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Figure 4. In vivo AdV-INH-2 gene transfer in g 1 Cytosol 241 Microsome
normal hamsters. A) Representative echocar- 25
diographic M-mode images are shown for LacZ- ~ PostGT 2E
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and INH-2- treated hearts with quantitative gé
data. The horizontal bar indicates 50 ms and n.%
the vertical bar indicates 2 mm. The LV end- ek vl R
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squares, n=6) groups. *P < 0.05 compared 3 2 o T e
with LacZ-treated control hamsters. B) Expres- = 10 p-818 PLN |
sion levels of INH-2 and PP1 catalytic subunits ° o
(PP1Ca) were determined in the LacZ- and Pre  PostGT Pre  PostGT p-Th17 PLN =
INH-2-treated groups in the cytosol and micro- e e e )
somes. Representative blottings are shown with B Cytosol Microsome PLN b &b 45 &5
quantitative analysis. C) PP1 and PP2A activities LacZ INH-2

are shown in the cytosol and the microsomes
following the adenoviral gene transfer. *P <

AdV- LacZ INH-2

0.05 compared with the LacZ group. D) Repre-
sentative immunoblottings are shown for Serl6
PLN, Thr17 PLN, and total PLN in the LacZ-
and INH-2-treated groups. INH-2 gene transfer
significantly increased Ser16 PLN phosphoryla-
tion.

expression in the short term, we further tested the
long-term effect of INH-2 gene delivery by AAV-medi-
ated gene transfer, as described previously (19, 25). We
performed AAV-mediated gene transfer of INH-2 at 14
wk of age, followed by serial assessment of cardiac
function for 12 wk after the gene transfer by echocar-
diography and hemodynamic analysis. Comparison of
the survival time course between the AAV-INH-2- and
AAV-LacZ-treated groups was made during this 12 wk
follow-up period. As shown in Figure 74, the transfec-
tion efficiency of AAV-LacZ was ~40% of the LV
cross-sectional area, which was similar to that by adeno-
viral gene delivery. The expression of exogenous INH-2
was confirmed by immunoblotting in the cardiac ho-
mogenate as shown in Figure 7B. AAV-INH-2 gene
transfer preserved %FS compared with the AAV-LacZ-
treated group over the observation period (Fig. 7C).
The left ventricular end-diastolic diameter showed de-
creasing tendency at 1 and 3 mo following gene trans-
fer, but did not reach the level of statistical significance
(data not shown). The maximum dP/dtat 26 wk of age
in the AAV-INH-2 group also showed a tendency toward
preservation (P=0.051) compared with the AAV-LacZ
group, whereas LV peak systolic pressure and heart rate
did not show any significant difference (Table 1).
Other hemodynamic parameters also did not show
statistical significance as summarized in Table 1. AAV-
INH-2 gene transfer significantly decreased microsomal
PP1 activity (Fig. 7D) and increased PLN phosphoryla-
tion at Ser16 (Fig. 7E), as observed in the short-term
adenoviral gene transfer, although PKA activity showed
no differences between in the AAV-INH-2-treated and
the AAV-LacZ-treated groups (data not shown). In
addition, there was significantly less interstitial fibrosis
in INH-2-treated CM hamster hearts (Fig. 7F). It should
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be noted that the difference between the AAV-INH-2-
and AAV-LacZ-treated groups in the hemodynamic
data at 26 wk of age may have been biased toward
dissipation. This is because 71% of the AAV-LacZ-
treated animals had died before 26 wk of age, presum-
ably because of the worsening cardiac function, and
could not be assessed (see below).

In the Kaplan-Meier plot (Fig. 7G), the AAV-INH-2-
treated group showed a 54% survival rate at 12 wk after
the gene transfer, whereas the AAV-LacZ-treated CM
hamsters exhibited a deleterious time course, ending
with a 20% survival rate. The difference between these
survival curves was statistically significant (P=0.03).
These results clearly indicate that INH-2 gene transfer
had a favorable effect on progressive HF in the long
term.

DISCUSSION

In the present study, we demonstrated that in vivo gene
transfer of INH-2 effectively prevented HI progression
in the observation period of one week in adenoviral
gene transfer and three months in AAV-mediated gene
transfer. The INH-2 gene transfer not only preserved
LV function but also reduced mRNA expression of
BNP, a prognostic marker of HF in the shortterm
experiment. Furthermore, long-term expression of ex-
ogenous INH-2 also caused less progression of LV
dysfunction and interstitial fibrosis, and the extended
survival in CM hamsters. To our knowledge, this is the
first report demonstrating the long-term therapeutic
effect of PP1 inhibition in progressive HF using the high
efficiency cardiac gene transfer approach (19, 20, 25).
Our biochemical characterization suggested that hy-
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Figure 5. The effect of in vivo AAV-INH-2 gene transfer on LV
systolic function in CM hamsters. A) LVDd and %FS at 14 wk
of age are shown for normal (N) and cardiomyopathic (CM)
hamsters (n=10 in each group). *P < 0.05 compared with
normal hamsters. B) Representative Bluo-gal staining is shown
at 7 days after AdV-LacZ gene transfer in a CM hamster. High
magnification of the rectangular area is shown (botfom). C)
The LV end-diastolic and systolic dimensions (LVDd, LVDs)
are shown for CM hamsters at 7 days after the gene transfer
(GT) of LacZ (open circles, n=8) or INH-2 (closed squares,
n=8). The index of wall stress, LVDd/PWT and the changes
of %FS are shown for the gene transfer of LacZ (open circles)
and INH-2 (solid squares). *P < 0.05 compared with LacZ-
treated hamsters. *P < 0.05 compared with pre gene transfer.

peractivation of PKA and increase in phosphorylation
of PLN at younger age in CM hamsters may represent
the compensatory mechanism against deteriorating car-
diac function. However, the compensatory mechanism
eventually fails in the late phase, as demonstrated by
rapid deterioration of cardiac function, which coin-
cided with the increase in PP1 activity and decrease in

PROTEIN PHOSPHATASE 1 INHIBITOR-2 AND HEART FAH.URF

phosphorylation of Ser16-PLN, even though PKA activ-
ity and cAMP content were still higher than those in
normal hamsters. Because changes in PKA activities did
not directly correlate with changes in PLN phosphory-
lation at the terminal stage of HF (i.e., 28 wk of age), it
is suggested that defects in local regulation of PKA
through a variety of A-kinase-anchoring proteins
(AKAP) may also be critically involved in the phosphor-
ylation balance in CM hamsters (29). In addition, local
regulation of PP1C and its regulatory proteins may also
participate in altered phosphorylation balance of phos-
phoproteins in the corresponding microdomains. The
increase in phosphorylation of Serl6-PLN together

A AdV- LacZ INH-2
p-S16 PLN [

p-S16 |

p-Th17 PLN frsmems PLN [ «
PLN fressnd p-';rm _
p-S2808 RyR | #s &im
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CREB [ s
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B
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BNP 89 &g w
GAPDH | 5%

Figure 6. Effects of AAV-INH-2 gene transfer on biochemical
characteristics in CM hamster hearts. A) Representative im-
munoblots are shown for the phosphorylation of Ser16-PLN
(p-S14,PLN), Thr17-PLN (p-Th;PLN), Ser2808-RyR (p-
Sos0sRYR) and Ser133-CREB (p-S,4,CREB), along with the
immunoblotting of the total levels of the corresponding
proteins in LacZ-and INH-2-treated hamster LV homoge-
nates. The ratios of p-Serl6 PLN/PLN, p-Th17 PLN/PLN,
p-S52808 RyR/RyR, and p-S133 CREB/CREB (right) are shown
relative to the LacZ-treated group, which is designated as 1
(n=6 in each group). B) Endogenous protein kinase A
activities are shown in AdV-LacZ- or AdV-INH-2-treated
groups, together with the value of baseline and maximally
isoproterenol-stimulated state in age-matched normal ham-
ster (n=6 in CM hamster groups, n=3 in normal hamster
groups). C) Representative Northern blotting of BNP is
shown after the gene transfer of LacZ or INH-2. GAPDH
served as an internal control for the RNA loading (n=6 in
each group). *P < 0.05 compared with the LacZ group. #P <
0.05 compared with baseline of normal hamsters. Open and
solid columns indicate the LacZ- and INH-2-treated group,
respectively.
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Figure 7. Effects of AAV-INH-2 gene transfer on
cardiac function and survival time course in CM
hamsters. A) Representative Bluo-gal staining is
shown for the LV cross section at 12 wk after
AAV-LacZ gene transfer. B) A representative
immunoblot is shown for INH-2 at 12 wk after
AAV-LacZ gene transfer. C) The time course of B
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(open circles) and INH-2 group (closed
squares) gene transfer by AAV. *P < 0.05
compared with the LacZ group. D) Microsomal
PP activity is shown after AAV-mediated gene C
transfer into hearts of the LacZ (n=5) and 30
INH-2 groups (n=7). *P < 0.05 compared with
the LacZ-treated group. E) Representative im-
munoblottings are shown for Serl6 PLN, Thr17
PLN, and total PLN in the LacZ-treated (n=4) 10
and INH-2-treated (n=4) groups. F) Represen-
tative images are shown from tissue sections

H*
% Fibrosis

LacZ INH-2

with Azan Mallory staining from the LacZ- 18
treated (n=6) and INH-2-treated (n=7) CM
hamsters. Quantification of the percent areas of
fibrosis is shown in the lower panel. *P < 0.05
compared with the LacZ-treated group. G) The D
Kaplan-Meier plot is shown for the survival of
CM hamsters after AAV-mediated gene transfer
of LacZ (n=17) and INH-2 (n=13) (P=0.03).

PP1 Activity

{nmol Pifmun/ing protein}

with PKA activation during the transition to HF in the
CM heart is somewhat different from previous reports
(7, 8, 30). However, other studies have reported that
the phosphorylation status of Serl6-PLN did not
change in progressive HF (31, 32). As HF is a disease
with multiple etiologies, which progresses through
complicated biochemical alterations, it is expected that
the phosphoprotein status of Serl6-PLN and PKA ac-
tivity may differ depending on the etiology and/or the
time point examined. Nonetheless, our data support
the notion that hyperactive PP1 is an exacerbating
factor against the compensatory mechanism of HF,
because suppression of PP1 activity by INH-2 gene
transfer showed beneficial effects in CM hamster where
phosphorylation of PLN is still preserved compared

22 26 wk
Post GT

G (%)

100 AAV-INH-2

Microsome

50

Survival

AAV-LacZ

LacZ INM-2 14 18 22 26 wk

with that in normal hamsters. Therefore, INH-2 gene
transfer seems to support the compensatory mecha-
nism in the failing heart, resulting in better cardiac
function and survival.

Our data suggested that the beneficial effect of
INH-2 gene delivery is, at least in part, attributable to
the increase in phosphorylation of Ser16-PLN at Serl6,
because inhibition of endogenous PLN has been re-
ported to be beneficial in treating certain types of HF
(19, 25, 33-35), including HF in the other hamster
model of cardiomyopathy (i.e., the BIO14.6 strain
model) (19). Interestingly, INH-2 gene transfer in vivo
caused a decrease in microsomal PP1 activity, which
may be explained by a translocation of the PP1Ca
protein from the microsome to the cytosol. Increase in

TABLE 1. Hemodynamic parameters in AAV-LacZ- and AAV-INH-2-transferred CM hamsters

Heart Rate LVPSP dP/dt max dP/dt min LVEDP
Hamster age (bpm) (mmHg) (mmHg/s) (mmHg/s) (mmHg) Tau (ms)
AAV-LacZ-treated CM hamsters (n = 5)
12 wk after GT 317 £ 21 91 =7 4383 + 383 -3265 + 141 6.0 = 3.7 11.0 £ 2.6
AAV-INH-2-treated CM hamsters (n = 7)
12 wk after GT 321 £ 8 99 + 4 5233 = 273 -3870 = 396 6.8 = 3.7 103+ 1.3

LVPSP, LV peak systolic pressure; LVEDP, LV end-diastolic pressure; dP/d¢max, dP/d/ min maximum and minimum of the first derivative
of LV pressure; Tau(7), time constant of LV pressure decay during isovolumic relaxation calculated from exponential fitting.
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cytosolic PP1Ca in normal and CM hamster, increasing
trend of cytosolic PP1 activity in CM hamster may also
be explained by the function of INH-2 to stabilize
PP1Ca in the cytosol, as suggested previously (15).
Although the molecular mechanisms by which INH-2
induces a translocation of PP1C remain to be deter-
mined, the subsequent decrease in microsomal PPl
activity appeared to be well coupled with the increase in
Ser16 PLN phosphorylation by INH-2 overexpression.

Intriguingly, INH-2 gene transfer normalized the
hyperactive PKA in CM hamsters in the short-term
experiment. This was interpreted that INH-2 aug-
mented PLN phosphorylation, thereby enhancing car-
diac contractility in the failing heart without PKA
activation. Enhanced cardiac performance by INH-2
gene transfer relieved the hyperactive sympathetic tone
and concomitant B-adrenergic signaling in these CM
hamsters, thereby decreasing PKA activity in the heart.
This interpretation is supported by the trend of a
decrease in serum catecholamine levels in the I[-2-
treated CM hamsters. Although hyperactivation of the
B-adrenergic system enhances cardiac output in the
short term, it may be cardiotoxic over the long run,
according to the failed clinical trials of phosphodiester-
ase III inhibitors (36) and in vive transgenic animal
studies (37, 38). In addition, sympathetic hyperactiva-
tion results in the increase in the peripheral vascular
resistance, thereby increasing the afterload of the fail-
ing heart (1). Therefore, the enhanced cardiac func-
tion via PLN phosphorylation without activating PKA
may explain the extended survival time in CM hamsters
by INH-2 gene transfer.

The phosphorylation status of RyR appeared to be
less affected in in vivo INH-2-treated hamsters, whereas
in vitro adenoviral INH-2 gene transfer was associated
with an increase in RyR phosphorylation, as well as an
increase in PLN phosphorylation in the cardiomyo-
cytes. This difference of the effect of INH-2 on RyR
phosphorylation between in vivo and in vitro experi-
ments may be explained by the extent of PP1 inhibition
and the difference of PP1C expression levels between in
vitro and in vive, and local regulation of PKA and PP1
activities as discussed above (29). These findings sug-
gest that PLN phosphorylation is more sensitive to the
modulation of PP1 activity. This differential effect of
INH-2 on RyR and PLN may be beneficial because
hyperphosphorylation of RyR may cause Ca®' leak
leading to arrhythmogenicity (39) and cardiac dysfunc-
tion (40), although the effect of INH-2 gene transfer on
arrhythmogenicity remains to be determined. It also
remains to be determined whether INH-2 gene delivery
causes some adverse effects, such as carcinogenesis or
metabolic disorder, since systemic PP inhibition by
chemicals has been known to be hazardous (41).

Recently, Pathak et al. (14) have demonstrated that
transgenic PP1 inhibition by constitutively active INH-1
suppressed the LV remodeling in an aortic constriction
model and prevented the progression of cardiac failure
in aorta-banded rats in the short-term using adenoviral
mediated in vivo gene transfer approach. Although the

PROTEIN PHOSPHATASE 1 INHIBITOR-2 AN HEART FAILURF

long-term benefit of PP1 inhibition by gene transfer was
not evaluated in their study, their results are in agree-
ment with the present study regarding the benefit of
selective PP1 inhibition and the enhancement of PLN
phosphorylation in the failing heart.

In conclusion, we have demonstrated that in vive myo-
cardial PP1 inhibition by inhibitor-2 up-regulated SR
calcium handling through PLN phosphorylation and cor-
rected the abnormally increased PKA activity, thereby
ameliorating the long-term progression of HF in the
cardiomyopathic hamster. PP1 inhibition in the sarcoplas-
mic reticulum and sarcolemma may constitute a new
therapeutic target for the treatment of end-stage HF.
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EXPERIMENTAL INVESTIGATIONS

AT1 Receptor Antagonist Restores Cardiac Ryanodine
Receptor Function, Rendering Isoproterenol-Induced
Failing Heart Less Susceptible to Ca?+-Leak
Induced by Oxidative Stress

Takahiro Tokuhisa; Masafumi Yano; Masakazu Obayashi; Toshiyuki Noma;
Mamoru Mochizuki; Tetsuro Oda; Shinichi Okuda; Masahiro Doi;
Jinyao Liu; Yasuhiro Ikeda; Takeshi Yamamoto;

Tomoko Ohkusa; Masunori Matsuzaki

Background The CaZ* regulatory proteins in the sarcoplasmic reticulum (SR) play a key role in the pathogen-
esis of heart failure. In the present study the effect of chronic B-receptor-stimulation on cardiac and SR functions
was assessed, with or without angiotensin-Il receptor antagonist treatment recently reported to have anti-8-adren-
ergic activity.

Methods and Results Rats were treated with isoproterenol with (+) or without (-) candesartan (CAN) and
then SR vesicles were isolated from the left ventricular muscle. Both Ca?+-uptake and the amount of SR Ca2+-
ATPase were significantly lower in the CAN(-) group than in the shams, but those were almost normally re-
stored in the CAN (+). Although the level of the protein kinase A (PKA)-phosphorylation of the SR Ca2* release
channel, known as the ryanodine receptor (RyR2), was elevated in the CAN(-), no Ca?*-leak was detected.
However, SIN-1 (O2- donor) induced CaZ*-leak in the CAN(~) at a 10-fold lower dose than in the sham and
CAN(+). In cardiomyocytes, SIN-1 decreased cell shortening and the peak Ca?+ transient and prolonged time
from peak to 70% decline in CAN (), again at 10-fold lower dose than in the sham and CAN (+).

Conclusion  Chronic S-receptor-stimulation did not induce any Ca2+-leak from the SR, whereas Ca2+-leak was
easily induced when oxidative stress was applied to the PKA-phosphorylated RyR2. Candesartan not only im-
proved Ca?*-uptake, but also prevented PKA-phosphorylation, rendering the SR less susceptible to Ca?+-leak.
(Circ J 2006; 70: 777-786)

Key Words: Angiotensin II receptor; Calcium; Oxygen free radicals; Ryanodine receptor; Sarcoplasmic reticulum

Circ J 2006; 70: 777-786

uring the development of heart failure, abnormal
regulation of intracellular Ca?* has been shown to
contribute to the impaired cardiac contraction and
relaxation!-2 Several lines of evidence have accumulated
demonstrating that decreased activity or expression of Ca?+-
ATPase (SERCA2a) in the sarcoplasmic reticulum (SR)
may be an important cause of heart failure?# In addition, ab-
normal Ca?t-leakage through the SR Ca?t release channel,
known as the ryanodine receptor (RyR2), has been demon-
strated as a possible trigger for the development of heart
failure36 In those studies of cases of heart failure, Ca2*+-leak
was found to be induced by the dissociation of FKBP12.6
from the RyR2 as a result of the hyperphosphorylation of
the RyR2. Restoration of the defective FKBP12.6-mediated
stabilization of the RyR2 either by a 5-blocker” or by a new
cardioprotective agent, JTV5198 improved cardiac function
during the development of heart failure.
Angiotensin II antagonism not only prevents hypertrophy
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and/or interstitial fibrosis?!19 but also attenuates the down-
regulation of SERCA2a and improves intracellular Ca?+
handling!!12 In a canine model of heart failure, we recently
demonstrated that during the development of pacing-
induced heart failure, valsartan preserved the density of 8-
receptors and concurrently restored SR function (increase
in Ca?*-uptake and prevention of Ca2+-leak)!? By acting on
the presynaptic angiotensin-II receptor, valsartan may in-
hibit norepinephrine release and stimulate norepinephrine
uptake back into the synaptic pool, in turn leading to a re-
duction in the adrenergic signal being transmitted into the
cell. The fewer adrenergic signals may lead to a decrease in
the level of RyR2-phosphorylation, and an inhibition of
Ca?*-leak through the receptor!? Although valsartan did not
improve resting cardiac function, it did enhance the con-
tractility reserve, as suggested by an enhanced dobutamine
response!3

Chronic norepinephrine release from the synaptic pool in
the hyperadrenergic state plays a crucial role in the patho-
genesis of heart failure, regardiess of the initial cause of the
myocardial damage (hypertension, myocardial ischemia,
cardiomyopathy etc)!+13 However, heart failure is a com-
plex disorder, and many other factors (oxidative stress,
apoptosis etc) have been shown to concurrently influence
the development of contractile dysfunction and/or the left
ventricular (LV) remodeling process, together with the de-
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fective regulation of intracellular Ca?* homeostasis? There-
fore, it remains to be elucidated whether or not angiotensin-
1 antagonism is indeed effective in terms of improving
both hemodynamics and SR function in a model of chronic
B-receptor stimulation.

We investigated the effects of continuous in vivo admin-
istration of isoproterenol (ISO) on SR function, with the co-
administration of an angiotensin-II receptor antagonist,
candesartan (CAN). The present results demonstrated that
CAN not only accelerates CaZ+-uptake but also prevents the
protein kinase (PK) A-phosphorylation of the RyR2, thus
rendering the SR less susceptible to oxidative-stress in-
duced Ca?*-leak.

Methods

Animals and Drug Treatments

Male Wistar rats were anesthetized with an intraperito-
neal (ip) injection of pentobarbital sodium (50 mg/kg) and
were implanted with ip osmotic minipumps (type MLA4,
Alzet). The rats were treated with 1 mg-kg-!-day~! of ISO,
or 0.9% NaCl (sham group). The rationale for this particu-
lar dosage of ISO was based on a previous finding, namely,
that less than 2.4 mg-kg-!-day-! of ISO induced a negligible
hypertrophic response!¢-17 The mean rate of infusion was
2.5ui/h. On day 6, the osmotic minipumps were removed,
and 2 days after the cessation of pumping, both the hemo-
dynamics and SR function were measured. Echocardio-
grams were assessed in all groups before 1SO infusion. The
LV was catheterized with an ultraminiature catheter pres-
sure transducer (PR 249, Millar Instruments) via the right
carotid artery. During ISO infusion and 2 days after cessa-
tion of the infusion, a 7.5-MHz phased array transducer
was used for analysis (Aloka 1000, Tokyo, Japan).

The angiotensin-Il type I receptor antagonist, CAN
(0.3mg-kg-1-day-!, Takeda, Tokyo, Japan), was adminis-
tered by gastric gavage for 8 days in combination with the
6-day ISO infusion and 2-day cessation of infusion. We
previously demonstrated that this dose of CAN effectively
improved the extent of LV remodeling in pressure-over-
loaded rats!8

The investigation conformed with the “Guide for the
Care and Use of Laboratory Animals” published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The care of the animals and the protocols
used were in accord with guidelines laid down by the
Animal Ethics Committee of the Yamaguchi University
School of Medicine.

Preparation of SR Vesicles

After the animals were killed, the atria were removed,
The right and left ventricles were dissected, separated, and
weighed. The tissues were snap-frozen in liquid N2 and
stored at —80°C. The rat cardiac SR was prepared as de-
scribed previously, according to the method by Jeyakumar
etal!®

Beta-Receptor-Binding Assay

The membranes used for the S-receptor binding assay
were prepared, and the assay was performed as described
previously13.20

Ca?+-Uptake and -Leak Assays
Ca*-uptake and Ca*-leak assays were carried out as
described previously®-8.13
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Immunoblot Analysis

We performed immunoblot analyses of FKBP12.6 as de-
scribed elsewhere$-8-13 Using the method of Marx et al} we
achieved co-immunoprecipitation of FKBP12.6 from the SR
using anti-RyR2 antibody (Oncogene Research Products,
Uniondale, NY, USA) followed by immunoblotting with
anti-FKBP12 (C-19) antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The relative phosphorylation levels
of the RyR2 were determined by immunoblot analysis with
anti-phosphoserine28®® which was kindly provided by Dr
Andrew Marks (Columbia University). We carried out
immunoblot analyses of SR SERCA2a and phospholamban
(PLB), as described previously®!? Specific antibodies
against phosphoserine 16-PLB (Upstate Biotech, Waltham,
MA, USA) were used, as was an epitope common to all
forms of PLB (Upstate Biotech).

Preparation of Isolated Cardiomyocytes

The enzymatic isolation of rat cardiomyocytes was per-
formed as described previousty?! In brief, male Wistar rats
were anesthetized with pentobarbital sodium (70 mg/kg ip),
intubated and ventilated with ambient air. An incision in
the chest was made, and the heart was quickly removed and
retrogradely perfused with a collagenase-containing buffer
via the aorta under constant flow. The LV myocardium was
minced with scissors in fresh collagenase-containing buffer
and the rod-shaped adult rat cardiomyocytes were prepared
by retrograde perfusion of the hearts with 95%02/5%CO2-
bubbled Minimal Essential Medium (Sigma, St Louis, MO,
USA) supplemented with 50umol/L. Ca?*, 0.5 mg/ml colla-
genase B, 0.5mg/ml, collagenase D, and 0.02 mg/mi prote-
ase type XIV. The Ca?* concentration was then gradually
increased to a final concentration of 1 mmoV/L by changing
the incubation medium (50umol/L, 125 umol/L, 3004mol/L,
and then 1 mmol/L). The isolated rat cardiomyocytes were
transferred to laminin-coated glass culture dishes, and incu-
bated for 12 h at 37°C in a 5%C02/95%0z2 atmosphere.

Cell Shortening and Ca**+ Transient Measurement

Measurements of cardiomyocyte cell shortening and
intracellular Ca2+ were performed using fura-2 AM, as de-
scribed previously?? Cells were stimulated by an electric
field stimulator (lonOptix, MA, USA) at 0.5Hz. A dual ex-
citation spectrofluorometer was used to record fluorescence
emissions (505nm) elicited from excitation at 340 and
380 nm. The intracellular Ca?* concentration was monitored
as the ratio of the fluorescence intensities at 360 and 380nm
excitation. The myocardial cells were imaged with a CCD
video camera (Myocam) attached to the microscope, and
motion along a selected raster line segment was quantified
by a video motion detector system (lonOptix).

Statistical Analysis

Statistical analysis was performed using analysis of vari-
ance. P values of <0.05 were accepted as statistically sig-
nificant. Scheffe’s protected least significant difference was
used to make individual comparisons between groups. Data
represent mean+SD.

Results

Effect of CAN-Treatment on Cardiac Hypertrophy and
Hemodynamics

The animal characteristics and cardiomyocyte data are
summarized in Table1. In the ISO-treated groups (15O,
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Table 1 Body Weight, Heart Weight and Cardiomyocyte Geometry

779

Table 2 Hemodynamic and Echocardiographic Data

1SO- and ISO- and
(’f';"l’g ) ’Sff;’:’j‘l‘j"d CAN-treated (i’:‘]"]’ ) ’Sgl":’ f‘z’;e" CAN-treated
' (n=11) (n=11}
Rate HR (beats/min) 423434 374t44% 407+33
BW(g) 28012 28810 273+10 LVPSP (mmHg) 131+10 120£11 120+11
HW (mg) 675130 792148* 779+43% LVEDP (mmHyg) 4.742.4 4.742.4 3.9+2.3
HW/BW (mg/g) 2.420.1 2.8%0.1% 2.930.2% +dp/dt (mmHg/s) 10,.569£1.092  6,9361983*  7.980%1,357*
LYW (mg) 526£26 622+35% 59143344 ~dp/dt (mmHg/s) 8,9334£843 6.669+805%  7,345%] 314
LYW/BW (mg/z) 1.840.1 2.240.1% 2.2%0.1%* Tau 7.9£0.9 10.0£0.8* 8.5+1.3"
Cardiomyocyte (n=30) (n=30) (n=28) (n=9) (n=9) (n=9)
Length {tum) 122.544.9 128.046.0* 125.046.2%% LVEDD (mm) 6.140.2 6.7£0.3*% 6.5+0.4
Width (tum) 22.4+2.8 23.5%2.9 22.8%2.6 LVESD (num) 2.5%0.2 4.140.3* 3.3%0.3%#
FS (%) 59+4 3843 50£3%#

180, isoproterenol; CAN, candesartan; BW, body weight; HW, heart weight;
LYW, left ventricular weight.
#<0.05 vs Shani; #p<0.05 vs ISO-treated. n=number of rats.

ISO+CAN), slight cardiac hypertrophy was observed, as
evidenced by an increase in the ratio of LV weight to body
weight (LVW/BW). However, no significant difference in
LVW/BW was observed between the ISO-treated and ISO+
CAN-treated groups, although LVW was slightly more
increased in the former than in the latter group. Isolated
cardiomyocytes were longer in the ISO-treated group than

HR, heart rate: LVPSP, left venricular (LV) peak systolic pressure; LVEDF,
LV end-diastolic pressure; +dP/dt, peak +dP/dt of LV pressure; -dP/d1,
peak —dP/dt of LV pressure; Tau. time constant of LV pressure decay during
isovolumic relaxation period; LVEDD, LV end-diastolic diameter; LVESD,
LV end-systolic diameter; FS, fractional shortening. Other abbreviations
see in Tuble |.

*1<0.05 vs Sham; *p<0.05 vs ISO-treated. n=number of ruts.
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Fig2. (A) Ptotein kinase A-mediated phos-
phorylation of the ryanodine receptor (RyR2)
confirmed by immunoblotting with anti-2809
serine antibody. (B) Amount of RyR2-bound
FKBP12.6. Each result is shown together with
the densitometric analysis of the blot (Right
panel). n=number of experiments from 4 dif-
ferent preparations. *p<0.05; **p<0.01. ISO,
isoproterenol; CAN, candesartan.

Fig3. Amount of (A) sarcoplasmic reticu-
lum (SR) Ca?+-ATPase and (B) Serl6-phos-
phorylated phospholamban (p-PLB) and total
phospholamban (t-PLB). each resuit shown
together with the densitometric analysis of the
blot (Right panel). The p-PLB values [sum of
pentamer and monomer, in arbitrary units]
were normalized with respect to the t-PLB
values [sum of pentamer and monomer, in ar-
bitrary units]. (C) Magnitude of Ca2*-uptake.
Ca?*-uptake was induced by the addition of
0.1 mmol/L MgATP at 0.3umol/L free [Ca™]
using EGTA-Ca?* buffer. n=number of ex-
periments from 4 different preparations.
*p<0.05; **p<0.01. ISO, isoproterenol: CAN.
candesartan.
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in the other groups, but the width of these cardiomyocytes
remained the same as those from the other groups. CAN
treatment was found to reduce cardiomyocyte hypertrophy
in terms of length, which was consistent with our previous
finding that CAN reduced cardiomyocyte length, but not
cardiomyocyte width, in pressure-overloaded ratsi® The
hemodynamic and echocardiographic data are summarized
in Table2. The peak +dP/dt of LV pressure was lower in
the ISO-treated group than in the sham group, and this peak
tended to be higher in the ISO+ CAN-treated group than in
the ISO-treated group. The tau of LV pressure was more
prolonged in the ISO-treated group than in the sham group,
but it was shorter in the ISO+CAN-treated group than in
the ISO-treated group.

Effects of CAN-Treatment on B-Receptor Density and
Tissue cAMP Level

As shown in Fig 1A, the Bmax value for [PHJCGP12177
binding (fmol/mg) was lower in the I1SO-treated group than
in the sham group, whereas it was restored to normal in the
ISO+CAN-treated group. There was no significant differ-

Circulation _Journal - Vol.70, June 2006

ence in the Kd for [F’H]JCGP12177 binding (nmol/L) among
the 3 groups. The tissue cAMP levels were also lower in
the ISO-treated group than in the sham group, whereas they
were restored to normal in the ISO+CAN-treated group
(Fig IB). These results were consistent with our previous
finding that angiotensin-receptor antagonist treatment
restores S-adrenergic receptor signaling!3

Effects of CAN-Treatment on Ca?+-Handling Proteins
in the SR

Fig?2 shows the RyR2 phosphorylation levels and the
resultant changes in the RyR2-associated FKBP12.6. The
levels of serine?899 phosphorylation were increased in the
ISO-treated heart, and again were normally restored in the
ISO+CAN-treated group (Fig2A). There were no signifi-
cant differences in the amount of the RyR2-associated
FKBP12.6 among all groups (Fig2B).

The protein expression of SR SERCA2a was downregu-
lated in the ISO-treated group, but levels were restored in
the ISO+CAN-treated group and approached those of the
sham group (Fig 3A). Fig 3B compares the levels of Ser16-
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Fig5. Representative Ca2* transient and cell shortening in cardiomyocytes in the presence or the absence of isopro-

terenol (ISO) (30nmol/L). CAN, candesartan.

Table 3 Effect of Isoproterenol on Cardiomyocyte Function

ISO- and
(i’;a;g ) IS(O’;: %r)ed CAN-treated
(n=9)
Cardiomyocyte functions
Percent shortening (%)
Isoproterenol
(-) 7.3£0.6 5.610.9%% VAEIN A
30 nmol/L 10.5+0.9 6.120. 7% 9.7+0.9%#
dL/dt (Lm/s)
Isoproterenol
(~) 119.1+8.3 90.6+7.3%%  109.2+12.0%
30 nmol/L 190.4%16.9 130.0+10.8%* 176.2+18.5%
dR/dr (Lun/s)
Isoproterenol
(-} 102.6£7.6 89.149.3*% 98.7+8.2%
30nmol/L 178.3+15.8 119.1+6.5% 172.1%£15.6%
Time from peak to 70% decline (ms)
Isoproterenol
(-) 220£30 203+]9%% 215k16%
30nmol/L 175%9 234£27%* 177%16"
Calcium transient of cardiomyocytes
Peak of fura-2 ratio
Isoproterenol
(-) 0.54+0.13 0.3940.04%%  0.46£0.04"
30nmel/L 0.69+0.09 0.40%0.04%%  0.49+0.02%+*
Time from peak t0 70% decline (ms)
Isoproterenol
-) 27125 327437%* 293+28*
30 nmol/L 20915 272419 231119%

Values are expressed aus meanx SD.

dL/dy, longitdinal cell shortening; dR/di, radial cell shortening. Other
abbreviations see in Tuble 1.

*p<0.05 vs Sham, **p<0.01 vs Sham, *p<0.05 vs ISO-treated, ¥p<0.01 vs
ISO-treated.

n=number of experiments from at least 4 different rat hearts.

phosphorylated PLB (p-PLB) and total PLB (t-PLB) among
all groups. No difference in the levels of total PLB were
observed among the groups, but there was a significant de-
crease in the basal level of phosphorylated PLB in the ISO-
treated group. In the ISO+CAN-treated group, the level of
phosphorylated PLB was restored, approaching that of the

— 166 —

sham group. A similar result was obtained for the ratio of
p-PLB to t-PLB (Right panel of Fig3B). SR Ca?*+-uptake
was decreased in the ISO-treated group, but was restored in
the ISO+CAN-treated group, approaching that of the sham
group (Fig3C)

Effect of Oxidative Stress on SR Ca?*-Uptake and
Ca?+-Leak

Because channel gating has been found to be modulated
by a change in the redox state?324 we assessed the effects of
an Oz~ donor SIN-1, on Ca?*-leak in SR vesicles. The addi-
tion of 1 umol/L thapsigargin produced slight Ca?*-leak in
the sham and ISO-treated (+ or - CAN) groups. The addi-
tion of 3-300umol/L SIN-1 together with 1xmol/L thapsi-
gargin produced a pronounced leak in all groups (Fig4A).
In the ISO-treated group, the SR Ca2*-leak was induced at
a much lower concentration of SIN-1 than was required to
achieve the same effect in the sham group, resulting in the
leftward shift of the Ca2*+-leak-SIN-1 relation curve (Fig4A,
Lower panel). In the ISO + CAN-treated group, the leftward
shift of the SIN-1-concentration dependence of Ca*-leak
was restored to approach that of the sham group (Fig4A.
Lower panel). Because Ca?+-leak was induced by the desta-
bilization of the RyR2 caused by a loss of FKBP12.676 we
examined the effect of SIN-1 on FKBP12.6 dissociation
from the RyR2. However, SIN-1 did not induce FKBP12.6
dissociation in the sham, ISO-treated, and ISO-and CAN-
treated groups (data not shown), suggesting that the facili-
tation of Ca2+-leak by SIN-1 is an independent event from
FKBP12.6 dissociation.

Because redox agents are also known to modulate SR
SERCA?2a25:26 we assessed the effects of SIN-1 on SR
Ca2+-uptake. When SIN-1 was added before the initiation
of Ca2*-uptake in the presence of 1umol/L JTVS19 (for
the prevention of Ca2*-leak)$ the magnitude of SR Ca?+-
uptake was slightly decreased, in a similar concentration
dependent manner, in all groups (Fig4B). There was no sig-
nificant difference in SR Ca?*-uptake at any concentration
of SIN-1 among the 3 groups.
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Fig6. Concentration dependence of SIN-1 on cell shortening in cardiomyocytes (Upper panel), the representative
recording of Ca2* transient and cell shortening in the presence of 30umol/L SINT, and summarized data for peak systolic
Ca?+ and time from peak to 70% decline (ms) at 30umol/L SIN-1 (Lower panel). n=number of experiments from 4 differ-
ent preparations. *p<0.05; **p<0.01. ISO, isoproterenol; CAN, candesartan.

Cell Shortening and Ca?+ Transient in Isolated
Cardiomyocytes

As shown in Fig 5 and summarized in Table 3, in the ISO-
treated group, cell shortening was significantly decreased
compared with the sham group, an effect that was asso-
ciated with decreased and prolonged CaZ* transient. In
contrast, in the ISO+CAN-treated group, both cell shorten-
ing and Ca?* transient were restored to normal. In response
to ISO treatment, less pronounced cell shortening was
observed in the ISO-treated group than in the sham and
1SO+CAN-treated groups. The peak of Ca?* transient was
also less increased in the ISO-treated group than in the
sham and ISO+CAN-treated groups. The duration of CaZ
transient was less abbreviated in the ISO-treated group than

Cireulation Journal  10l.70, June 2006

in the ISO + CAN-treated and sham groups. Fig 6 shows the
effects of the O2- donor SIN-1 on cell shortening and Ca?+
transient. In the ISO-treated group, cell shortening deterio-
rated to a greater extent at a much lower concentration of
SIN-1 than was observed in either the sham or ISO+CAN-
treated group (Upper panel). At a lower concentration of
SINI (30wanol/L), both cell shortening and Ca* transient
were diminished in ISO-treated group (Lower panel).

Discussion

The major findings of the present study are that upon
chronic stimulation of S-receptor, (1) downregulation of
the B-receptor was induced, followed by decreases in tissue
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Fig7. Angll receptor and Ca?* handling in failing hearts in the hyperadrenergic state. Chronic adrenergic stimulation
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level of intracellular cAMP. The decrease in cAMP reduces the phospholamban (PLB) phosphorylation level, and in tumn
decreases sarcoplasmic reticulum (SR) Ca2+ uptake via inhibition of CaZ+-ATPase (SERCAZ2a). Reduced SERCA2a activi-
ty is also induced by downregulation of SERCA2a mRNA expression at the transmpnonal level?¢ Despite the reduction
in cAMP, RyR2 is hyperphosphorylated, presumably due to a decrease in the expression of membrane-bound PP1 in the
ryanodine receptor (RyR2) macromolecular complex? Activation of the Angll receptor activates PLC, which in turn acti-
vates PKC-ot. The PKC-tt phosphorylates I-1, augmenting the activity of PP1 and causing hypophosphorylation of PLB?

The PLB hypophosphorylation inhibits SERCA2a activity, thereby decreasing SR Caz“ uptake. Both the Ca2* leak

through the RyR2 and reduced Ca?* uptake lead to cardiac contractile and relaxation dysfunction. Angll receptor blocker
reverses all of these abnormalities in Ca?* handling by inhibiting both the presynaptic and post synaptic AT receptor as
indicated in (i)—(vi). NE, norepinephrine; Angll, angiotensin II; AT1 receptor, Angll type 1 receptor; ARB, Angll type 1
receptor blocker; Gaq. Galpaq protein, Sarc S-adrenergic receptor kinase; PLC, phospholipase C: I-1, inhibitor I PKC,

protein kinase C.

cAMP, PLB phosphorylation, the amount of SERCA?2a, and
in turn CaZ*-uptake in the cardiac SR, leading to impaired
LV contractile and relaxation function; (2) neither Ca2*-
leak nor FKBP12.6-dissociation occurred, although PKA-
phosphorylation of the RyR2 was observed, but Oz~ donor
SIN-1 facilitated Ca*-leak at a 10-fold lower concentration
of SIN-1 than that required to produce the same effect in the
sham or ISO+CAN-treated groups: (3) both cell shortening
and Ca?* transient were impaired, again at a 10-fold lower
concentration of SIN-1 than in the sham or ISO+CAN-
treated rats; (4) concomitant administration of the angioten-
sin-1I receptor antagonist CAN restored all the abnormali-
ties induced by chronic stimulation of the B-receptor.

As shown in Fig7, chronic S-stimulation induces down-
regulation of the S-receptor, which in turn decreases the
tissue cAMP, leading to a reduction of the phosphorylation
level of PLB and thus a decrease in SR Ca?*+ uptake. De-
creased Ca?* uptake reduces the SR Ca?* content, which in
turn decreases cardiomyocyte shortening. The beneficial
effects of CAN on LV relaxation and cardiomyocyte func-
tion are most likely attributable to the improvement in SR
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Ca?* uptake. The mechanism by which CAN improves SR
Ca?* uptake may result from antagonism of both the pre-
synaptic and postsynaptic AT1 receptors. By stimulating
the presynaptic AT1 receptor, angiotensin-II enhances the
sympathetic release of norepinephrine?’ Therefore, inhibi-
tion of the presynaptic AT! receptor by CAN may reduce
norepinephrine release from nerve endings and stimulate
norepinephrine uptake back into the synaptic pool, in turn
leading to a reduction in the adrenergic signal being trans-
mitted into the cell. We recently found that in a pacing-
induced canine heart failure model the angiotensin-II recep-
tor antagonist valsartan indeed inhibited norepinephrine
release, attenuated the downregulation of B-adrenergic
receptors, and improved SERCA2a protein expression and
SR CaZ*-uptake activity!® In the present study, we con-
firmed that in the ISO-treated rats treatment with CAN also
improved SR Ca2+-uptake, restored - -receptor density, and
improved intracellular Ca?* transient in response to 1SO.
Thus, the improvement in the S-receptor density and SR
Ca?-uptake, which had been disturbed in the hypercate-
cholaminergic state, might be a class effect of angiotensin-
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II antagonists. In this context, there seems to be no specific
differences in the Ca2+ handling effects of CAN or other
angiotensin-II antagonists like valsartan. Binding of angio-
tensin II to the postsynaptic AT receptor may also decrease
SR Ca?* uptake activity by decreasing the level of expres-
sion of SERCA2a mRNAZ and also by increasing PKC-
activity, which in turn directly phosphorylates serine 67
in inhibitor 1, thereby augmenting the activity of protein
phosphatase-1 (PP1) and causing the hypophosphorylation
of PLN? Takeishi et al?0 also demonstrated that angioten-
sin-II inhibition by ramipril attenuates PKC translocation
and prevents downregulation of SERCA?2a and PLB protein
expressions in pressure-overload hypertrophy. Collective-
ly, angiotensin-II antagonism by CAN is likely to reverse
all of the adverse effects of angiotensin I on SR Ca?+
uptake, and the beneficial effects of CAN on Ca?* uptake
leads to improved contractile and relaxation functions.

Despite the decreased level of tissue cAMP, RyR2 was
phosphorylated, although the phosphorylation of PLB was
increased. This discrepancy may be explained by the differ-
ential distribution of PP1 between the RyR2 macromolecu-
lar complex and the cytosolic fraction in the hyperadrener-
gic state in failing hearts. Marx et al’ demonstrated that in
failing hearts PKA-mediated hyperphosphorylation of the
RyR2 at Ser2809 was induced mainly by a reduction of the
expressions of PP1 and PP2A in the RyR2 macromolecular
complex rather than by increased PKA activity.

In the current model of ISO-induced LV dysfunction,
neither Ca2t-leak nor FKBP12.6 dissociation from the
RyR2 was observed, even though increased levels of the
RyR2 phosphorylation were observed. These findings
appear to conflict the previous results showing that PKA-
hyperphosphorylation induces FKBP12.6 dissociation and
subsequent Ca?+-leak8 However, the levels of PKA phos-
phorylation were only 1.5-fold higher in the ISO-treated
group than in the sham and ISO+CAN-treated groups. In
previous studies, including ours, the PKA phosphorylation
levels showed greater increases (ie, =4-fold higher than
normal)37-8 Thus, the observed increase in PKA phospho-
rylation may not have been sufficient to exert a significant
effect on FKBP12.6 dissociation and the subsequent Ca2+-
leak. Importantly, even though FKBP12.6 was not signifi-
cantly dissociated from the RyR2 in the PKA-phosphory-
lated RyR2 in the basal state, the PKA-phosphorylated
channel showed susceptibility to Ca**-leak upon applica-
tion of oxidative stress.

There is a major controversy in the literature concerning
the RyR2-FKBP12.6 interaction in hyperphosphorylated or
disease conditions. Several reports have shown that hyper-
phosphorylation of RyR2 has no appreciable effect on the
RyR2-bound FKBPI12.6. Several groups reported that
phosphorylation at Ser2808 (Ser2809 in rabbit) does not cause
FKBP12.6 dissociation from RyR2, and that the constitu-
tive phosphorylation of Ser?08 or Ser?8%9 by mutations
(S2808D or S2809D) fails to disrupt the FKBP12.6-RyR2
interaction?!32 The discrepancy may be partly ascribable to
differences in experimental design. As Wehrens et al’3 sug-
gested, the physiological ratios of FKBP12.6 to RyR2 may
be important in the evaluation of FKBP12.6-dissociation
from RyR. Overexpression of FKBP12.6 outside the physi-
ological range may counteract the shift in Kd induced by
PKA phosphorylation. The present study results suggest
that the extent of PKA phosphorylation, which may change
depending on the severity of heart failure, also appears to
affect the FKBP12.6 dissociation from RyR2.
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The RyR has been shown to be a target of reactive
oxygen species (ROS), and the channel activity of the RyR
is known to be regulated by oxidation or nitrosylation
It is also well established that chemical reducing agents
(eg, dithiothreitol or cysteine) depress channel function35-37
S-nitrosylation of the RyR2 has been suggested to be phys-
iologically significant in the normal heart$839 whereas
excess oxidation during periods of oxidative stress can lead
to deleterious loss of control3* An important aspect of the
present study is that in the purely S-receptor overstimulated
heart, defective stabilization of the RyR2 could be induced
by a small degree of oxidative stress, which otherwise has
only a slight effect on the normal heart. That is, in the 5-
receptor overstimulated heart oxidative stress facilitated
Ca?*-leak, even under the condition of FKBP12.6 not being
dissociated from RyR2. Thus, oxidative stress may change
the conformational state of the RyR2, facilitating Ca?+-leak
under the condition of PKA phosphorylation. This notion
received further support from the finding that in the ISO-
treated group, SIN-1 decreased cell shortening and peak
Ca?* transient at a much lower concentration than was
required to achieve the same effect in either the sham or
ISO +CAN-treated group.

Catecholamines, including ISO, have been reported to
generate ROS and form oxidation products?® Because ROS
are known causative factors in many diseases including
heart failure}! their generation by catecholamines may also
contribute to the pathogenic process. In our most recent
report¥? we demonstrated that in pacing-induced failing
hearts the levels of oxidative stress are elevated, together
with an increase in plasma norepinephrine, causing various
abnormalities regarding Ca?* regulation in failing car-
diomyocytes (ie, increased intracellular level of ROS,
decreased intracellular Ca?* transient, oxidized RyR2,
defective inter-domain interaction within RyR2, and Ca2*-
leak). All of these abnormalities could be reproduced by
application of the NO-donor SIN-1 to normal cardiomy-
ocyte or SR vesicles. The SIN-1-induced decrease in the
peak Ca2* transient was reversed by JTV519 or edaravone
(free radical scavenger), but not by SEA0400 (NCX inhibi-
tor). These findings strongly suggest that oxidative stress
produces critical effects on the mechanism of channel re-
gulation in the RyR. However, as for the cause of the
decreased peak Ca2* transient by SIN-1, we can not elimi-
nate the possibility that ROS would affect the L-type Ca*
channel and excitation-contraction coupling gain.

Taken together with the previous findings, both the level
of intracellular ROS and oxidative stress within the RyR2
may have been increased in the ISO-treated group, and
therefore channel gating of the RyR2 would be defective in
[SO-treated hearts, rendering it less susceptible to Ca+-
leak induced by SIN-1. Further investigation, including
direct measurement of intracellular ROS and the levels of
oxidative stress within the RyR2, are clearly needed.

Conclusion

In the in vivo cardiac muscle, chronic stimulation of the
B-receptors was found to induce PKA phosphorylation of
the RyR2 without inducing Ca?*-leak, whereas oxidative
stress facilitated Ca?t-leak in the PKA-phosphorylated
RyR2. An angiotensin-II receptor antagonist not only im-
proved CaZt-uptake, but also prevented PKA-hyperphos-
phorylation, thus rendering the SR less susceptible to Ca2*-
leak.
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Gender Difference in Coronary Events in Relation to
Risk Factors in Japanese Hypercholesterolemic
Patients Treated With Low-Dose Simvastatin

Jun Sasaki, MD; Toru Kita, MD*; Hiroshi Mabuchi, MD**; Masunori Matsuzaki, MD?;
Yuji Matsuzawa, MD*%; Noriaki Nakaya, MD¥; Shinichi Oikawa, MD#;
Yasushi Saito, MD¥; Kazuaki Shimamoto, MD3$%; Suminori Kono, MDY;

Hiroshige Itakura, MD¥.2; the J-LIT Study Group

Background Gender differences between the risk factors for coronary heart disease and coronary events were
examined in the Japan Lipid Intervention Trial, a 6-year observational study.

Methods and Results Men (12,575) and women (27,013) were analyzed for risk of coronary events (acute
myocardial infarction and sudden cardiac death). Simvastatin reduced serum low-density lipoprotein cholesterol
(LDL-C) by 27% in both genders, and increased serum high-density lipoprotein cholesterol (HDL-C) in men
(5%) and women (4%). The incidence of coronary events was lower in women (0.64/1,000 patient-years) than in
men (1.57/1,000 patient-years). The risk of coronary events increased by 18% in men and 21% in women with
each 10 mg/dl elevation of LDL-C, and decreased by 39% in men and 33% in women with each 10 mg/dl eleva-
tion of HDL-C. The risk increased proportionally with aging in women, but not in men. Diabetes mellitus (DM)
was more strongly related to the risk of coronary events for women (relative risk 3.07) than for men (relative risk
1.58).

Conclusions The incidence of coronary events is lower in women. Serum LDL-C is related to an increased risk
of coronary events to the same extent in both genders. DM seems to be a more important risk factor in women,
trading off the lower risk of coronary events among them. (Circ J 2006; 70: 810-814)

Key Words: Coronary events; Hyperlipidemia; Risk factors; Serum cholesterol; Sex differences

g oronary heart disease (CHD), including myocardial
infarction and cardiac sudden death, is one of the
leading causes of death in Japan! The risk of de-
veloping CHD is known to be markedly different between
men and women:23 CHD incidence is 2 to 5 times higher
among middle-aged men than women. In the Japan Lipid
Intervention Trial (J-LIT)*7 we previously reported that
serum total cholesterol (TC) and low-density lipoprotein
cholesterol (LLDL-C) concentrations were positively and
serum high-density lipoprotein cholesterol (HDL-C) con-
centration was inversely related to CHD or cerebrovascular
disease risk in patients under treatment for hypercholester-
olemia. The role of coronary risk factors in the develop-
ment of CHD has been studied extensively in men$-19 but
relatively few studies have investigated women?-!!
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This study aimed to assess gender differences in the
association of risk factors with CHD in the J-LIT data. The
J-LIT is a nationwide cohort study of 52,421 hypercho-
lesterolemic patients treated with open-labeled low-dose
simvastatin (5-10mg/day)#3 The J-LIT included a large
number of female patients, and we were able to investigate
the gender difference in the role of risk factors in the occur-
rence of coronary events.

Methods

Study Design

The design of the J-LIT study has been previously de-
scribed!? Briefly, study patients with serum TC concentra-
tion 2220 mg/dl, men aged 35-70 years and postmeno-
pausal women aged 70 years or less, were treated with
5~10mg/day of simvastatin. Body weight, serum lipid con-
centrations (TC, LDL-C, HDL-C, and triglyceride (TG))
were measured at baseline, and patients were interviewed
as regards family history of CHD, number of cigarettes
smoked, and the amount of alcohol ingestion. Serum lipid
concentrations and CHD-related events (acute myocardial
infarction and cardiac sudden death) were monitored every
6 months for 6 years in all patients, including those who
discontinued simvastatin. Serum lipid concentrations were
determined in each study institution, and the serum LDL-C
concentration was calculated using the Friedewald formula
for patients with TG concentration £400mg/dl!3 Study
physicians recommended dietary and exercise-therapy for
hyperlipidemia to all patients. Additional lipid-lowering
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agents were allowed only when an adequate response in
serum TC concentration was not gained by simvastatin
monotherapy. Each patient was informed of the purpose
and method of the study, drug efficacy and the need for
long-term treatment and they gave verbal, not written,
informed consent.

Subjects

Patients who had been previously treated with a lipid-
lowering agent were screened for eligibility after a washout
period of at least 4 weeks. For patients previously treated
with probucol, the washout period was at least 12 weeks.
The exclusion criteria were the occurrence of acute myo-
cardial infarction or stroke within the past month, concur-
rent uncontrolled diabetes mellitus (DM), serious hepatic
or renal disease, secondary hypercholesterolemia, cancer or
any other illness with potentially poor survival.

Of the 52,421 patients enrolled, 5,127 were excluded be-
cause of a history of CHD, 4,934 for lack of follow-up data,
and 2,772 for missing data of the covariates. Therefore,
data from 39,588 patients (12,575 men, 27,013 women)
were used in the present study.

Endpoints

The primary endpoints were major coronary events,
defined as nonfatal and fatal myocardial infarction and
sudden cardiac death. Incidence of myocardial infarction or
death was counted once for each patient during the treat-
ment, and the follow-up data thereafter were excluded from
the analysis. The events were reviewed and determined by
the Endpoint Classification Committee.

Statistical Analysis

The mean lipid concentrations were calculated using
data available at the follow-up points in time during the
treatment period. The data of lipid concentrations after the
onset of events were excluded. Data during the treatment
period after discontinuation of simvastatin were also
included for analysis. Mean values for serum lipid concen-
trations and age were tested with unpaired t-test, and the
prevalence of baseline characteristics were tested with the
chi-square test for comparison between men and women.
Patients in each sex were categorized into 5-6 groups
according to the mean lipid concentrations of treatment
period for TC, TG, LDL-C and HDL-C with intervals of
20,50,20, 10 mg/dl, respectively, and for the LDL-C/HDL-
C ratio with an interval of 0.5. The reference category for
the relative risk was set on the group with the lowest lipid
concentrations and the lowest value of LDL-C/HDL-C
ratio. Relative risks and the 95% confidence intervals (CT)
were calculated using the Cox proportional hazards model
with adjustment for baseline characteristics such as sex,
age, hypertension, DM, body mass index (BMI), ECG
abnormality, family history of CHD, alcohol ingestion and
cigarette smoking. Heterogeneity between men and women
was evaluated by the likelihood ratio test. Two-sided p-
value <0.05 was considered statistically significant. All the
statistical calculations were performed using SAS software
(version 8.02, SAS Institute, Inc, Cary, NC, USA).

Results

Serum Lipids and Other Risk Factors
There were no significant difference as regards the preva-
lence of obesity (BMI 225.0kg/m?), hypertension, ECG
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Table 1 Baseline Characteristics of the Subjects
Men Women
(n=12,575) (n=27,013)
Age (years) 54.0(9.1) 59.5(6.5)
Obesity (%) 36.7 322
Hypertension (%)"! 45.4 46.3
Diubetes mellitus (%)< 20.0 13.9
ECG abnormality (%) 134 12.9
Family history of CHD (%) 5.1 4.8
Cigarette smoking (%)’ 43.8 4.1
Alcohol use (%) 73.4 8.7
Lipid profiles
Baseline (mg/dl)

TC 268 (41) 271(31)

LDL-C 178 (34) 184 (33)

76 250 (241) 169(111)

HDL-C 49(15) 55(15)

During the treatment (mg/dl)

TC 218(31) 221 (29)

LDL-C 130(31) 135(28)

TG 198 (133) 148 (77)

HDL-C 51(13) 57(14)

Figs are meant SD unless otherwise specified.

CHD, coronary heart diseuse; TC. total cholesterol; LDL-C, low-density
lipoprotein-cholesterol; TG, triglyceride; HDL-C. high-density lipoprotein-
cholesterol.

a Body mass index 225 kg/m?. ¥ Systolic blood pressure 2160 mmHg and/or
diastolic blood pressure 295 mmHg or medication for hypertension. ¥ Fast-
ing plasma glucose 2140mg/dl or medication. ¥ Study physician’s diagno-
sis. V' Self-reported information.

abnormality, and family history of CHD between men and
women (Table 1). In men, the prevalence of DM was higher
(p<0.001), and cigarette smoking and alcohol ingestion
were much more frequent (p<0.001).

Lipid profiles at baseline and during the treatment period
are shown for men and women in Table 1. Men had higher
concentrations of serum TG and lower concentrations of
serum HDL-C at baseline and during the treatment in
comparison with women. Mean percent changes in the TC,
LDL-C, TG, and HDL-C concentrations from baseline to
during the treatment in men were —18.8% (p<0.001), -27.2%
(p<0.001), -20.9% (p<0.001), and +4.7% (p<0.001), re-
spectively, and the corresponding values in women were
~18.2% (p<0.001), -26.6% (p<0.001), -12.8% (p<0.001)
and +4.4% (p<0.001), respectively.

Incidence of Coronary Events

The incidence of coronary events was greater (105/
12,575) in men than in women (93/27,013) during the treat-
ment period. Incidence rates of coronary events per 1,000
patient-years were 1.57 in men and 0.64 in women. The
age-adjusted relative risk of coronary events for men vs
women was 2.81 (95% CI 2.10-3.76, p<0.001).

Serum Lipid Concentrations During the Treatiment Period
and Risk of Coronary Events

The risk of coronary events in relation to serum lipid
concentrations is shown in Table 2. Increased risk for coro-
nary events was evident at TC 2240mg/dl and LDL-C
>160mg/dl in both men and women. An increased risk
of CHD associated with elevated concentration of TG
(=250 mg/dl) was noted in women but not in men. In men,
the relationship between TG and CHD risk was not mea-
surable. A lower risk of coronary events associated with
elevation in HDL-C was seen in both sexes, but the protec-
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Table 2 Relative Risk of Coronary Events According to Serum Lipid Concentrations During Treatment®

Men Women
N Event RR 95%CI p value N Event RR 95%CI p value

TC (mg/dl)

<200 3,442 24 1.00 (Referent) 5,833 22 1.00 (Referent)

200-219 3.643 23 0.99 (0.56-1.77) 0.984 8,194 14 0.52 (0.27-1.02) 0.057

220-239 3,029 25 1.46 (0.83-2.56) 0.192 7.070 18 0.88 (0.47-1.64) 0.687

240-259 1,431 15 2.01 (1.05-3.88) 0.036 3.668 22 2.19 (1.21-3.98) 0.010

260- 1,030 18 3.48 (1.86-6.52)  <0.001 2,248 17 2.82 {1.48-5.36) 0.002
LDL-C (mg/dl)

</20 4,680 27 1.00 (Referent) 8.050 22 1.00 (Referent)

120-139 3,542 23 1.24 (0.71-2.16) 0.456 8418 17 0.83 (0.44~1.57) 0.566

140-159 2,406 21 1.84 (1.03-3.26) 0.038 6,185 19 1.42 (0.77--2.64) 0.263

160-179 1.057 12 2.60 (1.31-5.17) 0.006 2,673 17 3.29 (1.74-6.23)  <0.001

180~ 648 17 6.58 (3.53-12.25) <0.001 1,564 17 5.78 (3.03-11.00} <0.00!
TG (mg/dl)

<100 1,521 11 1.00 (Referent) 6,337 18 1.00 (Referent)

100-149 3.663 22 0.84 (0.41-1.74) 0.634 10.444 32 0.98 (0.55-1.76) 0.946

150-199 3,127 33 1.51 (0.76-3.02) 0.243 5861 17 0.87 (0.44-1.71) 0.684

200-249 1,768 18 1.46 (0.68-3.15) 0.330 2,429 9 1.12 (0.50-2.53) 0.783

250- 2,494 21 1.24 (0.58-2.65) 0.572 1,921 17 2.62 (1.32-5.21) 0.006
HDL-C (mg/dl)

<40 2,198 36 1.00 (Referent) 1,758 10 1.00 (Referent)

40-44 2,133 23 0.64 (0.38-1.09) 0.099 2,794 17 1.12 (0.51-2.45) 0.776

4549 2,207 17 0.44 (0.25-0.80) 0.006 4,101 24 1.09 (0.52-2.28) 0.819

50-54 1,956 13 0.39 (0.21-0.74) 0.004 4,440 13 0.57 (0.25-1.30) 0.179

55-59 1,402 8 0.33 (0.15-0.72) 0.005 4053 13 0.66 (0.29-1.51) 0.324

60— 2,679 8 0.17 (0.08-0.36)  <0.001 9.867 16 0.33 (0.15-0.73) 0.006
LDL-C/HDL-C

<2.0 2,851 11 1.00 (Referent) 7.426 11 1.00 (Referent)

2.0-2.4 2,719 1 1.10 (0.48-2.55) 0.817 6,909 19 1.95 (0.92-4.10) 0.080

2.5-2.9 2,598 17 1.91 (0.89-4.10) 0.095 5,884 14 1.68 (0.76-3.72) 0.199

3.0-34 1,889 20 3.21 (1.53-6.74) 0.002 3,545 21 4.57 (2.19-9.54)  <0.00]

3.5-4.0 1.082 13 3.87 (1.72-8.72) 0.001 1,728 12 5.04 (2.21-11.49) <0.001

4.0~ 1,194 28 8.06 (3.95-16.44) <0.001 1,398 15 8.56 (3.88-18.88) <0.00!

RR, relative risk; CI, confidence interval. Other abbreviations see in Tuble 1.

@ Caronary events included acute myocardial infurction and sudden cardiac death. Adjustment for age, hypertension, diabetes mellitus, body mass index, ECG

abrormality, family history of CHD., cigarerte smoking, und alcohol use.

Table 3 Relative Risk of Coronary Events and Baseline Characteristics®

Men Women Heterogeneiry
N Evemr RR 95%CI p value N Event RR 95%CI p value pvalue”

Age (vears)

<55 6,281 49 1.00  (Referent) 6,137 8 1.00  (Referent) 0.008

55-59 2,182 14 074 (041-134) 0320 6,488 15 1.82  (0.774.29) 0174

60-64 2,164 17 087 (0.50-1.53) 0.627 7,412 29 3.02 (138-6.62) 0.006

265 1,948 25 142 (0.86-2.34) 0.168 7.276 41 411 (1.92-8.82) <0.001
Obesity® 4,621 40 0.99 (0.66-1.48) 0.956 8700 32 091 (0.59-1.40) 0.663 0.676
Hypertension'” 5705 68 215 (1.42-3.26) <0.001 12,511 62 205 (1.32-3.18) 0.00] 0.864
Diabetes mellins® 2,513 29 1.58 (1.03-2.43) 0.037 3,747 31 3.07 (1.994.74) <0.001 0.019
ECG abnormaliry!! 1681 26 1.86  (1.18-2.91) 0.007 3473 23 167  (1.04-2.70) 0.035 0.972
Fumily history of CHD® 637 10 200 (1.04-3.84) 0.038 1,289 13 334  (1.85-6.04) <0.00] 0.317
Cigarette smoking¥ 5506 52 146 (0.98-2.17) 0.063 1,105 9 294 (143-6.02) 0.003 0.148
Alcohol use® 9224 70 063 (041-0.96) 0.03] 2,337 6 061 (0.26-145) 0.266 0.933

Abbreviations see in Tubles 1,2.

@ Coronary events included acute myocardial infarction and sudden cardiac death. Adjustment for age, hypertension. diabetes mellitus, body inuss index, ECG
abnormality, family history of CHD., cigarette smoking, and alcohol use. ) Heterogeneiry between men and women, based on the likelihood ratio test. < Body
mass index 225 kg/m2 ' Systolic blood pressure 2160mmHg and/or diastolic blood pressure 295 mmHyg or medication for hypertension. < Fasting plasma
glucose 2140 mg/dl or medication. D Study physician’s diagnosis. *' Self-reported information.

tive association was more evident in men. The relative risk
for coronary events was substantially increased in patients
. with LDL-C/HDL-C 23.0 in both men and women.

The increase in the risk of coronary events for each
10mg/dl elevation of LDL-C concentration during the
treatment period was 18% (95% Cl 12-24%) in men and
21% (95% CI 15-27%) in women, and the decrease in CHD

risk associated with each 10mg/dl elevation of HDL-C
concentration was 39% in men and 33% in women. The
relationships of coronary events with baseline LDL-C and
HDL-C concentrations were also examined, but were much
weaker than those observed during the treatment period.
With each 10mg/dl elevation of LDL-C concentration at
baseline, the increase in the relative risk was 7% for men
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Figl. Estimated rates of coronary events accord-
ing to age in men and women with and without dia-
betes mellitus (DM). Incidence rates were calculated
from coronary heart disease (CHD) relative risks
and the proportion of patients in each age category,
for men and women separately, using Cox propor-
tional hazards model, in which adjustment was

0
<55  55-59 60-64 65-70 <55 55-59

and 9% for women and the decrease in risk with each
10 mg/dl elevation of HDL-C at baseline was 20% in both
men and women.

Patient Baseline Characteristics and Risk of Coronary
Events

The effect of age on the risk of coronary events was seen
in women, but not in men (Table3). Hypertension, DM,
ECG abnormalities and a family history of CHD were also
risk factors for coronary events in both men and women,
but increased risks associated with DM and a family his-
tory of CHD were more marked for women than for men;
the relative risk with DM was 1.58 in men and 3.07 in
women, and the corresponding values for a family history
of CHD were 2.00 in men and 3.34 in women. Obesity was
unrelated to coronary events in either men or women.
Although alcohol ingestion was protective in both men and
women to the same extent, cigarette smoking was more
strongly related to an increased risk of coronary events in
women.

Discussion

This report addresses the gender differences in the rela-
tionship of serum lipid concentrations and other risk factors
to CHD risk in Japanese patients under long-term treatment
for hypercholesterolemia. Although serum TC and LDL-C
concentrations were very similarly related to CHD risk in
men and women, there was a difference between men and
women in the relationship to serum TG and HDL-C con-
centrations. An inverse relationship of HDL-C to CHD risk
was seen in men and women, but the HDL-C concentration
showing a decreased risk of CHD differed by sex. The risk
was significantly decreased at HDL-C 245 mg/dl in men and
at HDL-C 260 mg/dl in women. The findings agree with
observations published in the United States and Europe?-
and further indicate that the criterion of “low HDL-C” must
be differential for men and women. An increased risk was
observed only in women with an extremely high concentra-
tion of TG (>250mg/dl). Interpretation of this finding is
difficult, and we do not have a clear idea about the implica-
tion of the present finding on serum TG.

In the present study, men did not show a clear increase in
the risk of coronary events with increasing age. whereas
there was a progressive increase in the risk with advancing
age in women. The latter finding could be a reflection of
the increase in serum TC and LDL-C concentrations with
increasing age after menopause. The lack of an increasing
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made for age, hypertension, DM, body mass index,
ECG abnormality, family history of CHD, cigarette

Age (years) smoking, and alcohol use.

trend in the association between age and coronary events in
men is an unexpected finding, and may have been due to
unknown characteristics of the male participants in the
present study.

Whereas DM was related to increased CHD risk in both
men and women, the increased risk was much greater in
women, as indicated by a statistically significant interaction
(p=0.019). These results did not change when further
adjusted for TC or LDL-C. However, the risk difference
between men and women for DM was not unique to the
J-LIT patients. In a meta-analysis of 10 prospective studies,
Lee et al showed that the effect of DM on the CHD risk
was greater in women than in men!* They showed that the
relative risk of coronary death for DM patients vs non-DM
patients was 2.58 (95% CI 2.05-3.26) in women and 1.85
(95%CI 1.47-2.33) in men (interaction p=0.045)!4 It was
further noted in a later study that DM diminished the
female advantage for lower CHD incidence!® That DM is a
stronger CHD risk factor in women may be related to the
lower concentrations of HDL-C. Walden suggested that
lower HDL-C concentrations in diabetic women as com-
pared with men might be relevant to a stronger association
between DM and CHD in women!6 In the present study,
mean HDL-C concentrations in female diabetic patients
were lower than those of non-diabetic patients (55.5 vs
57.5mg/dl, p<0.001), but there was no difference in the
HDL-C concentrations between the 2 groups in men (50.8
vs 51.3mg/dl, p=0.09). The relative risk for DM was un-
changed with adjustment for HDL-C. When the predicted
rates of CHD incidence according to age were examined in
men and women with and without DM (Fig 1), the increase
in CHD incidence with aging was augmented in the pres-
ence of DM. Notably, DM diminished the women’s advan-
tage of having a lower CHD incidence in older patients.

Both cigarette smoking and family history of CHD were
related to a greater increase in the risk of coronary events in
women than in men. These differential increases in men
and women may have been caused by random variation, as
indicated by the lack of statistical significance for the inter-
action. As regards the effect of cigarette smoking, some
studies suggest that smoking is a stronger risk factor in
women than in men2-!7 but others have failed to find such a
finding!8

Finally, the present study results indicated that hyperten-
sion was an important risk factor in men and women equal-
ly, and that alcohol ingestion was protective in both sexes.
These findings are in agreement with observations reported
elsewhere!9-2!
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In conclusion, the incidence of coronary events was 60%
lower in women than in men among the J-LIT participants.
Although the relationship of serum TC and LDL-C concen-
trations to coronary events was similar in men and women,
the HDL-C concentration associated with a decreased risk
of coronary events was slightly higher in women. DM was
a stronger risk factor in women, and traded off the women’s
advantage of having a lower risk of coronary events, espe-
cially in aged patients.
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