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KLF5 controls expression of paracrine factors in cardiac fibroblasts that mediate cardiomyocyte hypertrophy. (A) siRNA-mediated knockdown
of KIfs in cardiac fibroblasts. Kif5 levels were normalized to those in cells transfected with the control siRNA (siCntrl). *P < 0.01 versus siCntrl.
(B-D) Cultured cardiomyocytes were incubated with serum-free medium (SFM) or conditioned medium prepared from cardiac fibroblasts trans-

fected with control or Kif5 siRNA for 48 hours. (B) Representative cardi
(Hoechst 33258, biue). Scale bar: 10 um, (C) Cell surface areas of 100

omyocytes are shown stained for sarcomeric a-actinin (green) and nuclei
cells from each group. *P < 0.01 versus cells treated with SFM; P < 0.05

versus cells treated with medium conditioned by siCntrf transfectants. (D) ANP concentrations in culture medium conditioned by cardiomyocytes.

*P < 0.05 versus SFM; *P < 0.05 versus siCntrl.

Cardiac fibroblasts are essential for adaptive responses to severe pressure
overload. Next we assessed the importance of cardiac fibroblasts
in the adaptive responses of the myocardium for maintenance of
cardiac function. KIS and KIfSV#;Postn-Cre mice were subjected
to HI-TAC, which we previously found to induce cardiac dysfunc-
tion within 2 weeks (Supplemental Figures 1and 2). After 10 days
of HI-TAC, KIf3//#; Postn-Cre mice were visibly emaciated, and their
body weights were correspondingly diminished (dara nor shown).
In addition, mortality among KIfS%/; Postn-Cre mice was significanc-
ly higher than among KIfS"/ mice after 14 days of HI-TAC (Figure
7A). Pulmonary edema and/or hemorrhage were noted in most
of the dead KIf3"/;Posts-Cre mice, and even in those that survived,
lung weights were significantly increased due to pulmonary con-
gestion and alveolar edema (Figure 7, B and C). Many KIfS"/%; Postn-
Cre mice also exhibited shallow, rapid breathing characteristic of
heart failure. Nonecheless, cardiac hypertrophy and fibrosis were
markedly atcenuated in KIfS"f;Postn-Cre mice, though LV luminal
diameters were markedly increased (Figure 7, D-G). Because of the
fragility of KIfS"Postn-Cre mice, systematic echocardiographic
analysis could not be performed, as even a minimum dose of anes-
theric was lethal. However, the 1 KIfS"/;Postn-Cre mouse that sur-
vived the anesthesia showed marked LV dilation and diminished
systolic function (Figure 7H). Apparently, expression of KLFS by
cardiac fibroblasts is necessary for the adaptive and protective
activities that take place within the myocardium in response to
severe pressure overload.

Finally, we tested whether IGF-1 is required for the cardioprotec-
tive responses to pressure overload by using JB1, a peptide IGF-1
receptor antagonist, to inhibit IGF-1 signaling in vivo (40). JB1
did not affect survival, cardiac function, heart weights, or car-
diac histology in sham-operated control mice (data not shown).
In mice subjected to HI-TAC, by contrast, JB1 adminiscration led
to the emaciation and shallow, rapid breathing characteristic of
heart failure as well as early death (Figure 8A). In JB1-treated mice
subjected to HI-TAC, the lung weights were significantly increased
(Figure 8, B and C), cardiac hypertrophy was attenuated (Figure 8,
D-F), and the left ventricle was significantly enlarged (Figure 8,
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D and F). Moreover, systolic function was impaired more than in
vehicle-treated mice (Figure 8F), indicating that JB1 exacerbated
the heart failure. IGF-1 secreted from cardiac fibroblasts thus
appears to be a crucial mediator of the cardioprotective response
to severe pressure overload.

Discussion

The results of the present study clearly demonstrate that cardiac
fibroblasts play essential roles in cardioprotection and cardio-
myocyte hypertrophy, at least in part by producing paracrine fac-
tors, including IGF-1. Based on the observation that in addition
to extracellular matrix proteins, cardiac fibroblasts produce a
variety of paracrine facrors — some of which can induce hyper-
trophic responses in vitro — it has been postulated that an inter-
play between cardiomyocytes and fibroblasts is involved in cardiac
hypertrophy and pathology (2, 3). However, the potential require-
ment for fibroblasts in the cardiac response to parhological stress
in vivo has not been fully appreciated. Our study provides clear evi-
dence that cardiac fibroblasts functionally contribute to the adap-
tive response to pressure overload in vivo. Particularly noteworthy
is our finding that cardiac fibroblasts are absolutely required for
protection of cardiac function in severe pressure overload. This
means that cardiac fibroblasts are not mere bystanders acting only
in fibrosis, buc are crucial mediators of myocardial hypertrophy
and adaptive responses in the heart. It was recently suggested
that inappropriate angiogenesis plays an important role in heart
failure (41). That finding, rogether with those summatized here,
highlights the importance of the activities of the non-muscle cells
residing in the myocardial interstitium. In addition to contribut-
ing to pathological remodeling, it is likely that these cells mediate
homeostatic responses to physiological stress.

Our findings also indicate that KLFS expressed in cardiac fibro-
blasts is a key regulator controlling the stress response in the
myocardium. Moreover, the results obtained with cardiac fibro-
blast-specific Kif5-knockout mice suggest that IGF-1 produced by
fibroblasts is also important for protective responses. These find-
ings are consistent with the results of earlier studies of the effects
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Figure 6

KLF5 transactivates the /gf1 promoter. (A) KLF5 knockdown reduced /gf7 expression in cardiac fibroblasts. KLF5 was knocked down as shown
in Figure 5A. *P < 0.01 versus siCntrl. (B) Fibroblast-selective expression of Igf1. Igf1 mBNA levels in cultured cardiac fibrobiasts were normal-

ized to those of 18s rRNA and then further normalized with respect to

those in cardiomyocytes. *P < 0.01 versus cardiomyocytes. (C) Cardiac

expression of KIf5 and Igf1 mRNA after LI-TAC in KIf5"" and Kif5%";Postn-Cre mice. Expression levels were normalized to those of 18s rRNA
and then further normalized with respect to those in the hearts before TAC. (D) Reporter analysis of KLF5-depedent transactivation of the /gf7
promoter. Luciferase reporter constructs driven by the wild-type /gf1 promoter or a mutant promoter in which the potential KLLF-binding site was
mutated were cotransfected with either empty vector or a vector harboring Kif5 or Kif15. Data are representative of 3 independent experiments.
(E) ChiP assays of KLF5 binding to the /gf7 and Pdgfa promoters. An intronic region of Igf? that does not contain a KLF-binding motif served as
a negative control. {F) Effects of neutralizing IGF-1 on the cardiotrophic activity of fibroblast-conditioned medium. An antibody against IGF-1 (30
ug/mi) or normal IgG was added to the conditioned medium, after which the effect of the medium on cardiomyocyte surface area was analyzed.
*P < 0.01 versus cells treated with SFM; #P < 0.01 versus cells treated with fibroblast-conditioned medium.

of transgenic overexpression of IGF-1 and IGF-1 receptor in cardio-
myocytes, which were also suggestive of IGF-1’s role in physiologi-
cal hypertrophy and cardiac protection (42-46). Thus IGF-1 pro-
duced locally by fibroblasts appears to be a key mediator of cardiac
hypertrophy and myocardial protection against pressure overload.
The present study identified Igf as the target of KLFS in fibro-
blasts involved in the cardiac adaptive response. However, KLFS
also likely controls the expression of genes other than Igfl and
Pdgfa, including those encoding paracrine facrors involved in regu-
lating fibroblast function (Supplemental Table 1). We would there-
fore expect future studies of the gene networks controlled by KLF5
in cardiac fibroblasts to shed additional light on their homeostatic
and pathological functions. In that regard, it will also be important
to analyze the possible interplay between KLES and other members
of the KLF family. Previous studies have demonstrared the func-
tional roles played by several KLFs in the heart (34, 35, 47, 48). For
instance, KLF15 negatively regulates cardiac fibrosis (34). It is there-
fore conceivable that networks of KLFs contribute to the myocar-
dial responses to stress. Finally, our results suggest that therapeutic
modulation of cardiac fibroblast function may represent a novel
approach to the prevention and/or treatment of heart failure.
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Methods
For experimental procedures not described herein, see Supplemental
Methods.

Animals. Mice were housed in temperature-controlled rooms with a 12-hour
light/12-hour dark cycle. All experiments were approved by the University of
Tokyo Ethics Committee for Animal Experiments and strictly adhered to the
guidelines for animal experiments of the University of Tokyo.

Generation of KIf5-floxed mice. A 12-kb KIfS fragment conraining exons 1--3
was used ro construct the rargeting vector. The scheme for construction of
the targeting vectors is shown in Supplemental Figure 5. The targeting con-
struct was introduced into ES cells by electropotation, and G418-resistant
clones were then examined for homologous recombination using Southern
blot analysis with appropriate 3’ probes. Six ES clones that contained the
correctly rargeted KIfS locus were obtained, and 2 were injected into 129/Sv
blastocysts to obtain chimeric mice. Male chimeras were bred with female
transgenic mice expressing the enhanced site-specific recombinase FLP
to remove the FRT-flanked neomycin cassette to generate heterozygous
floxed KIfs (KIf5"*) mice. KIfS//* mice were then backcrossed with CS7BL/6
mice using the marker-assisted speed congenic method (49). The mice
were genotyped by Southern blot analysis or PCR. Southern blot analy-
sis was performed after HindlII digestion using a 396-bp PCR-amplified
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Cardiac fibroblasts are essential for the protective response elicited by severe pressure overload. (A-H) KIf5"" and KIf5""; Postn-Cre mice were
subjected to HI-TAC or sham operation. (A) Kaplan-Meier survival analysis of KIf5"" (n = 16) and KIf5";Postn-Cre (n = 10) mice after HI-TAC.
*P < 0.05 versus Kif5"". (B) Representative pictures of lungs 2 weeks after the operations. Note the severe lung edema in KiIf5" Postn-Cre
mice subjected to HI-TAC. (C) Lung weights in KIf5" (n = 5} and KIf5";Postn-Cre (n = 3) mice 2 weeks after the operations. (D) Representative
low-magnification views of H&E-stained heart sections 2 weeks after the operations. Scale bar: 1 mm: (E~G) Heart weight/body weight ratios
(E), relative cross-sectional areas of cardiomyocytes (F), and fibrotic areas (G) in KIf5"" (n = 5) and KIf5"":Postn-Cre (n = 3) mice 2 weeks after
the HI-TAC operation. *P < 0.01 versus sham control of the same genolype; #P < 0.05 versus KIf5"# mice subjected to HI-TAC. (H) M-mode

echocardiographic tracings obtained 2 weeks after the operations.

probe for hybridization (Supplemental Figure 5). The probe for intron 1
was made by PCR using primers §' " TGTCGTGGTGCTTTGAGAAG-3' and
S"TATCTTCCAGGCCCTGATTG-3". PCR for genotyping was performed
with primers A (5'-GCATCAGGAGGGTTTCATGT-3') and B (§'-GTCTC-
GGCCTCATTGCTAAG-3'), which yielded 164-bp and 331-bp products for
wild-type and floxed KIf5 alleles, respectively.

Quantification of Cre-mediated recombination. Competitive PCR was per-
formed to calculate the relarive deletion frequency using primers A, B,and C
(§'-TGACCCATTACCGAATCTACTG-3'), which produced 331-bp and

The Journal of Clinical Investigation

heep://www.jci.org

250-bp bands for the floxed and floxed-ouc KIf5 alleles, respectively. The
respective abundances of the floxed and floxed-out KIf5 alleles were ana-
lyzed using real-time PCR with the same primer sets. To calculate absolute
numbers of alleles in a given cell sample, we used external standards con-
taining known numbers of DNA fragments derived from KIf5-floxed and
floxed-out alleles.

TAC model. TAC was performed as described previously (50). Briefly, mice
(8-10 weeks old, 21-24 g body weight) were anesthetized by intraperitoneal
injection of a mixture of xylazine (5 mg/kg) and ketamine (100 mg/kg).
Volume 1206 Number 1
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The animals were then placed in a supine position, an endotracheal tube
was inserted, and the animals were ventilated using a volume-cycled rodent
ventilator with a ridal volume of 0.4 ml room air and a respiratory rate
of 110 breaths/minute. The chest cavity was exposed by cutting open the
proximal portion of the sternum. After the aortic arch between the innomi-
nate and left common carotid arteries was isolated, it was constricted with
2 7-0 nylon suture tied firmly 3 rimes against a 25- or 27-gauge blunted
needle for LI- and HI-TAC, respectively. Sham-operated mice underwent
the idenrical surgical procedure, including isolation of the aorta, but with-
out placement of the suture.

Administration of JB1, a peptide IGF-1 receptor antagonist. CS7BL/6 mice
(8-10 weeks old, 21-24 g body weight) were anesthetized by intraperitoneal
injection of pentobarbital sodium (50 mg/kg). An incision was made in the
midscapular region under sterile conditions, and an osmotic minipump
(Alzer) containing either JB1 (BACHEM) dissolved in 0.15 mol/l NaCl and
I mmol/l acetic acid or vehicle only was implanted. The delivery rate was
1 mg/kg/d for 14 days.

Echocardiography. Animals were lightly anesthetized with 2,2,2-tribro-
moethanol (200 mg/kg) and set in a supine position. Two dimensional
(2D) guided M-mode echocardiography was performed using an echocat-
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An |GF-1 receptor antagonist aggra-
vates heart failure induced by severe
pressure overload. (A) Kaplan-Meier
survival analysis of wild-type mice
treated with vehicle or JB1, a peptide
IGF-1 receptor antagonist, after Hi-
TAC. n=10in each group. *P < 0.001
versus vehicle. (B) Representative
photographs of lungs taken 1 week
after the operations. Note the severe
lung edema in JB1-treated mice sub-
jected to HI-TAC. (C) Lung weights
in vehicle-treated and JB1-treated
groups 1 week after the operations.
n =5 in each group. (D) Representa-
tive low-magnification views of H&E-
stained heart sections 1 week after
the operations. Scale bars: 1 mm.
(E) Heart weights. (F) Echocardio-
graphic analysis carried out 1 week
after the operation. *P < 0.05 versus
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trols subjected to HI-TAC.
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diogram (model 4500, Sonos) equipped with a 15 to 6 L MHz transducer
(Philips). The heart at the level of the LV papillary muscle was imaged in
the 2D mode in the parasternal short-axis view with a depth setcing of
2 cm. LV diastolic posterior wall thickness (PWT), LV diastolic dimensions
(LVDd), and LV end-systolic dimensions (LVDs) were measured. LV frac-
tional shortening (%FS) was calculated as (LVDd - LVDs)/LVDd x 100.
Histological analysis. Heart sections were prepared as described previously
(14) and stained with H&E for overall morphology. Immunohistochemical
staining of KLFS was performed using an anti-KLFS monoclonal antibody
(KM1784). A biotin-conjugated goat anti-rat antibody, streptavidin-con-
jugated horseradish peroxidase (Dako), and 3,3"-diaminobenzidine (DAB)
were used to visualize labeling. For double staining of KLFS and aMHC,
we also used anti-aMHC monoclonal antibody CMA19 (51). Simple Stain
AP(M) (Nichirei) and an Alkaline Phosphatase Substrate Kit I (Vector) were
used to visualize labeling. To quantify cardiac incerstitial fibrosis, we stained
sections with elastic picrosirius red, after which images were captured with a
digital camera and analyzed using Photoshop (Adobe) and Scion Image. .
B-Galactosidase staining. Heart tisstes were fixed for 12 hours at 4°C in
PBS containing 0.4% glutaraldehyde, 0.01% Na deoxycholate, 0.1% NP40,
0.1 M MgCly, and 5 mM EGTA,; rinsed 3 times for 30 minutes in PBS; and
Volume 120
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then incubated for 24 hours at 37°C in a staining solution [I mM MgCl,,
20 mM K;Fe(CN)g, 20 mM KyFe(CN)s, 1 mg/ml X-gal in PBS]. LacZ-stained
sections were counterstained with nuclear fast red for nuclet, biotin-conju-
gated isolectin B4 (Vector) for ECs, and elastic picrosirius red for fibrosis.

Cardiomyocyte cross-sectional area. Heart sections were deparaffinized, rehy-
drated, and incubated for | hour at room temperature with FITC-labeled
wheat germ agglutinin (Sigma-Aldrich) to visualize myocyte membranes.
Regions that included the circular shapes of capillaries were selected from
the epicardial side of the LV free walls. The mean cross-sectional area of
cardiomyocytes was determined for each mouse from 60 to 80 cells.

RNA extraction and real-time PCR. Heart tissues were stored in RNAlater
RNA stabilization reagent (QIAGEN) at 4°C. Total RNA was extracted
using an RNeasy Fibrous Tissue Mini Kit (QIAGEN). First-strand ¢cDNA
synthesis was performed with 1 pg of total RNA, random hexamers, and
SuperScript IIT Reverse Transcriptase (Invitrogen). Real-time PCR was
performed using a QuantiTect SYBR Green PCR kit (QIAGEN) in a Light-
Cycler (Roche). The expression level of each gene was normalized to that of
18s rRNA, which served as an endogenous internal control. The sequences
of the PCR primers are shown in Supplemental Table 2.

Isolation of neonatal and adult cardiomyocytes and non-myocytes. Neonatal
ventricles from 1-day-old ICR mice were separated and minced in ice-cold
balanced salt solution, as described previously with minor modifications
(52). To isolate cardiac cells, the tissues were incubared in a balanced salc
solution containing 0.2% collagenase type 2 (Worthingron Biochemical)
for 6 minutes at 37°C with agitation. The digestion buffer was replaced
7 times, at which point the tissues were completely digested. The dispersed
cells were incubated in 10-cm culture dishes for 80 minutes to remove
non-myocytes. The unattached viable cells, which were rich in cardiomyo-
cytes, were cultured on gelatin-coated dishes at 37°C in DMEM supple-
mented with 10% FBS and 10 uM cytosine 1-B-D-arabinofuranoside (Ara C)
to inhibit fibroblast proliferation. Using this protocol, we consistencly
obtained cell populations containing at least 90%-95% cardiomyocytes.
Non-myocyte cells thar attached to the dishes were cultured in DMEM
supplemented with 10% FBS and allowed to grow to confluence, then they
were trypsinized and passaged at1:3. This procedure yielded cell cultures
that were almost exclusively fibroblasts by the first passage. Experiments
were carried out after 2 or 3 passages.

Adult cardiomyocytes were isolated using the Langendorff perfusion
method as previously described (27). For isolarion of non-myocyte-
enriched cells, hearts were dissected free of vessels and atria, washed in ice-
cold modified Krebs-Henseleit bicarbonate (KHB) buffer (pH 7.2) (Sigma-
Aldrich), and quickly cut into pieces. The heart pieces were incubated in
5 ml of digesting solution (0.25 mg/ml Liberase TH [Roche] and 10 mM
HEPES in balanced salt solution containing calcium and magnesium)
for 8 minutes at 37°C with vigorous stirring. The supernatant was then
added to 10'ml of ice-cold KHB. Five milliliters of fresh digesting solution
was added to the remaining tissue fragments, and the digestion and sam:
pling steps were repeated until all the tissue was dissolved. The collected
cells were filtered through 35-um nylon mesh (BD Falcon) and then used
for flow cytometty. Levels of Myh6 mRNA expression were much lower
in the isolated cell populations than in normal whole hearts, indicating
that the cell populations obtained using the method described here were
enriched in non-myocytes (Supplemental Figure 15). Flow cytometric
analysis (Figure 3) showed that the cell populations contained large frac-
tions of fibroblasts and ECs.

Flow cytometric analysis and sorting. Single cells were isolated from adule
hearts and incubated with PE-conjugated anti-Thy1 antibody (eBioscience),
FITC-conjugated anti-CD31 antibody (BD Biosciences), and allophycocya-
nin-conjugated CD3e antibody (eBioscience), after which they were analyzed
and sorted using a FACSAria IT (BD Biosciences) and FlowJo software.
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For analysis of B-galacrosidase expression and the sorting of LacZ'’
cells, a FluoReporter LacZ Flow Cytometry Kit (Molecular Probes,
Invitrogen) was used according to the manufacturer’s recommenda-
tions. Cells were stained with the fluorogenic B-galactosidase substrate
fluorescein di-B-b-galactopyranoside (FDG).

Production of medium conditioned by cardiac fibroblasts. Cardiac fibroblasts were
grown to subconfluency in 10-cm dishes. The medium was then replaced
with fresh serum-free DMEM, and the cells were incubared for additional
48 hours. The medium was then collected as conditioned medium.

siRNA. siRNA for KIfS and control siRNA were purchased from Dhar-
macon. Using Lipofectamine RNAiMax (Invitrogen), the siRNA at a final
concentration of 20 nM in 10 ml of culeure medium was transfected into
mouse cardiac fibroblasts plated in 10-cm culcure dishes. siRNA-mediaced
knockdown of KIfS did not affect mRNA expression levels in KLF family
members thac reportedly function in the cardiovascular system (e.g., KIf2,
Kif4, KIf10, KIf13, and KIf15) (Supplemental Figure 16).

Morphometric studies of cells. Neonatal cardiomyocytes culcured in 3.5-cm
dishes were maintained in serum-free DMEM for 24 hours, after which the
culture medium was replaced with either fresh serum-free DMEM or medi-
um conditioned by cardiac fibroblasts. To analyze the effects of neutralizing
IGF-1, either anti-IGF-1 neutralizing antibody (Millipore) or control IgG
(Sigma-Aldrich) was then added, and the cells were cultured for an addition-
al 24 hours. To analyze the effects of growth factors, cells were first cultured
for 24 hours in serum-free DMEM. The medium was then replaced with
serum-free DMEM containing vehicle, IGF-1 (Wako), or PDGF-A (R&D Sys-
rems), and the cells were cultured for an additional 24 hours. The cells were
then fixed in 2% paraformaldehyde and permeabilized for 10 minutes wich
0.5% Triton X-100 (Sigma-Aldrich) in PBS, after which they were incubared
in PBS conraining 1% bovine serum albumin for 10 minutes to block non-
specific staining. They were then incubated with anti~sarcomeric a-actinin
antibody (Sigma-Aldrich), followed by treatment with an Alexa-conjugated
secondary antibody. Cardiomyocyrte size was determined by measuring the
surface area of sarcomeric o-actinin-positive cells.

Enzyme-linked immunoassay. To analyze secretion of ANP, cardiomyocytes
were cultured in the serum-free DMEM for 24 hours and then stimulared
with fresh serum-DMEM or medium conditioned by cardiac fibroblasts for
48 hours. The concentration of ANP protein in the culture medium was mea-
sured using an enzyme-linked immunoassay kit (Phoenix Pharmaceuticals).

Analysis of expression of alternatively spliced Igfl mRNA. IGF-1 is controlled
by 2 distinct promoters associated with untranslated exons 1 and 2, which
generate two types of mRNA, containing either exon 1 (class 1 mRNA) or
exon 2 (class 2 mRNA) plus a common block of translated exons (53-55).
Expression of the two transcripts is differentially regulated in different tis-
sues and species and during development. We therefore determined which
mRNA was the major transcript in mouse heart. The respective abundances
of the two transcripts were analyzed using real-time PCR with primer sets
thac specifically amplified either the class 1 or class 2 mRNA. To calcu-
late absolute numbers of transcripts in a given amount of rotal RNA, we
used external standards containing known numbers of class 1 or 2 cDNA
fragments. We found thar class 2 transcripts were much more abundant
in both cardiac fibroblasts and cardiomyocytes than class 1 transcripts,
and also in hearts after LI-TAC (Supplemental Figure 17). We cherefore
analyzed expression of class 2 mRNA as the major Igfl transcript in the
heart and cardiac fibroblasts (Figure 6, A-C). IgfI class 1 and class 2 cDNA
fragments were amplified using a forward primer specific for each leader
exon (exon 1, S"-ATGGGGAAAATCAGCAGTC-3; exon 2, 5-CTGCCTGT-
GTAAACGACCCGG-3') and a reverse primer (exon 3-4 junction, §'-GGCT-
GCTTTTGTAGGCTTCAGTGG-3') (56).

Igf1 promoter—luciferase constructs. Because the class 2 Igfl mRNA is much
more abundantly expressed than class 1 mRNA in the heart, we analyzed
Volume 120 263
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the promoter associated with exon 2 (33). A genomic fragmenc of the
5'-flanking region and a part of exon 2 (~80 to +43 bp) was obtained by PCR
using mouse genomic DNA. The promoter fragment was then subcloned
into a pGL3 basic luciferase repotter vector (Promega) to generate pGL3-
Igfl. A mutation within the potential KLF-binding motif was introduced
by PCR to generate pGL3-igflmutKLF. NTH-3T3 cells grown to 60%-80%
confluence were then transfected wich the vectors, after which luciferase
activities were measured and normalized to B-galacrosidase activity. The
KIfS expression vector was described previously (57). The KIfIS expression
vector was obtained by inserting the Kif1S cDNA into pCAGMS (14).
ChIP. ChIP assays were performed as previously described (29, 58).
Mouse cardiac fibroblasts were formalin fixed, and then chromatin sam-
ples were immunoprecipitared using anti-KLFS mouse monoclonal anti-
body (KM3918) or control IgG antibody. PCR was performed with the
following region-specific primers: for the mouse Igfl KLFS site within the
exon 2-associated promorter, 5'"ACCCAGGCTCAGAGCATACC-3' and
5'-GGGTCGTTTACACAGCAGGT-3'; for intron 2 (an intronic region +750
bp from the translation initiation site that does not contain KLF-binding
motifs; negative control), $'-CCTTCACCGCTCTCTGAAAC-3' and §'-
CATCAGGGCTTCATGGTTCT-3'; and for the Pdgfa KLFS site, 5'-ATG-
TAGCTGCCTGCGTGAG-3' and 5'-CGACAGGGAGGGGGTTATAG-3.
Statistics. Data are shown as mean + SEM. Paired data were evaluated
using Student’s ¢ test. Comparisons between multiple groups were made
using 1-way ANOVA followed by a post-hoc Bonferroni test. Survival rates

among mice were analyzed using long-rank test. P values less than 0.05

were considered statistically significant.
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Persistent Cardiac Aldosterone Synthesis in Angiotensin II
Type 1A Receptor—Knockout Mice After Myocardial Infarction

Jun Katada, PhD; Tomomi Meguro, MD; Hitomi Saito, BSc; Akira Ohashi, MD; Toshihisa Anzai, MD;
Satoshi Ogawa, MD; Tsutomu Yoshikawa, MD

Background—The renin-angiotensin-aldosterone system is implicated in the pathogenesis of heart failure. Pharmacolog-
ical blockade of angiotensin II (Ang II)-dependent signaling is clinically effective in reducing cardiovascular events
after myocardial infarction (MI) but still fails to completely prevent remodeling. The molecular basis underlying this
Ang Il-independent remodeling is unclear.

Methods and Results—Acute MI was induced by coronary ligation in wild-type (WT) and angiotensin II type IA
receptor—knockout (AT, ,-KO) mice. Left ventricular (LV) geometry, hemodynamics, and cardiac gene expression were
evaluated on day 28. Severe LV remodeling and resultant cardiac dysfunction were observed in WT mice, whereas less
marked, but still significant, LV remodeling and cardiac dysfunction were induced in AT ,-KO mice. Gene expression
levels of aldosterone synthase and the cardiac aldosterone content were both elevated in the MI hearts, even in AT, ,-KO
mice. In AT,-KO mice treated with spironolactone (20 mg/kg per day), LV remodeling, cardiac dysfunction, and
cardiac gene expression of collagens and natriuretic peptides were almost normalized.

Conclusions—Our results indicate that genetic blockade of AT, signaling fails to arrest aldosterone production in cardiac
tissues and that cardiac aldosterone plays a critical role in post-MI LV remodeling. The results suggest that
spironolactone could be potentially effective in patients with MI, when used in combination with renin-angiotensin
system blockade, by blocking the actions of aldosterone produced by Ang II-independent mechanisms. (Circulation.
2005;111:2157-2164.)

Key Words: myocardial infarction m remodeling @ angiotensin

he renin-angiotensin-aldosterone system is closely in-
volved in the pathogenesis of heart failure. Previous
studies have shown that angiotensin-converting enzyme

(ACE) inhibitors and angiotensin Il (Ang II) receptor block-

ers reduce mortality and morbidity among patients with
chronic heart failure (CHF) and left ventricular (LV) systolic
dysfunction.’? However, cardiac dysfunction and cardiovas-
cular deaths are still observed even when CHF patients are
treated with ACE inhibitors or Ang II receptor blockers. The
aldosterone escape phenomenon, ie, persistent production of
aldosterone despite renin-angiotensin system blockade, may
be responsible for the insufficient action of ACE inhibitors or
Ang II receptor blockers in patients with CHF.

In the Randomized Aldactone Evaluation Study (RALES),
treatment with the mineralocorticoid receptor antagonist spi-
ronolactone reduced overall mortality in patients with ad-
vanced heart failure.? This finding was recently confirmed by
The Eplerenone Postacute Myocardial Infarction Heart Fail-
ure Efficacy and Survival Study (EPHESUS) in postinfarc-
tion CHF patients with the use of a new selective mineralo-
corticoid receptor antagonist, eplerenone.* It has also been

reported that mineralocorticoid receptor antagonists prevent
LV dysfunction and remodeling in several animal models of
heart failure.>¢ Although one of the primary targets of
aldosterone is the kidney, there is also evidence that aldoste-
rone directly affects cardiac tissues and causes the develop-
ment of cardiac hypertrophy, fibrosis, and heart failure.”8

Accumulating evidence suggests production of aldosterone
in cardiac tissues, particularly under pathological conditions.
Aldosterone synthase (CYP11B2) is detected in the hearts of
several species, including rats®!? and humans.!t1?2 Cardiac
aldosterone production has also been found in experiments
demonstrating a gradient of plasma aldosterone concentra-
tions between the anterior interventricular vein and coronary
sinus in humans,'?* and myocardial production of aldoste-
rone has been demonstrated in the rat.!'s Increased production
of cardiac aldosterone under certain pathological conditions
suggests that it could play an important role in the pathogen-
esis of cardiac diseases. However, there is little or no
information on the regulation of cardiac synthesis of aldoste-
rone apart from the finding of involvement of the local
renin-angiotensin system.!s
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Harada et al'” demonstrated that Ang II type 1A receptor
(AT,,) signals play a pivotal role in the progression of
post-myocardial infarction (MI) LV remodeling, using genet-
ically AT, -deficient (knockout) (AT,-KO) mice. However,
it is notable that LV remodeling and cardiac dysfunction still
occurred, even after AT, -dependent signaling was elimi-
nated completely. Hence, we hypothesized that Ang II-
independent synthesis of cardiac aldosterone in post-MI
hearts may be responsible for persistent LV remodeling. The
aims of the present study were to determine whether Ang
Il-independent aldosterone synthesis is induced in the hearts
of AT,-KO mice after acute MI and to elucidate the
pathophysiological roles of cardiac aldosterone synthesis in
post-MI remodeling.

Methods

Animals

Male 15-week-old AT, ,-KO mice (n=40) were used in the study.!8
Age-matched male mice with the same genetic background (wild-
type [WT]) were used as controls (n=40). All experimental proto-
cols conformed to international guidelines and were approved by the
animal experimentation review board of Keio University School of
Medicine.

Induction of MI

MI was induced with the coronary ligation technique, as described
previously.!? Sham-operated mice were prepared in the same man-
ner, but no coronary ligation was performed. Spironolactone (Sigma)
was administered orally at 20 mg/kg per day for 28 days. Lisinopril
was administered for 28 days by mixing with drinking water. The
estimated dose of lisinopril was 20 mg/kg per day, which has been
reported to prevent LV fibrosis in rats.!?

Evaluation of Infarcted Hearts at Day 28
Echocardiography was performed in mice anesthetized with keta-
mine (70 mg/kg IP) and xylazine (4 mg/kg IP) with the use of an
ultrasonograph (EnVisor, Philips Medical Systems Japan) equipped
with a dynamically focused 9-MHz annular array: transducer; as
described previously.?® Hemodynamics were assessed with a 1.4F
high-fidelity catheter (Millar Instruments Inc) inserted via the right
carotid artery into the LV for recording LV systolic pressure, heart
rate, and maximal rate of rise of LV pressure (dP/dT,,,). Finally, the
hearts were excised, and the LV with scar and the right ventricle
(RV) were weighed separately. Evaluation of the infarct size,
expressed as a percentage of the LV surface area, was conducted as
described previously?! with the use of formalin-fixed longitudinal
sections of LV. Hydroxyproline contents, a marker for the cardiac
collagen protein level, were determined as described previously.?2

Quantitative Reverse Transcription-Polymerase
Chain Reaction

For quantitative reverse transcription—-polymerase: chain: reaction
(RT-PCR), total RNA, extracted from noninfarcted LV walls, was
reverse transcribed to cDNA with oligo(dT),, primers. PCR reactions
were performed with the ABI PRISM 7700 Sequence: Detector
System (Applied Biosystems), which monitors the PCR reaction in
real time. Oligonucleotide primers and TagMan probes were: de-
signed from the GenBank databases with the use of Primer Express
software (Applied Biosystems).?* Statistical analysis of the results
was performed with the ACt value (Ctyen, of juees— Cloaron). Relative
gene expression was obtained by AACt methods (ACt sample—ACt
calibrator), with WT sham mice used for comparison with the gene
expression level of unknown samples.

Biochemical Analyses

Cardiac aldosterone was extracted from the hearts as described
previously.!s Briefly, the excised hearts were washed thoroughly
with ice-cold PBS to remove blood and then homogenized in | mL
of methanol with the use of a Polytron homogenizer. After centrif-
ugation at 3000g for 15 minutes, the supemnatant was dried under
vacoum (Savant Speed Vac SC-100 system) and then mixed with |
mL PBS. Aldosterone concentrations were determined by radioim-
munoassay system. Tissue aldosterone levels were expressed in
pg/mg protein. Plasma aldosterone was directly determined by

_radioimmunoassay. Sodium and potassium concentrations in plasma

samples, prepared from blood collected from the right carotid artery
in chilled tubes containing 2 pl. EDTA, were determined by flame
photometry. Plasma concentrations of corticotropin were determined
by radioimmunoassay.?*

Statistical Analysis

All data are expressed as mean*SEM. Multiple comparisons were
performed by 1-way ANOVA with Bonferroni correction. A proba-
bility value <<0.05 was considered statistically significant.

Results

Mortality Rate After Induction of MI

Eight of 40 WT MI mice died during the 28-day observation
period (mortality rate, 20%). The mortality rate by day 28 was
significantly lower in WT MI mice treated with spironolac-
tone (7.5%) and in AT ,-KO MI mice (10%) than in untreated
WT MI mice. All spironolactone-treated AT, ,-KO MI mice
and sham-operated mice survived throughout the experiment.

Body Weight, Infarct Size, and Tissue Weight

The percent infarct area was not statistically different among
the 4 MI groups (vehicle-treated WT: 37+0.9%; vehicle-
treated AT, ,-KO: 37£0.9%; spironolactone-treated WT:
36+0.9%; spironolactone-treated AT, ,-KO: 37%0.9%).
There was no significant difference in body weight on day 28
among the 8 experimental groups (Table). The LV and RV
weights of WT MI mice on day 28 were significantly higher
than those of WT :sham-operated mice (77% and 137%
increase for LV and RV, respectively). L'V and RV weights of
AT4-KO MI mice were lower than those of WT MI mice but
still  significantly higher - than those of sham-operated
AT ,-KO mice. LV and RV weights were further decreased
by administration of spironolactone, and consequently these
weights in spironolactone-treated AT ,-KO MI mice were
comparable to those of sham-operated mice. Changes in lung
weight showed similar trends.

Echocardiographic Study

As shown in Figure 1A, LV posterior wall thickness was
increased by 67.6% in WT MI mice compared with WT
sham-operated mice. LV posterior wall thickness was also
thicker in AT,-KO mice, but a smaller increase in
thickness occurred compared with that in AT, 4,-KO sham-
operated mice. When given to AT ;4-KO mice, spironolac-
tone induced a further reduction in LV postérior wall
thickness and almost normalized the wall thickness after
MI. Similarly, LV end-diastolic internal diameter and LV
systolic internal diameter were higher in WT MI mice than
WT sham-operated mice (47% and 149% increase, respec-
tively). Both changes were attenuated in AT, ,-KO MI mice
(Figure 1B and 1C), although both diameters were still
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Conditions Body Weight LV Weight RV Weight Lung Weight
WT/Mi/vehicle 29.0+0.36 155.7+4.29* 51.7+3.36* 207.1£8.19*
KO/Ml/vehicle 30.1+0.31 107.1x4.19F  31.6x3.02%%  184.7+11.3*%
WT/Ml/spironolactone 29.3+0.26 106.6+2.88*t  28.5+1.75%  151.5x247t
KO/Ml/spironolactone 30.1+0.63 92.1+3.33t 257219t 164.0+3.471
WT/sham/vehicle 28.8+0.59 87.9+1.95 21.8x1.14 152.1%+5.05
KO/sham/vehicle 30.2+1.03 85.6+4.38 22.8+0.86 155.8+7.40
WT/sham/spironolactone 29.4+0.65 87.3%3.03 21.0+1.13 152.0+4.97
KO/sham/spironglactone 30.4+0.63 86.0x5.52 20.5+2.33 151.3+6.25

WT indicates wild-type mice; KO, ATs-knockout mice; Mi, mice with myocardial infarction; sham,
sham-operated mice; spironolactone, spironolactone-treated mice; and vehicle, vehicle-treated mice.
Spironolactone-treated mice were treated with spironolactone (20 mg/kg per day PO) for 4 weeks,

and vehicle-treated mice were treated with vehicle (0.5% methylceliulose) alone.

*P<0.05 compared with sham-operated control mice; 1P<<0.05 compared with vehicle-treated Ml

WT mice.

larger than those of AT ,-KO sham-operated mice. In
spironolactone-treated AT;,-KO MI mice, further inhibi-
tion of LV dimensions was observed. Consequently, per-
cent fractional shortening value was significantly higher in
spironolactone-treated AT 4,-KO MI mice than in vehicle-

treated AT, ,-KO MI mice (Figure 1D).
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Spironolactone Improves Impaired Cardiac Function
As shown in Figure 2A, LV systolic pressure was decreased
by 27.3% in WT MI mice (92.2%3.0 mm Hg in WT sham
mice versus 67.02.4 mm Hg in WT MI mice; P<<0.01). The
decrease in LV systolic pressure was much smaller in

AT s-KO mice (10.3% decrease compared with sham
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Figure 1. LV posterior wall thickness
(LV-PWT) (A), end-diastolic left ventricu-
lar internal diameter (LVIDd) (B), end-sys-
tolic left ventricular internal diameter
(LVIDs) (C), and fractional shortening
(%FS) (D) 28 days after MI. KO indicates
AT a-knockout mice; SP, treatment with
spironolactone. Data are mean::SEM of
5 to 10 mice. *P<0.05 compared with
sham-operated control mice; #P<0.05
compared with vehicle-treated Mi WT
mice.
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Figure 2. LV systolic pressure (LVSP) (A),
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AT,-KO mice). Administration of spironolactone to
AT 4-KO MI mice induced further attenuation of the LV
systolic pressure decline, which became close to normal
levels. Similar changes were noted in dP/dT (Figure 2B). A
large reduction of dP/dT was observed in WT MI mice (45%
reduction compared with. WT sham mice; P<0.001). In
contrast, dP/dT decrease. was significantly attenuated in
AT ,-KO MI mice. Spironolactone reversed the decrease in
dP/dT observed in AT;4,-KO MI mice. The heart rate was not
statistically different among the 8 experimental groups (Fig-
ure 2C).

Gene Expression and Collagen Level in
Noninfarcted LV

As shown in Figure 3A and 3B, the expression levels of atrial
natriuretic peptide (ANP) and B-type natriuretic peptide
(BNP) mRNAs, which are markers of cardiac hypertrophy,
were enhanced in WT MI mice compared with WT sham
mice (ANP: 6.3£0.4-fold increase; BNP: 4.9+0.4-fold in-
crease). Upregulation of mRNA expression of both ANP and
BNP was also observed in AT,-KO MI mice, but: the
expression levels were significantly lower than those in WT
MI mice. Further inhibition of ANP and BNP mRNA expres-
sion was noted when AT,;,-KO MI mice were treated with
spironolactone, resulting in the expression levels being al-

+Sp dP/dT s (B), and heart rate (C) 28 days
{20 mg/kg) after Ml. KO indicates AT;a-knockout
Sham mice; SP, treatment with spironolactone.

Data are mean+=SEM of 5 to 10 mice.
*P<0.05 compared with sham-operated
control mice; #P<0.05 compared with
vehicle-treated MI WT mice.

most comparable to those of sham-operated mice. As shown
in Figure 3C and 3D, the expression levels of type I and type
IH collagen genes were higher in WT MI mice than in WT
sham mice (type I collagen: 16.3+0.7-fold increase; type III
collagen: 14.4+0.7-fold increase). Upregulation of these
genes was partially attenuated in AT,,-KO MI mice. Treat-
ment of AT ;,-KO MI mice with spironolactone further
attenuated the expression levels. Hydroxyproline content in
the LV wall, a marker for collagen proteins, exhibited a
similar trend (Figure 3E).

Cardiac Production of Aldosterone
Quantitative RT-PCR showed small but detectable levels of
CYP11B2 mRNA in sham-operated hearts. As shown in
Figure 4A, the CYP11B2 expression level was significantly
higher in WT MI hearts than in sham-operated mice
(5.4%=0.6-fold increase; P<<0.01). In AT;,-KO MI mice,
CYP11B2 gene expression was lower than in WT MI mice
but still was significantly higher than in sham-operated
AT x-KO mice. CYP11B2 gene expression in adrenal gland
did not differ in WT and KO mice with or without MI (data
not shown).

The cardiac aldosterone level was elevated in MI mice
(Figure 4B) (297+40.3 pg/mg protein in WT MI mice versus
68£5.6 pg/mg protein in- WT sham mice; P<<0.001). A
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Figure 3. Messenger RNA expression levels of ANP (A), BNP (B), type | collagen (C), and type Il collagen (D) in noninfarcted region of
LV were determined by quantitative RT-PCR 28 days after Ml. Each mRNA level is relative to the expression level of GAPDH gene and
presented as a relative value with the WT sham mice used for comparison. E, Hydroxyproline (Pro-OH) content in LV noninfarct area.
KO indicates AT,x-knockout mice; SP, treatment with spironolactone. Data are mean+SEM of 5 to 10 mice. *P<<0.05 compared with
sham-operated control mice; #P<0.05 compared with vehicle-treated Ml WT mice.

significantly high aldosterone level was also observed in
AT ,-KO MI mice compared with AT,,-KO sham-operated
mice, but the increase was smaller than that in WT MI mice.
Plasma aldosterone levels were 0.17+0.02 ng/mL in WT
sham-operated mice, 0.25%0.02 ng/mL in WT MI mice
(P<0.05 versus WT sham mice), 0.16%£0.03 ng/mL in
AT 4-KO sham-operated mice, and 0.18%£0.02 ng/mL in

AT ,-KO MI mice (nonsignificant versus AT, ,-KO sham-
operated mice).

Mechanism Underlying Renin-Angiotensin
System-Independent Aldosterone Production

To examine the possible involvement of Ang II or other
active products of the renin-angiotensin system, such as

A cYe1ip2 B Aldosterone
s . Figure 4. A, CYP 11B2 mRNA levels on
s,y P <0.05 X S P <008 day 28 determined by quantitative
g a0t ® I RT-PCR. The expression level of each
‘B - sample was expressed relative to the
é:’g g‘qs’ Ace % expression level of GAPDH gene and is
& ] T presented as a relative value with the WT
2 g gm \X sham mice used as a calibrator for com-
& @ E \f; parison. Data are mean+=SEM of 5 to 10
o g 3200 \ mice. B, Mean=SEM values of aldoste-
9 ‘§‘“ rone contents in Mi hearts (n=5). KO
g g indicates AT,s-knockout mice; SP, treat-
g R ?\ IR ment wit.h spironolactone. *P<0.05 com-
by WT KO WT KO WT KO WT KO pared with sham-operated control mice;

#P<0.05 compared with vehicle-treated

+ 8P 4+ 8P + 8P + 8P WT MI mice.
{20 my/kg) {20 mghg) {20 mgikg) (20 mg/kg)
Wi Sham M Sham
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Ang, ;, in cardiac aldosterone synthesis through receptors
other than AT,,, we examined the effects of lisinopril, an
ACE inhibitor. As shown in Figure 5A, treatment with
lisinopril (20 mg/kg per day) significantly attenuated LV
hypertrophy observed in WT mice but did not further reduce
LV weight in AT, ,-KO MI mice. Other parameters, including
RV weight and the gene expression level of type I collagen,
showed similar trends (data not shown). Treatment with
lisinopril decreased cardiac aldosterone levels in WT MI
mice but not in AT;,-KO MI mice (Figure 5B).

Plasma concentrations of sodium, potassium, and cortico-
tropin on day 28 did not differ among the 8 experimental
groups (data not shown). As shown in Figure 5C, gene
expression of melanocortin receptor type 2 (MC2R), a corti-
cotropin receptor, was significantly upregulated in the non-
infarcted LV wall of AT;,-KO MI mice compared with
sham-operated AT;,-KO mice.

Discussion
The major findings of the present study are as follows: (1)
AT ,-KO mice with MI had cardiac hypertrophy, cardiac
dysfunction, and collagen gene expression, along with in-
creased cardiac expression of the CYP11B2 gene and ele-
vated cardiac aldosterone levels. (2) Spironolactone admin-
istration inhibited LV remodeling and resulted in almost
normalized LV geometry, as well as reversing altered cardiac
gene expressions (ANP, BNP, type I and type HI collagens)
in AT;4,-KO MI mice. These results suggest that aldosterone
is produced via an Ang Il-independent mechanism in hearts

level of each sample was expressed rela-
tive to that of GAPDH gene and is pre-
sented as a relative value, with the WT
sham mice used for comparison. KO
indicates AT x-knockout mice. *P<0.05
compared with sham-operated control
mice; #P<0.05 compared with vehicle-
treated WT Ml mice.

with MI and that it promotes cardiac hypertrophy, fibrosis,
and subsequent heart failure after ML

Several regulators are known to stimulate aldosterone
synthesis in the adrenal cortex, including Ang II, cortico-
tropin, and plasma concentrations of Na* and/or K*. Among
these, Ang II is the primary physiological regulator because it
is well known that blockade of the renin-angiotensin system
by ACE inhibitors or Ang Il receptor blockers often results in
transiently decreased plasma aldosterone concentrations.
However, it is also known that the plasma aldosterone
concentration returns to a normal or supranormal level after
long-term blockade of the renin-angiotensin system, ie, so-
called aldosterone escape. The molecular mechanism of this
Ang II-independent aldosterone synthesis in adrenal glands
has not been clarified to date. In the present study we found
that similar Ang II-independent aldosterone synthesis occurs
in post-MI hearts. As shown in Figures 4 and 5, cardiac
aldosterone content and gene expression of cardiac CYP11B2
were significantly elevated after MI in the hearts of AT,,-KO
mice and in WT mice treated with lisinopril compared with
the hearts of sham-operated mice. These results suggest that
Ang Il-independent aldosterone synthesis is induced in
post-MI hearts. We confirmed that the plasma aldosterone
concentration and CYP11B2 gene expression in the adrenal
gland were not changed at this time point (28 days after
induction of MI). A previous report has also shown that the
cardiac, and not the adrenal, steroidogenic system is activated
in MI rats.® These data are consistent with results from human
clinical studies?>26 showing that plasma aldosterone concen-
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trations were normal or decreased 1 month after the onset of
renin-angiotensin system blockade and that the aldosterone
escape phenomenon is generally induced only after long-term
(several months or longer) treatment. Therefore, it is possible
that different molecular mechanisms underlie the aldosterone
escape phenomenon in adrenal glands and Ang T-indepen-
dent aldosterone synthesis in post-MI hearts.

The factors responsible for Ang Tl-independent aldoste-
rone synthesis are not clear. Our results suggest that a
steroidogenic corticotropin receptor, MC2R, may be involved
in cardiac Ang Il-independent aldosterone synthesis because
MCZ2R receptor expression was significantly upregulated in
post-MI hearts in AT ,-KO mice (Figure 5C). MC2R-
dependent signaling by corticotropin is known to upregulate
a series of steroidogenic enzymes, including CYP11B2.
Therefore, it is possible that increased expression of MC2R
may be involved in the activation of cardiac aldosterone
production via upregulation of steroidogenic enzymes, in-
cluding CYP11B2, via a renin-angiotensin system—indepen-
dent mechanism. On the other hand, this pathway does not
seem to be activated in the adrenal cortex under our experi-
mental conditions. We detected neither an increased plasma
corticotropin concentration nor increased gene expression of
MC2R and CYP11B2 in adrenal glands in AT, ,-KO mice 28
days after MI. Another possibility for the mechanism under-
lying cardiac Ang Il-independent aldosterone production is
evident in our previous study,’ in which it was demonstrated
that treatment of rat MI hearts with high-dose spironolactone
(80 mg/kg) resulted in increased expression of cardiac
CYP11B2 and increased aldosterone levels. Basically, similar
results were obtained in the present study, although there are
some minor discrepancies that are probably explained by
species differences. These results suggest that aldosterone
itself could regulate CYP11B2 expression by a feedback
mechanism in post-MI hearts. Thus, our current hypothesis
regarding Ang Il-independent aldosterone synthesis in
post-MI hearts is that an activated corticotropin-dependent
signal induced by upregulation of the corticotropin receptor is
closely involved in aldosterone production, in addition to
increased expression of CYPI1B2 elicited by aldosterone.
Further studies need to be conducted to elucidate the molec-
ular mechanism underlying the cardiac aldosterone escape
phenomenon.

The next key question is whether cardiac aldosterone plays
a significant role in post-MI cardiac hypertrophy or fibrosis.
The critical roles of aldosterone in vascular damage, cardiac
hypertrophy, LV remodeling, or heart failure after acute MI
have been widely reported in clinical studies®*2?7 and in
animal models of acute MI.5%28 Recent studies have shown
that aldosterone directly induces vascular damage and barore-
ceptor dysfunction and prevents norepinephrine uptake by the
myocardium.2-3! It is highly plausible that one of the
primary targets of aldosterone responsible for post-MI re-
modeling is the cardiovascular tissue. Our results showed that
cardiac aldosterone content was significantly higher in hearts
of AT |,-KO mice than in hearts of AT,,-KO sham-operated
mice, although concentrations of plasma aldosterone were not
significantly different between AT,,-KO sham-operated mice
and AT ,-KO MI mice. Similar results were obtained in
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lisinopril-treated MI and sham-operated mice. Importantly,
the severity of LV remodeling seems to be closely associated
with cardiac aldosterone levels rather than plasma levels,
which did not differ between sham-operated mice and MI
mice. Furthermore, our results also show that a relatively low
dose (20 mg/kg per day) of spironolactone, which does not
affect hemodynamics, can significantly attenuate LV remod-
eling. Recently, Cohn et al?® reported sustained reduction of
the plasma aldosterone level after renin-angiotensin system
blockade using valsartan, but such reduction was independent
of the clinical outcome in CHF patients, suggesting the
significance of the aldosterone level in the myocardium rather
than the level in plasma. Taken together, these previous data
and our present results suggest that locally produced aldoste-
rone in post-MI hearts could play a primary role in the
pathogenesis of LV remodeling in an autocrine or paracrine
manner,

Recent studies have shown that aldosterone has a rapid
nongenomic action on many types of cells, including renal
epithelial cells and vascular smooth muscle cells.?? In cardio-
vascular tissues, it has been suggested that aldosterone may
regulate vascular tone via a rapid nongenomic pathway.3334
Furthermore, aldosterone has positive inotropic effects on the
heart.3536 Interestingly, spironolactone itself has similar ino-
tropic effects on isolated working hearts.3s Although the
involvement of these rapid actions in post-MI cardiac func-
tion is not clear, their partial involvement in the observed
therapeutic effects should be considered because the chronic
inotropic effect of spironolactone could facilitate preservation
of cardiac function.

Mineralocorticoid receptor antagonist treatment in combi-
nation with renin-angiotensin system blockade has been
reported to have beneficial effects for patients with severe
CHF. Although aldosterone escape could explain the benefi-
cial effect of the combination therapy, the precise molecular
mechanism has not been elucidated. Our present findings may
help to explain, at least in part, the basis for the beneficial
effects of combination therapy. It is highly likely that cardiac
aldosterone also plays a critical role in the pathogenesis of
heart failure in humans, and clinical use of a mineralocorti-
coid receptor antagonist, in addition to renin-angiotensin
system blockade, could be potentially beneficial as a result of
inhibition of the action of cardiac aldosterone produced via an
Ang Il-independent pathway.
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Clinical Course of Arrhythmogenic Right Ventricular
Cardiomyopathy in the Era of Implantable
Cardioverter-Defibrillators and Radiofrequency Catheter Ablation
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Kenichiro Otomo," MD, Junichi NitTA,> MD, Mitsuhiro Nistizaxi, MD, Tohru OBAyasH1,” MD,
Akihiko Nocam1,® MD; Yasuhiro Saton,” MD, Kaoru OKISHIGE,'® MD, Hitoshi HacHIva,! MD,
Kenzo Hirao,! MD, and Mitsuaki IsoBg,! MD

SuMMARY

This study investigated the clinical course of arthythmogenic right ventricular cardiomyopathy (ARVC) pa-
tients and in particular evaluated the contribution of radiofrequency catheter ablation (RFCA) and an implantable
cardioverter-defibrillator (ICD) to the treatment of ARVC.

ARVC is a myocardial disorder and a cause of sudden cardiac death due to ventricular tachycardia (VT). Lit-
tle is known about its prognosis in Japanese ARVC patients.

Thirty-five ARVC patients were studied. Mean age of patients whose onset of ARVC was congestive heart
failure (CHF) (66.0 + 4.0 years) was significantly higher than those whose onset was VT (44.5 + 14.8 years, P <
0.05). ARVC patients with CHF onset showed significantly higher death rates compared to those with VT onset.
ICD treatment significantly reduced episodes of hospitalization due to VT (0.1 + 0.4 episodes) in comparison to
treatment by RFCA (1.7 & 2.2 episodes, P < 0.03). RFCA treatment did not reduce recurrence of VT in the follow-
up period. ICD therapy showed comparable mortality to RFCA treatment.

The prognosis of ARVC with CHF onset is poor. ICD therapy significantly reduced hospitalization due to VT
compared with RFCA treatment. ICD implantation in combination with medication may be a better treatment for
ARVC. (Int HeartJ 2010; 51: 34-40)

Key words: Arrhythmogenic right ventricular cardiomyopathy, Ventricular tachycardia, Implantable cardioverter-

defibrillator

(ARVC) is a rare myocardial disorder character-

ized by fibro-fatty replacement of the right ven-
tricular myocardium.” It is now well known that ARVC is a
cause of sudden cardiac death (SCD) in young people and/
or athletes due to ventricular tachycardia (VT).? One of the
main goals in the treatment of ARVC is suppression of the
VT that results in SCD. Treatment of ARVC is divided into
pharmacologic and nonpharmacologic therapies.

The success of drug therapy for control of VT recur-
rence in ARVC is difficult to evaluate, but the effectiveness
of sotalol to suppress the VT has been reported.” Various
nonpharmacologic approaches to suppress this VT have
been evaluated. Ventriculotomy was performed in the early
days, but it resulted in high mortality rates.” Although acute
success rates of 60-90% have been reported with radiofre-
quency catheter ablation (RFCA), VT recurrence is com-

ﬁ rrhythmogenic right ventricular cardiomyopathy

mon and may lead to SCD.” Several studies have reported
that implantable card:overter~deﬁbnllator (ICD) therapy
prevents SCD by termination of VT.*® Pharmacologtc
therapies using sotalol or amiodarone alone or in combina-
tion with beta-blockers are considered the first choice of
treatment for patients with ARVC.” Thus, implantation of
an ICD is recomfmended in patients with aborted SCD or
inducible VT by electrophysiologic study (EPS). RFCA is
considered to decrease appropriate intervention of the ICD
by partial prevention of VT and to improve quality of life.
The prevalence of ARVC varies widely according to
the study population, and the geographic dlstnbutlon of
the disease is controversial.” Hulot, ef al reported an an-
nual mortality rate of 2.3% and mean age at death of 54 =
19 years as the natural history of ARVC in France.'” Other
investigators reported the prognosis of ARVC in Italy, the
United States, and Spain, However, little is known about the
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prognosis of Japanese patients with ARVC undergoing ICD
implantation or other treatments. It is reasonable to assume
that the severity and clinical course of this disease may be
different depending on race and geographic region because
a variety of genetic factors has been reported. Thus, the aim
of this study was to investigate the clinical course of ARVC
patients and to evaluate the efficacy of RECA and ICD in
combination with pharmacologic treatment.

METHODS

Patients: Patients who were diagnosed as having ARVC at
10 hospitals in the eastern part of the main island of Japan
were included in this study. Data were extracted from the
medical records of each patient. These included demo-
graphic data, clinical data (family history of ARVC or heart
disease, initial presentation of the disease, age at onset,
physical examination), electrocardiograms (ECG), signal-
averaged ECG, holter monitoring, echocardiograms, coro-
nary angiography, left and right ventriculography, endomy-
ocardial biopsy and treatment, and major clinical events,
Thirty-five Japanese patients (26 males and 9 fe-
males) were diagnosed as having ARVC on the basis of the
standardized criteria for classification of cardiomyopathies
recommended by the European Society of Cardiology
Working Group on Myocardial and Pericardial Disease and
the Scientific Council on Cardiomyopathies of the Interna-
tional Society and Federation of Cardiology (McKenna’s
criteria)."” This study protocol was approved by the Ethi-
cal Review Board of the Graduate School of Medicine and
Dentistry, Tokyo Medical and Dental University.
Group definition: Thirty-five patients were divided into
three groups according to the diagnosis at the first hospital
visit: CHF group (n = 3), VT group (n = 30), and premature
ventricular conductions (PVC) group (n = 2). The VT group
was further classified according to the initial treatment for
VT: RFCA group (n = 14), ICD group (n = 7), ICD plus
RECA group (n = 5), and medication follow-up group
(Med group, n = 4). The RFCA group included 8 patients
who underwent RFCA therapy without ICD implantation

ARVC
n=35

RFCA
+iCD
n=5

Figure 1. Clinical course of ARVC patients. Patients were divided into
the CHF group, VT group, and PVC group. Presence or absence of VT
recurrence and current status (dead/alive) are shown.

and 6 patients who underwent RFCA therapy before ICD
implantation. All patients in the ICD group underwent ICD
therapy and received medication but not RFCA treatment.
All patients in the ICD plus RFCA group underwent ICD
implantation and RECA therapy at their initial assessment
(Figure 1). Two patients in the PVC group were treated with
RFCA therapy, which eliminated their PVCs. They took no
antiarrhythmic drugs, and no PVCs or VT have been docu-
mented during the follow-up period. Thus, we compared the
CHF group and VT group statistically.

Statistical methods: Data are expressed as the mean + SD
for statistical analysis. Student’s t-test was used for com-
parison of age, sex, ECG parameters, duration of follow-
up, existence of ventricular wall motion abnormality, and
frequency of hospital admission between the VT and CHF
groups. Survival rates were estimated by the Kaplan-Meier
method and compared by the log-rank test. A P value less
than 0.05 was considered statistically significant, All sta-
tistical analyses were performed with SPSS statistical soft-
ware (version 11.0, SPSS Inc., Chicago, lllinois).

REsuLTS

Patient characteristics: The patient characteristics are de-
scribed in Tables I and II. The male/female ratio was 2.9 :
1. Mean age at onset was 45.6 + 15.6 years (range, 15 to
79 years). Average follow-up period from onset was 54.5 =
48.2 months, and the follow-up period ranged from 1 to 183
months,

Initial symptoms at the onset of ARVC were palpita-
tions (21 patients), syncope (S patients), dyspnea (3 pa-
tients), dizziness (1 patient), shortness of breath (1 patient),
and chest pain (1 patient). There were 3 asymptomatic pa-
tients at the time of first presentation. Clinical diagnoses at
onset were ventricular tachycardia (30 patients, VT group),
congestive heart failure (3 patients, CHF group) and PVCs
(2 patients) (Table II[). One of 35 patients had evidence
of a family history of ARVC. Eleven patients had family
histories of heart disease: 3 sudden deaths, 3 arthythmias,
1 congenital heart disease, 1 angina pectoris, and 3 other
heart diseases whose details were not described in the
medical records. Only 2 patients had a normal 12-lead ECG
recording. T-wave inversion in the right precordial leads (V2
and V3) in the absence of right bundle-branch block was
recorded in 9 patients, and an Epsilon-wave was recorded in
28 patients. An abnormal signal-averaged ECG was present
in 25 of 29 patients. In 22 of the 29 patients, VT was in-
duced by right ventricular myocardial stimulation during
EPS. Sixteen patients underwent endomyocardial biopsy,
and fibro-fatty replacement was observed in the right ven-

- tricular wall in 12 patients.

Twenty-six patients in the VT group were treated with
antiarrhythmic drugs including beta-blockers in 16 patients,
amiodarone (mean, 164 mg, range, 100 - 200 mg) in 14,
sotalol (mean, 120 mg, range, 80 - 160 mg) in 2, procaina-
mide in 2, pirmenol in 2, aprindine in 1, disopyramide in 1,
flecainide in 1, cibenzoline in 1, and verapamil in 1, used

alone or in combination. The 4 remaining patients did not

receive any medication after RFCA because VT could not
be induced by EPS performed several months after RFCA
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Table II, Baseline Characteristics

Overall VT group CHF group P

{n=135) {n=130) (n=3) (VT versus CHF)
Age of onset (years) 456+ 15.6 44.5 + 14.8 66.0£4.0 0.02*
Sex (male : female) 26/9(29:1) 23/7(3.3: 1) 12©5:1) NS
Follow up (month) 54.5 +48.2 61.2+48.5 18.3£26.6 NS
(iorc) RBBB 17135 14/30 2/3 NS
e-Wave 28/35 23/30 3/3 NS
Negative-T 9/35 8/30 . NS
RV dilatation 23729 22121 2 NS
LV dysfunction 3/32 127 2/3 NS
CVD 5135 2130 3/3 < 0.001*

37

CVD indicates cardiovascular death; e-wave, epsilon-wave; (i or ¢) RBBB, incomplete or complete right
bundle-branch block; negative-T, negative-T wave in V, or V;; RV, right veatricle; and LV, left ventricle.

Table 1. Initial Symptoms and Diagnosis

Initial symptoms Clinical diagnosis

*Palpitations 21 VT 30

*Syncaope 5 sCHF 3

*Dizziness 1 <PVCs 2 * *

*SOB 1 ’ |~ ICD group + Med group

*Chest pain 1 g

*Dyspnea 3 &=

*Abnormal ECG 2 S

*Cardiomegaly 1 o

e
Total 35 pis Total 35 pts 5 RFCA group =047

CHF indicates congestive heart failure; ECG, electrocardiogram; pis, ’
patients; PVCs, premature ventricular contractions; SOB, shortness of * = censared
breath; VT, ventricular tachycardia. 00 .

in 3 of the patients and because the other patient wanted
to get pregnant. Four patients out of 35 died of progressive
heart failure, and one patient died of VT/VF recurrence
(Figure 1). -

VT group: Palpitations and syncope were the most com-
mon presenting symptoms in the VI/VF group. Fifteen of
the 30 patients were transferred to the emergency room
with VT as the manifestation of the disease and received
treatment to terminate the VT by direct current cardiover-
sion, automated external defibrillator, or antiarrhythmic
drug infusion. Mean age at onset in this group was 44.5 +
14.8 years. Twenty-three of 30 patients were male.

The clinical course of patients included in the VT
group is described in Figure 1. Five patients underwent
RFCA plus ICD therapy at the first assessment. One of
these 5 patients had at least one episode of VT recurrence
after the RFCA and ICD therapy. Fourteen patients received
RFCA therapy without ICD therapy for VT at first assess-
ment (RFCA group). Mean duration from first visiting our
hospitals to RFCA was 15.2 + 44.4 months (range, 1 1o 168
months) and the median was 2.0 months. One patient vis-
ited a hospital in August 1991 and received RFCA therapy
in August 2005. During the follow-up period VTs recurred
in 9 of these patients. One patient died at 18 years of age
from VT/VF that occurred during exercise 16 months af-
ter RFCA therapy. An ICD was implanted in 6 patients
in the RFCA group after recurrence of VT or a second or

¢ 20 40 60 80 100 120 140 160

VT recurrence {months)

Figure 2. Kaplan-Meier curve of duration of freedom from VT recur-
rence post RFCA. Duration without VT recurrence after RFCA therapy
was not significantly different from that in patients not undergoing
RECA therapy.

third session of RFCA therapy. The average period from
first RECA therapy to ICD implantation was 43.0 + 25.5
months, Second RFCA therapy was performed in 6 patients,
and third RFCA therapy was performed in 2 patients. Five
of the 6 patients who underwent a second or third session of
RFCA therapy also underwent ICD implantation.

All 19 patients in the VT group underwent RECA
therapy for VT, and VT recurred in 10 (52.6%) of these 19
patients. The mean period from RFCA therapy to VT re-
currence was 14.0 = 20.1 months (range, 1 to 66 months).
Average duration of follow-up in the 9 patients free from
VT recurrence was 57.6 + 31.0 months (range, 5 to 92
months). Among the 10 patients with VT recurrence, 1 re-
ceived a beta-blocker only, 2 received a beta-blocker with
another antiarrhythmic drug, 1 received a beta-blocker
with amiodarone, and 3 received amiodarone with another
antiarrhythmic drug. In the 9 patients without recurrence
of VT, 2 received a beta-blocker only, 2 received a beta-
blocker with amiodarone, and 1 received amiodarone alone.
There was no significant difference in medications between
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the two groups.

Seven patients who did not undergo RFCA therapy
were implanted with ICD (ICD group), and one died of
progressive heart failure without VT recurrence 32 months
after implantation. In total, 18 of the 30 VT group patients
underwent ICD implantation. At least one episode of VT re-
curred in 6 of these 18 patients (33.3%), and they received
appropriate ICD intervention.

The 4 patients not undergoing RFCA nor ICD therapy
for VT were categorized into the Med group. These patients
received beta-blocker alone, beta-blocker with aprindine,
beta-blocker with disopyramide, or amiodarone alone.

4
£<0.03*
4
E
k)
<
2
:{g‘ 2
3
o
g 1.7 +22
T
o 0.1+ 04
ICD RFCA

Figure 3. Number of episodes of hospital admission due to VT recur-
rence. The average number of episodes of hospital admission for treat-
ment of VT was significantly lower in the ICD group (mean, 0.1 % 0.4;
range, 0 to 1 episodes) than in the RFCA group (inean, 1.7 :x 2.2,; range,
0 to 7 episodes).

Figure 4. Representative histologic sections at autopsy from a patient
with ARVC who died of progressive heart failure. Fibro-fatty replace-
ment and inflammatory cell infiltration were observed in both ven-
tricular walls. Fibro-fatty replacement was more dominant in the right
ventricular than the left ventricular wall,
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Mean follow-up duration in this group was 72.6 + 59.9
months. Cardiac events including SCD, hospitalization, or
visiting an emergency room due to VT or CHF did not oc-
cur in the follow-up period.

Comparison of duration from the initial therapy to
recurrence of VT between the RFCA group and the ICD
group plus the Med group is shown in Figure 2. Duration
without VT recurrence and rate of VT recurrence after ICD
or RFCA therapy were not significantly different. Mean
duration from RFCA/ICD to VT recurrence was 12.7 + 20.1
months in the RFCA group and 5.3 + 4.0 months in the ICD
group (P = 0.45). In this study, one patient died of VI/VF
in the RFCA group, and one patient died of CHF in the ICD
group. ICD therapy showed no improvement in mortality
over that of RFCA in this study. However, ICD therapy did
reduce the episodes of hospitalization compared with RFCA
therapy. The average number of episodes of hospitalization
was 0.1 + 0.4 (range, 0 to 1 episodes) in the ICD group and
1.7 2.2 (range, O to 7 episodes) in the RFCA group (Figure
3).

CHF group: The symptom at the onset of ARVC in the
3 patients comprising the CHF group was dyspnea with
increasing cardiothoracic ratio on chest X-ray film. RV
dilatation with hypokinesis was observed in all patients
by echocardiography. Two patients had diffuse severe hy-
pokinesis of the left ventricular wall and died of progres-
sive heart failure. One patient recovered from CHF with
conservative therapy and showed good LV function by left
ventricular angiography (left ventricular ejection fraction
(LVEF) = 72%), but 5 months later, he was rehospitalized
and died of CHF. All patients in this group had at least one
episode of nonsustained VT without hemodynamic col-
lapse. None were treated with antiarthythmic drugs. Mean
age at onset in the CHF group was 66.0 4,0 years. Dura-
tion of follow-up was 18.3 * 26.6 months. Autopsy diagno-
sis was established in all CHF group patients. Fibro-fatty
replacement was observed in both the right ventricular and
left ventricular walls in all patients. Pathologic diagnosis

VT group

Survival
[3:3

4 CHF group

2 P <0.001
R + = censored

0 100 200

Follow up period (Months)

Figure 5. Kaplan-Meier survival curves. The CHF group showed a
significantly higher mortality rate in comparison to the VT group (P <
0.001).
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