine. ALV dP/dt,,« is the percentage increase in LV dP/dty,,« induced by dobutamine, and this index was defined on the basis of the formula: ALV dP/dt., .« (x) (%) =
[LV dP/dtyax (X) — LV dP/dtiay (baseline)]/LV dP/dtmay (baseline), where x = the dose of dobutamine (pg kg ™' min™").

especially for the observation of cardiac deterioration in patients with
known IDCM, peak VO, possibly provide meaningful clinical informa-

tion as a surrogate for cardiac reserve. Given the results of this study,

peak VO, can represent myocardial contractile reserve, indicating that

preserved systolic contractile reserve may be a feature in relatively
mild degree of heart failure, in ambulatory patients with IDCM.

There are several limitations in our study. First, this study was per-

formed in a small number of patients. Second, as regards to medication,

Table 5

Muiltivariate regression analysis of CPX variables.
Parameter Peak VO, VE/VCO; slope

B (95%Cl) p-value B (95% Ct) p-value

ALV dP/dtma (10 pg kg™ min~") 0.430 (0.012-0.086) 0.011 0.052 (—0.054-0.079) 0.708
BNP —0421 (—0.017-~0.002) 0.010 0.813 (0.026-0.052) <0.001
LVEF —0.251 (—0.288-0.039) 0.131 0.064 (—0.228-0362) 0.648
E/Ea ratio —0.183 (—0.272-0.059) 0.201 0.001 (—0.299-0301) 0.995

CPX = cardiopulmonary exercise testing; peak VO, = peak oxygen uptake; VE/VCO; slope = minute ventilation/carbon dioxide production; LV dP/dty,.x = maximum first derivative
of left ventricular pressure; ALV dP/dt,,,., = percentage increase in LV dP/dt,,,,, induced by dobutamine; BNP = brain natriuretic peptide; LVEF = left ventricular ejection fraction;
E/Ea ratioc = ratio of early transmitral flow velocity to early diastolic mitral annular velocity; Cl = confidence interval.
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especially patients on B-blocking agents, therapy was kept unchanged.
This may have resulted in some false-negative results in DST. However,
the optimum dose of dobutamine to assess contractility is not defined,
and it did not appear ethical to withhold a lifesaving therapy. Third, the
assessment of peripheral factors was not checked. The patients in the
present study had a mean of peak VO, of 186 mLkg ™ 'min~", which
was relatively preserved exercise tolerance in IDCM patients. Because all
subjects in this study were ambulatory and in stable condition, with
normal respiratory function and relatively mild symptoms, the influence
of lung and peripheral factors on VO, might be minimum.

In conclusion, based on DST findings, we suggest that peak VO,,
but not VE/VCO, slope, reflects myocardial contractile reserve. The
findings of our study may provide evidence to differentiate patho-
physiological insights between peak VO, and VE/VCO, slope, major
prognostic CPX parameters. Further research could be designed to
observe time course of deterioration of cardiac reserve by peak VO, as
a surrogate marker. Further studies with larger numbers of patients,
including those with more severe HF symptoms, are needed before
our results can be applied more generally to IDCM patients with HF.
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