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N

phy. The structural features that are required for the inverse agonist
properties of some ARBs have been studied in constitutively active AT,
receptors that have an Asn!'! mutation. For example, the ternary
interactions between the hydroxyl group of the imidazole ring and
Tyr'?? of the ATy receptor and between the carboxyl group and Lys'®
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and His?® of the AT’y receptor were required for the inverse agonist
activity that olmesartan exerts on G'TPase-stimulating activity in a
constitutively active ATj-N111G mutant containing an Asn''! to Gly
mutation.” However, studies using substituted cysteine accessibility
mapping (SCAM) showed that conformation of the ATy reccptor
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Figure 1 Continued.

during stretch-induced activation is quite different from that of the
AT'-N111G receptor.”'? Transmembrane domain 7 (TM7) of the AT,
receptor undergoes a counterclockwise rotation and a shift toward the

activation. These results provide new insights into the structure-
function relationship of ATy receptor inverse agonists.

ligand-binding pocket in response to mechanical stretch,” but it shifts
away from the ligand-binding pocket in the AT}-N111G receptor.!?
In this study, we show that, as an inverse agonist, olmesartan
strongly inhibits the stretch-induced activation of the AT, receptor, as
well as the constitutive activity of the AT;-N111G receptor. In addition
to the ternary interactions involving the hydroxyl group and the
carboxyl group of the imidazole ring of olmesartan, a specific drug-
receptor interaction between the tetrazole group of olmesartan and

METHODS

Materials

Olmesartan and its derivatives (R-88145, R-90929 and R-239470) were synthe-
sized at the Research Laboratories of Daiichi Sankyo (Tokyo, Japan). The
chemical structures of these compounds are shown in Figures {a and 6b. Angll
was purchased from Sigma-Aldrich (St Louis, MO, USA).

Cell culture and transfection

Gln?% of the AT, receptor is also important for the potent inverse

' Cardiomyocytes obtained from ventricles of 1-day-old Wistar rats were plated
agonist activity olmesartan exerts against stretch-induced AT receptor

at a field density of 1x10° cells per emi? on collagen-coated silicone rubber
ty [3 8!
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Figure 1 The carboxyl group and the hydroxyl group are critical structural characteristics of olmesartan that lead to its insurmountable inhibition of
angiotensin |1 {AT)) receptors. (a) The chemical structures of olmesartan and its derivative compounds, R-239470 and R-90929, are shown. Olmesartan
contains a carboxyl group and a hydroxyl group on its benzimidazole ring. R-239470 has a non-acidic carbamoyl group (circled CONH2) instead of the
carboxyl group, and R-90929 has no hydroxyl group (circled). (b) Response curves of Angll-mediated extracellular signal-regulated protein kinase (ERK)
activation (upper panels). HEK293-AT; cells were pretreated with 107w olmesartan, R-239470 or R-90929, and stimulated by Angll at indicated
concentrations (lower panels). The activation of ERKs was determined using a polyclonal antibody against phosphorylated ERKs (p-ERKs). (¢) The inhibitory
effects of olmesartan and its derivative compounds, R-239470 and R-90929, on Angll-induced c-fos gene expression in HEK293 cells expressing the AT}
receptor were examined by northern blot analysis of c-fos mRNA. (d) The inhibitory effects of olmesartan and its derivative compounds, R-239470 and R-
90929, on Angli-induced c-fos gene expression in HEK293 cells expressing the AT, receptor were examined using a luciferase assay examining c-fos
promoter activation. *P«0.01 vs. that with no stimulation, *P<0.01 . that with Angil stimulation with no treatment, $P<0.05 vs. that with Angll
stimulation with olmesartan (10~7 m) treatment,

w
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dishes.% Cardiomyocytes and HEK293 cells were cultured in DMEM supple-
mented with 1086 fetal bovine serum and nutrient-starved under serum-free
conditions for 48 h before Angll or stretch stimulation, The expression vector
for AT)-WT and Al'j-mutant receptors? was transfected using FuGENE 6
“Iransfection Reagent (Roche Diagnostics, Basel, Switzerland) according to the
manufacturer’s instructions’

Western blot analysis

Total cellular proteins (20 ug) were fractionated by SD$-PAGE and transferred
to Hybond membranes (GE Healthcare, Piscataway, N}, USA). The blotted
membranes were incubated with a polyclonal antibody recognizing phaspho-
extracellular signal-regulated protein kinase 1/2 (ERK1/2) (Cell Signaling,
Beverly, MA, USA) or ERK1/2 (Zymed Laboratories, South San Francisco,
CA, USA). Horseradish peroxidase-conjugated anti-rabbit IgG (immunoglo-
bulin ) antibody was used as secondary antibody, and signals were detected
using the ECL detection kit (GE Healthcare).

RNA extraction and northern blot analysis

Total RNA was isolated from ATy receptor-transfected COS7 cells using an
RNeasy Mini Kit {Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions, and 20mg of total RNA was hybridized with a cDNA probe
for c-fos.

Luciferase assay

The c-fos luciferase reporter plasmid, with or without the expression vector for
the AT}-WT or AT-NILLG receptor, was transfected using FuGENE 6
Transfection Regent (Roche Diagnostics) according to the manufacturer’s
instructions. pRL-SV40 {Promega, Madison, W1, USA) was co-transfected as
an internal control. Luciferase activity was measured 24h after transfection
using the Dual-Luciferase Reporter Assay System (Promega). Experiments were
repeated at least in triplicate, and representative data are shown. The c-fos
luciferase reporter plasmid was a generous gift from Dr M ‘Isuda (Toyama
Medical and Phammaceutical University, Toyama, Japan).

Statistical analysis

Statistical analyses comparing three or more independent experiments were
carried out using one-way ANOVA (analysis of variance) and Dunnett’s s-test,
P-values <0.05 were considered statistically significant.

RESULTS

Inhibitory effects of olmesartan and its derivative compounds

on Angll-induced activation of the AT receptor

We first determined the inhibitory effects of olmesartan and its
derivative compounds, namely R-239470 and R-90929 (Figure la),
on Angll-induced ERK activation. As previously reported, stimulation
with Angl for 8 min induced a significant increase in the phosphor-
ylation level of ERKs in HEK293 cells expressing the AT, receptor
(Figure 1b).7 Pretreatment with 1077 M olmesartan strongly inhibited
ERK activation induced even by 107%m Angll. The concentration-
response curve of Angll-induced ERK activation in the presence of
olmesartan (107% to 10~%m) showed that olmesartan produced an
insurmountable inhibitory effect on the AT; receptor, because it
decreased the maximal response to Angll (Figure Lb). In contrast,
R-239470 and R-90929, which lack the carboxyl or hydroxyl group
possessed by olmesartan, respectively, showed surmountable inhibi-
toty effects and led to a rightward shift of the concentration~response
curve rather than a decrease in maximal response (Figure 1b),

We have further confirmed that these side-chain structures are
crucial for the insurmountable inhibitory effect olmesartan exerts on
Angll-induced c-fos gene expression, Stimulation with 107%n Angll
significantly increased the expression level of ¢-fos mRNA, which was
suppressed significantly by pretreatment with olmesartan but only
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partially by pretreatment with R-239470 or R-90929 (Figure lc).
Similarly, stimulation with 107%m Angll for 24h induced a 12-fold
increase in c-fos promoter activity, which was suppressed significantly
by pretreatment with olmesartan but only partially suppressed by
pretreatment with R-239470 or R-90929 (Figure 1d).

Collectively, these results suggest that the carboxyl group and the
hydroxyl group on the imidazole ring of olmesartan are required for
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Figure 2 The carboxyl group and the hydroxy! group are critical structures in
olmesartan’s inverse agonist activity that allow it to suppress basal c-fos
promoter activity. The basal activities of the AT;-N111G mutant receptor
were evaluated by a luciferase assay examining ¢-fos promoter activity in
HEK293 cells expressing AT{-N111G, Cells were treated with indicated
concentrations of olmesartan, R-239470 or R-90929. *P<0.01 vs. that of
pMT3-transfected cells, #*P<0.01 vs. that of untreated AT;-N111G-
transfected cells, #<0.05 vs. that of AT1-N111G-ransfected cells treated
with olmesartan (107 m). ATy, angiotensin 1l type 1.
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Figure 3 Comparison of the inverse agonist activities of olmesartan and
tosartan and their ability to suppress basal c-fos promoter activity. The basal
activities of the AT)-N111G mutant receptor were evaluated by a luciferase
assay examining c-fos promoter activity in HEK293 cells expressing ATi-
N111G. The inhibitory effect of 10-7m of olmesartan on basal c-fos
promoter activity was much stronger than the inhibitory effect exerted by
10-7m losartan. *P<0.01 vs. that of losartan. AT,, angiotensin il type 1.
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the insurmountable inhibition of Angll-induced activation of the AT,
receptor.

Inhibitory effects of olmesartan and its derivative compounds

on stretch-induced ERK activation

A recent study showed that olmesartan suppresses the basal production
of inositol phosphate (IP) in cells expressing W AT’y receptor (AT}

a Rat neonatal cardiomyocytes
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W) and a constitutively active mutant AT, receptor (Al}-N111G).? We
also found that basal c-fos promoter activity was suppressed by olme-
sartan in HEK293 cells expressing AT}-N111G (Figure 2). 'The inhibitory
effect of olmesartan on basal e-fos promoter activity was significantly
stronger than that of losartan (Figure 3), Olmesartan is therefore defined
as an inverse agonist of the ATy receptor because it decreases the basal
activity level of the receptor in the absence of the agonist.

olme- olme-
sartan R-239470 sartan R-239470
[ [ i) ] [
) ) 10"M107M10%M 105 -} () 10"M107M 10°M 10 M
P-ERKs | . W i G, iy 5
ERKs
-) Angll (-) Stretch
olme- olme-
sartan R-00929 sartan R-9092¢9
I I I —
) ) 107M 107M 10°M 105M () )107M 107M 10°M 105M
p-ERKs i por — — -
foo AL ] | . 1
) Angll {-) Stretch
b HEK293 cells expressing AT receptor
oline- olme-
sartan R-239470 sartan R-239470
| B e
) ) 107M 107M 10°M 105M () ) 107M 10"M 10°°M 105M
PERKS | . o~ e s
ERKs
L1 ]
-} Stretch
olme- olme-
sartan R-90929 sartan R-80929
pro T ——— -1 [ e
(B () 107M 107M 10°M 105M () Y 107M 107M 10°M 10°M
p-ERKs B .
ERKs
LI } L !
) Angll (-) Stretch

Figure 4 The carboxyl group and the hydroxyi group as critical structures for olmesartan's inverse agonist activity against stretch-induced ERK activation. Rat
neonatal cardiomyocytes (a) or HEK293-AT, cells (b) were pretreated with indicated concentrations of olmesartan, R-239470 or R-90929, and stimulated
by 107w Angll (left) or by mechanical stretch (right). The activation of extracellular signal-regulated protein kinase (ERKs) was then determined.

ATy, angiotensin |} type 1.
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We recently reported that mechanical stress activates the Al
receptor independently of Angll and that this Angll-independent
activation of A1) receptor is inhibited by the inverse agonist, cande-
sartan.® Therefore, we next cxamined the inhibitory effects of olme-
sartan on stretch-induced ERK activation in cardiomyocytes cultured
from neonatal rats. We found that the stretch-induced phosphoryla-
tion of ERKSs in cultured cardiomyocytes was largely dependent on the
direct activation of AT receptor and that Angll, even if secreted from
cardiomyocytes, had only a marginal role in the stretch-induced
activation of ERKs.® We found that the activation of ERKs in response
to mechanical stretch was significantly attenuated by a pretreatment
with 1077 M olmesartan (Figure 4a). Furthermore, to exclude the effect
of secreted Angll on stretch-induced ERK activation, we imposed
stretch stimulation on HEK293 cells that showed no detectable
expression of angiotensinogen.® Neither stimulation with Angll nor
mechanical stretch activated ERKs in HEK293 cells, but mechanical
stretching did activate ERKs in these cells when the ATy receptor was
overexpressed® (Figure 4b), Similar to the results in cardiomyocytes,
pretreatment with olmesartan significantly inhibited stretch-induced
ERK activation in HEK293 cells expressing the AT receptor (FHEK293-
ATy cells) (Figure 4b). Furthermore, the inhibitory effect of olmesar-
tan on stretch-induced ERK activation was significantly stronger than
that of losartan (Pigure 5). These results suggest that olmesartan, as a
potent inverse agonist, strongly suppresses stretch-induced ERK
activation, as well as the basal activity of the AT, receptor.

We further examined the inhibitory effects of R-239470 and
R-90929 on stretch-induced ERK activation, both in cardiomyocytes
and in HEK293-ATy cells, As shown in Figure 4, 1077 R-239470 or
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Figure 5 Comparison of the inverse agonist activities of olmesartan and
losartan against stretch-induced ERK activation. HEK293-AT; cells were
stimulated by mechanical stretch, and the activation of extraceflular signal-
regulated protein kinase (ERKs) was determined. The inhibitory effect of
107w olmesartan on stretch-induced ERK activation was much stronger
than that of 10-7 1 losartan, *P<0.01 vs. that of losartan. AT, angiotensin
il type 1.
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R-90929 could not inhibit ERK activation induced either by 1077 n
Angll or by mechanical stretch, although 1077 m olmesartan inhibited
BRK activation. Interestingly, Angll-induced ERK activation was
inhibited by 107%m R-239470 and 1075M R-90929, but stretch-
induced ERK activation was not inhibited by the same concentrations
of these compounds {Figure 4). These results suggest that the
carboxyl and the hydroxyl groups present in olmesartan are respon-
sible for the potent inverse agonist activity olmesartan exerts against
stretch-induced ERK activation. Similar to the results of experiments
evaluating stretch-induced ERK activation, 1075w R-239470 and
1076 M R-90929 failed to suppress basal c-fos promoter activity in
HEK293 cells expressing AT,-N11G (Figure 2).

Inhibitory effects of olmesartan on stretch-induced ERK activation
in mutated AT, receptors

Structure-function analyses have shown that ternary interactions
between the hydroxyl group of olmesartan and Tyr''* of the Al
receptor and between the carboxyl group of olmesartan and Lys'®
and His?® of the AT, receptor are essential for the inverse agonist
activity that olmesartan exerts on basal IP production in both AL}
WT and AT}-N111G receptors.” The tetrazole group of olmesartan
also interacts with GIn?7 of the AT receptor, but its binding is not
required to reduce the basal activity level of the AT, receptor.” We first
examined the effect of olmesartan on stretch-induced ERK activation
in HEK293 cells overexpressing AT -WT or an Al mutant receptor
harboring one of the following mutations: Y113F, K199Q, H256A or
Q257A. As shown in Figure 6a, mechanical stretch-induced phosphor-
ylation of ERKs occurred in Al'-Y113E AT-K199Q, AT'j-H256A and
AT-Q257A cells in degrees equivalent to AT-WT cells. Interestingly,
the inhibitory effects of olmesartan on stretch-induced ERK activation
were abolished in cells expressing AT{-Y113F AT,-K199Q, AT;-
H256A or AT{-Q257A (Figure 6a). These results suggest that the
interactions between olmesartan and GIn?, Tyr'3, Lys!% and His?%
are required for the potent inverse agonism olmesartan exerts on
stretch-induced activation of the AT, receptor.

As the tetrazole ring of olmesartan interacts with Gln? of the AT,
receptor,9 we next examined the inhibitory effect that R-88145 (in
which the tetrazole group was replaced with a carboxyl group,
Figure 6b) had on stretch-induced ERK activation in HEK293 cells
overexpressing AT1-WT. Although 1077 R-88145 did not inhibit
ERK activation induced by 1077y Angll, 1075m R-88145 could
inhibit BRK activation to an extent equivalent to 1077 M olmesartan
(Figure 6¢c). However, stretch-induced ERK activation was not sig-
nificantly inhibited by 1075M R-88145 (Figure 6c). These results
suggest that the interaction between the tetrazole group of olmesartan
and GIn®7 of the ATy receptor is also responsible for the potent
inverse agonist activity olmesartan exerts against stretch-induced ERK
activation,

DISCUSSION

The ARBs share a common mode of action, namely they block Angli-
mediated responses, but the antihypertensive potency of ARBs differs
by drug.2* Indeed, the pharmacokinetics of ARBs in human bodies,
specifically factors such as bioavailability, half-life duration and route
of elimination, differ considerably between different ARBs. These
different degrees of efficacy possessed by ARBs are based on differences
in their chemical structures, which determine their unique pharma-
cological properties. Insurmountable antagonism is one of the phar-
macological parameters that is relevant to antihypertensive efficacy.!!
insurmountable antagonism reflects tight binding and a slow disso-
ciation of the drug-receptor complex. ARBs with insurmountable



antagonist properties suppress maximal Angll-induced responses.!!
Recently, it was reported that olmesartan showed a higher degree of
insurmountable antagonism than did telmisartan against Angll-
induced 1P accumulation in CHO-K1 cells expressing the AT} recep-
tor.'? In this study, we showed that olmesartan shows insurmountable
antagonist activity against the AT} receptor and that the carboxyl and
hydroxyl groups on the imidazole ring are required for the insur-
mountable inhibition of Angll-induced ERK activation and c-fos gene
expression (Figure 1).

The unique side-chain structure olmesartan possesses (its carboxyl
group and hydroxyl group) contributes to its specific receptor-binding
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activity., These drug—receptor interactions cooperate to stabilize the
receptor in an inactive conformation and thereby confer inverse
agonism against the basal expression of the c-fos gene (Figure 2)
and the basal production of IP? in cells expressing the AT}-N111G
receptor, as well as insurmountable antagonism. The inverse agonist
activities that ARBs exert against the constitutive activity of the AT,
receptor could be an important pharmacological parameter that may
be relevant to their efficacy at blood pressure lowering and in
preventing end-organ damage. Although it remains unclear whether
the subtle constitutive activity of the native Al receptor has a
pathophysiological role, the enhancement of its constitutive activity
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Figure 6 Specific drug-receptor interactions are required for olmesartan’s inverse agonist activity against stretch-induced extracellular signal-regulated
protein kinase (ERK) activation. (a) HEK293 cells expressing AT;-WT, -Y113F, -K199Q, -H256A or -Q257A mutant receptors were pretreated with 10-7m
olmesartan and stimulated by mechanical stretch. The activation of ERKs was then determined. *P<0.01 vs. that of wild-type AT}-WT. (b} The chemical
structures of olmesartan and R-88145, which has a carboxy! group (circled COOH) instead of a tetrazole group. (¢) HEK293-AT, cells were pretreated with
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then determined. AT,, angiotensin {f type 1.
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through upregulation of receptor expression may promote cardiovas-
cular remodeling. Indeed, the expression level of the AT receptor in
vascular cells is upregulated by low-density lipoprotein cholesterol,”
insulin, ™ glucose,' progesterone!® and inflammatory cytokines, such
as interleukin-1o. or interleukin-6.'" Analyses of the binding affinity
of olmesartan for mutant AT} receptors as well as molecular modeling
analyses indicated that the ternary interactions between the hydroxyl
group and ‘yr''® and between the carboxyl group and Lys'*® and
1is®® are critical to the inverse agonist properties of olmesartan, but
that the interaction between the tetrazole group and GIn®¥ is
dispensable.? Interestingly, differential interactions between valsartan
and Ser'®%, and between Ser'® and Lys!®, are crucial for producing
inverse agonism.!” It has therefore been proposed that ARBs may bind
to the ATy receptor primarily by docking at Lys'®® and subsequently
through a distinct combination of drug-receptor interactions in a
drug-specific manner.! According to this model, the spatial pattern of
drug-receptor contact points will determine the potency of the inverse
agonist activity of a given ARB.

We recently showed that mechanical stretching of cells induces a
counterclockwise rotation and a shift of 'TM7 of the AT receptor
toward the ligand-binding pocket.” However, TM7 shifts away from
the ligand-binding pocket in the AT;-N111G receptor,'® implying that
the conformation of AT} receptor during stretch-induced activation is
different from that of the constitutively active ATy receptor. In general,
GPCRs are structurally flexible and unstable, and multiple conforma-
tional states exist during the GPCR activation process.2®-22 In this
study, we showed that, aside from the ternary drug-receptor interac-
tions involving the hydroxyl and carboxyl groups of olmesartan, an
additional interaction between the tetrazole group of olmesartan and
GIn®7 of the Al'y receptor is required for its potent inverse agonism
against stretch-induced AT receptor activation (Figures 4 and 6).
Each of the quaternary interactions involving the hydroxyl group,
carboxyl group and tetrazole group contributes to a tight drug-
receptor binding,” but is not sufficient enough to produce a potent
inverse agonism against stretch-induced AT’y receptor activation, Thus,
the quaternary drug—receptor interactions work together to stabilize
the receptor in an inactive conformation, even under conditions in
which mechanical stretching occurs.

With regard to candesartan, the carboxyl group on the benzimida-
zole ring is responsible for its inverse agonism and leads to the
suppression of both the constitutive activity and the mechanical
stress-induced activation of the ATy receptor” The SCAM studies
showed that the binding of the carboxyl group of candesartan to
GIn®” of TM6 and Thi®™ of TM7 forcibly induces a clockwise
rotation of M6 and T'M7, and leads to the stabilization of the ATy
receptor in an inactive conformation.” At present, it remains unclear
how the helical movement of TM7 induced by mechanical stretch is
affected by the presence of olmesartan. According to molecular
modeling, The®7 of 'I'M7 is located in a position that would allow
it to form a hydrogen bond with His?>% of TM6.” We assume that the
helical movements of TM6 and 'TM7 are coupled and that TM7 may
be restricted in motion when TM6 is rigidly bound to olmesartan
through the dual interactions between the carboxyl group and His®®
and between the tetrazole group of olmesartan and Gln??,

Our study shows that olmesartan strongly inhibits both Angll-
dependent and Angll-independent activation of the AT} receptor
‘Ternary drug-—receptor interactions between the hydroxyl group and
Tyr!’3 and between the carboxyl group and Lys'® and His®® are
crucial for olmesartan’s inverse agonist activity against the constitutive
activity of an AT, mutant receptor, A1,-N111G. In addition, a drug-
receptor interaction bebween the tetrazole group of olmesartan and
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GIn®7 of the Al receptor is required for potent inverse agonism
against stretch-induced AT receptor activation. These results suggest
that multivalent drug-receptor interactions cooperate in combination
to stabilize the receptor in an inactive conformation according to the
distinct processes of receptor activation. The inverse agonist activity of
ARBs has therapeutic benefits in the prevention of load-induced
cardiac hypertrophy,® and thus has the potential to affect long-term
outcomes in patients with hypertension. Elucidation of the molecular
basis for the inverse agonist activity of ARBs in relation to their
chemical structure will help to categorize ARBs according to their
individual efficacies in receptor inactivation and will also help
researchers to develop novel ARBs with superl efficacy in terms of
blood pressure lowering and end-organ protection.
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Doxorubicin is known to have cumulative dose-dependent cardiotoxicity, and a tumor suppressor protein
p53 has been implicated in the pathogenesis of doxorubicin cardiotoxicity. However, how p53 is induced by
doxorubicin and mediates the cardiotoxic effects of doxorubicin remains elusive. In cultured cardiac
myocytes, doxorubicin induced oxidative stress, DNA damage, ATM activation, and p53 induction. A free
radical scavenger NAC attenuated all of these events, whereas an ATM kinase inhibitor wortmannin
attenuated doxorubicin-induced ATM activation and p53 induction but not oxidative stress. Doxorubicin
Doxorubicin treatment in vivo also induced oxidative stress, DNA damage, ATM activation, and p53 accumulation. These
Cardiomyopathy observations suggest that p53 induction by doxorubicin is mediated by oxidative DNA damage-ATM
p53 pathway. Doxorubicin-induced contractile dysfunction and myocyte apoptosis in vivo were attenuated in
Apoptosis heterozygous p53 deficient mice and cardiac-restricted Bcl-2 transgenic mice, suggesting that myocyte
Statins apoptosis plays a central role downstream of p53 in doxorubicin cardiotoxicity, We also tested whether
pitavastatin exerts protective effects on doxorubicin cardiotoxicity. Pitavastatin attenuated doxorubicin-
induced oxidative stress, DNA damage, ATM activation, p53 accumulation, and apoptosis in vitro, Pitavastatin
also attenuated myocyte apoptosis and contractile dysfunction in vivo. The beneficial effects of pitavastatin
were reversed by intermediate products of the mevalonate pathway that are required for the activation of
Racl, and Racl inhibitor exhibited cardioprotective effects comparable to those of pitavastatin. These data
collectively suggest that doxorubicin-induced cardiotoxicity is mediated by oxidative DNA damage-ATM-

p53-apoptosis pathway, and is attenuated by pitavastatin through its antioxidant effect involving Racl
inhibition.
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1. Introduction doxorubicin induces p53 accumulation in the heart and that either

pharmacological or genetic ablation of p53 results in the attenuation
of cardiotoxicity following doxorubicin treatment [5,6]. However,
how p53 is activated in the heart by doxorubicin or how p53 mediates
the cardiotoxic effects of doxorubicin remains elusive. Although
myocyte apoptosis induced by doxorubicin was attenuated by p53
ablation [5,6], this does not directly demonstrate the causative role of
cardiomyocyte apoptosis in doxorubicin-mediated cardiotoxicity. It
was recently shown that p53 inhibits hypoxia-inducible factor-1
(Hif-1) and thereby promotes myocardial ischemia [7]. More recently,
p53-dependent inhibition of mammalian target of rapamycin (mTOR)
was proposed as a mechanism of acute doxorubicin cardiotoxicity
independently of p53-induced apoptosis [8]. Thus, it is possible that
p53-dependent but apoptosis-independent mechanisms also contrib-

Doxorubicin is a potent chemotherapeutic agent used for a wide
variety of malignancies. However, the use of doxorubicin is limited
due to its cumulative dose-dependent cardiotoxicity, which some-
times results in doxorubicin cardiomyopathy [1,2]. Although the
precise mechanism of doxorubicin-induced cardiotoxicity is not
completely understood, oxidative stress has been proposed as one
of the mechanisms of cardiotoxicity by doxorubicin. Acute or chronic
doxorubicin cardiotoxicity is reduced in transgenic mice overexpres-
sing mitochondrial MnSOD or cysteine-rich metallothioneins, respec-
tively [3,4], supporting the idea that oxidative stress mediates
doxorubicin cardiotoxicity. It has also been suggested that a tumor
suppressor protein p53 is a critical mediator of doxorubicin

cardiotoxicity. This notion is supported by the observation that
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ute to the pathogenesis of doxorubicin cardiotoxicity.

The 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase inhibi-
tors or statins are widely used as a cholesterol lowering drug, and also
known to be cardioprotective through lipid lowering-independent
pleiotropic effects {9]. For instance, statin treatment protects against
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stroke, ischemia-reperfusion injury, cardiac hypertrophy, and heart
failure in normocholesterolemic animals [10-13]. Most of these pleio-
tropic effects are thought to be mediated by inhibiting the synthesis of
isoprenoid intermediates such as farnesy! pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP) downstream of the mevalonate
pathway [9]. FPP and GGPP serve as lipid attachments for the post-
translational modifications of a variety of proteins including small G
proteins. Of note, activation of NADPH oxidase requires geranylge-
ranylation of Rac1 {14}, and it was shown that the protective effect of
statins against cardiac hypertrophy is mediated by its antioxidant effects
involving the inhibition of Racl activity [12]. Whether statins exert
protective effects against doxorubicin cardiotoxicity by similar mecha-
nisms remains unknown.

In this study we explored how p53 accumulation is induced by
doxorubicin and how p53 mediates the cardiotoxic effects of doxoru-
bicin. We also examined the potential mechanisms of cardioprotection
by statins against doxorubicin. We show that doxorubicin cardiotoxicity
is mediated by oxidative DNA damage-ATM-p53-apoptosis pathway
and attenuated by pitavastatin through the inhibition of Rac1 activity.

2. Materials and methods
2.1. Reagents

Doxorubicin was from Kyowa Hakko Kogyo (Tokyo, fapan).
N-acetyl-.-cysteine (NAC), mevalonolactone, farnesyl pyrophosphate
(FPP), geranylgeranyl pyrophosphate (GGPP), NADPH, and lucigenin
were from Sigma (St. Louis, Missouri), Wortmannin, farnesyltransfer-
ase inhibitor (FTI (FTI-276)), geranylgeranyl transferase inhibitor (GTI
(GT1-286)), Racl inhibitor (NSC23766), and apocynin were from
Calbiochem (San Diego, California). Dihydroethidium (DHE) and 5-
(and-6)-chloromethyl-2‘, 7’-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA) were from Molecular Probes (Eugene,
Oregon). Hydrogen peroxide (H,0;) was from Wako (Osaka, Japan).
Pitavastatin was provided by Kowa (Tokyo, Japan).

2.2. Cell culture and treatment

Neonatal rat cardiomyocytes were prepared as previously des-
cribed {15]. Doxorubicin (1 pM) was added to culture media 24 h after
myocyte preparation. Where indicated, cells were pretreated for
30 min with the following compounds: wortmannin, 1-50 pM; NAC,
1-50 uM; pitavastatin, 0.1-10 pM; mevalonate, 200 puM; GGPP, 10 pM;
FPP, 10 pM; GTI, 30 puM; FT1, 20 nM; Rac1 inhibitor, 100 uM.

2.3. Animal models

C57BL/6 mice were purchased from SLC (Shizuoka, Japan). Hetero-
zygous p53 deficient mice on C57BL/6 background were from Jackson
Laboratory (Bar Harbar, Maine). For experiments using p53 heterozy-
gous knockout mice, C57BL/6 mice were used as controls, Generation
and genotyping of transgenic mice with cardiac-restricted overexpres-
sion of human Bcl-2 have been previously described [16]. Bcl-2
transgenic mice were on mixed background and their non-transgenic
littermates were used as controls. Doxorubicin treatment was per-
formed with intraperitoneal injection of doxorubicin (6 mg/kg) once a
week for 4 weeks. Pitavastatin (3 mg/kg) treatment was performed
with daily oral administration. All animal procedures were performed
with the approval of the Institutional Animal Care and Use Committee of
Chiba University.

2.4. Echocardiography
Transthoracic echocardiography was performed with Vevo 660

(VISUAL SONIC, Ontario, Canada) equipped with a 25-MHz imaging
transducer. All recordings were performed on conscious animals.
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2.5, Oxidative stress detection

Totalintracellular oxidation in cultured cardiomyocytes was assessed
with 2/, 7'-dichlorofluorescein (DCF) fluorescence using CM-H2DCFDA.
Intracellular oxidative stress was monitored by microscopic observa-
tion and measurement of intracellular fluorescence intensity using the
Mithras LB940 (Berthold, Germany) as previously described [17],
Measuremnents were carried out for 5 samples in each group according
to the manufacturer's instruction. Histological detection of superoxide
production was assessed with DHE as previously described 18],

2.6. DNA damage detection

To assess DNA damage in cultured cardiomyocytes, CometAssay
(Trevigen, Gaithersburg, MD, USA) was performed according to the
manufacturer's instruction. During electrophoresis, undamaged DNA
remains within the confines of the nucleus, whereas damaged DNA
migrates out of the nucleus in the shape of a comet. Each comet was
assigned a value of 0 (no tail) to 4 (almost all DNA in tail), and 100
cells per slide and 3 slides per treatment were analyzed. To assess
DNA damage in the heart in vivo, paraffin sections of the heart
samples fixed in 10% formalin were stained with an antibody against
phosphorylated histone H2AX (yH2AX) (Cell Signaling Technology,
Beverly, Massachusetts) and dystrophin (Novocastra Laboratories,
Newcastle, UK).

2.7. Western blot analysis

Western blot analysis was performed as previously described {7].
Unless mentioned otherwise, whole cell or tissue lysates were used for
analysis. For Rac1 subcellular localization assay, membrane and cytosolic
proteins were prepared using proteoextract native membrane protein
extraction kit (Calbiochem) according to the manufacturer's instruction.
Specific signals were detected using enhanced chemiluminescence
(Amersham, Buckinghamshire, UK). The primary antibodies used for
western blotting were as follows: phospho-ATM (51981) (Rockland,
Philadelphia, Pennsylvania), ATM (Santa Cruz Biotechnology), phosho-
p53 (S15) (Santa Cruz Biotechnology), p53 (Cell Signaling Technology),
Bax (Santa Cruz Biotechnology), cleaved caspase-3 (Cell Signaling
Technelogy), Rac1 (Santa Cruz Biotechnology), and actin (Sigma).

2.8. NADPH oxidase assay

NADPH oxidase activity was measured as previously described
[19]. All measurements were performed as triplicates in 96-well
luminometer plates.

2.9, Cell death assay

The number of viable cells in vitro was determined with trypan
blue exclusion method [20]. For apoptosis analysis in vitro and in
vivo, TUNEL labeling was performed according to the manufac-
turer's protocol (In Situ Apoptosis Detection Kit; Takara, Shiga,
Japan). TUNEL-positive cells were counted in 3 randomly selected
low-power fields from each culture dish, 3 dishes for each group in
vitro. TUNEL/dystrophin double positive cells were counted in 20
randomly selected high-power fields from each heart sample in
vivo,

2.10. Statistical analysis

All values are expressed as means  SEM, Multiple group compa-
rison was performed by one-way ANOVA followed by the Tukey's
HSD for comparison of means. Comparisons between two groups
were analyzed by two-way ANOVA. Data processing and analysis
were performed by using JMP version 5.1 (Statical Analysis
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Fig. 2. Doxorubicin induces oxidative DNA damage, ATM kinase activation, and p53 accumulation in the heart in vivo. (A) Doxorubicin-induced oxidative stress in vivo. Oxidative
stress was assessed by DHE assay. (B) Doxorubicin-induced DNA damage in vivo. DNA damage was assessed by yYH2AX staining. (C) Doxorubicin-induced ATM activation, p53
accumulation, and cardiomyocyte apoptosis in vivo. Left: Western blot analysis. Molecular weight of Bcl2 is 26 kDa. Right: quantification of Bax/Bcl2 ratio. *P<0.05 vs 0 h, (D)
Doxorubicin-induced cardiomyocyte apoptosis as assessed by TUNEL staining. Left: double-immunostaining for TUNEL (brown) and dystrophin (red) in the heart after doxorubicin
treatment. Scale bar, 100 pum. Right: time course of the number of TUNEL-positive cardiomyocytes. *P<0.05 vs 0 h.

Systems). Values of P<0.05 were considered to be statistically links oxidative stress to p53 accumulation [21,22], we tested

significant. whether DNA damage response mediates doxorubicin cardiotoxi-
city in cultured cardiac myocytes. Doxorubicin treatment induced

3. Results oxidative stress and DNA damage in cardiac myocytes, as
assessed by DCF fluorescence and CometAssay. Statistically

3.1. Doxorubicin induces p53 accumulation in cardiac myocytes via significant increase in DCF fluorescence and DNA damage was
oxidative DNA damage-ATM pathway observed from 4 h and 8 h after doxorubicin treatment,
respectively (Figs. 1(A) and (B)). Increased oxidative stress and

Previous studies implicated oxidative stress and p53 accumu- DNA damage was associated with an increase in phospho-ATM

lation in doxorubicin cardiotoxicity [1,2]. Because DNA damage (ataxia telangiectasia mutated) levels, p53 accumulation, and

Fig. 1. Doxorubicin induces p53 accumulation in cardiac myocytes through oxidative DNA damage-ATM pathway. (A) Doxorubicin-induced oxidative stress. Top: DCF fluorescence.
Bottom: quantification of DCF fluorescence. *P<0.05 vs 0 h. (B) Doxorubicin-induced DNA damage as assessed by CometAssay. Top: classification of comets from 0 (no tail) to 4 (almost all
DNA in tail). Middle: representative pictures of CometAssay at indicated time points. Bottom: time course of visual scores, White columns and black columns represent control (saline-
treated) group and doxorubicin-treated group, respectively. *P<0.,05 vs control group at 0 h; “P<0.05 vs control group at the same time points. (C) Doxorubicin-induced ATM activation,
p53 accumulation, and cardiomyocyte apoptosis as assessed by Western blot analysis. cCasp-3, cleaved caspase-3. Molecular weights of the proteins are 370 kDa for pATM/ATM, 53 kDa for
p-p53/p53, 23 kDa for Bax, 19 kDa for cleaved caspase-3, and 42 kDa for actin. (D) Doxorubicin-induced cardiomyocyte death. Top: trypan blue exclusion assay. White columns and black
columns represent control (saline-treated) group and doxorubicin-treated group, respectively. *P<0.05 vs control group at 0 h; *P<0.05 vs control group at the same time points. Bottom:
TUNEL assay. White columns and black columns represent control (saline-treated) group and doxorubicin-treated group, respectively. *P<0.05 vs control group at 0 h; *P<0.05 vs control
group at the same time points, (E) NAC but not wortmannin attenuates doxorubicin-induced oxidative stress. Top: DCF fluorescence, Bottom: quantification of DCF fluorescence. *P<0.05

vs 0 h. (F) Both NAC and wortmannin attenuates doxorubicin-induced ATM activation and p53 accumulation. DCF fluorescence, ATM, and phospho-p53 were assessed 12 h,4 h, and 12 h
after doxorubicin treatment, respectively. Wort, wortmannin.
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apoptotic cell death (Figs. 1(C) and (D)). Definitive increases in
phospho-ATM and phospho-p53 were observed from 4 h after
doxorubicin treatment, followed by cleaved Caspase-3 expression
and apoptotic cell death from 8 h after doxorubicin treatment.
This is consistent with the notion that p53 phosphorylation by
ATM results in p53 stabilization, leading to apoptotic cell death.
Doxorubicin-induced oxidative stress was attenuated by a free
radical scavenger NAC but not by an ATM kinase inhibitor
wortmannin, whereas doxorubicin-induced p53 accumulation was
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reduced both by NAC and wortmannin (Figs. 1(E) and (F)),
indicating that ATM is situated downstream of oxidative stress in
doxorubicin-induced p53 accumulation. We also checked the
involvement of oxidative DNA damage-ATM pathway in doxoru-
bicin cardiotoxicity in vivo. Single intra-peritoneal injection of
doxorubicin (6 mg/kg) induced oxidative stress and DNA damage
as assessed by DHE assay and yH2AX staining, respectively (Figs.
2(A) and (B)). Doxorubicin-induced oxidative stress and DNA
damage in the heart were associated with a transient increase in
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Fig. 3. Doxorubicin cardiotoxicity is mediated by p53-dependent cardiomyocyte apoptosis. (A) Doxorubicin-induced cardiomyopathy in wild type mice. Top: representative
echocardiograms of the heart treated with normal saline (NS) or doxorubicin (Dox: 6 mg/kg) once a week for 4 weeks, Bottom left: left ventricular fractional shortening of mice treated
with normal saline {white columns) or doxorubicin (black columns). ¥P<0,05 vs 0 week; *P<0.05 vs normal saline-treated group at the same time point. Bottom right: number of TUNEL-
positive cardiomyocytes 4 weeks after doxorubicin treatment. *P<0.05 vs normal saline (NS)-treated group. (B) Doxorubicin-induced cardiomyopathy is attenuated in heterozygous
p53 deficient mice. Left: left ventricular fractional shortening of mice treated with normal saline (NS) or doxorubicin (Dox). Right: number of TUNEL-positive cardiomyocytes 4 weeks
after doxorubicin treatment. *P<0.05 vs saline-treated wild type mice; #P<0.05 vs doxorubicin-treated wild type mice. (C) Doxorubicin-induced cardiomyapathy is attenuated in
cardiac-specific Bcl-2 transgenic mice. Left: left ventricular fractional shortening of mice treated with normal saline (NS} or doxorubicin (Dox). Right: number of TUNEL-positive
cardiomyocytes 4 weeks after doxorubicin treatment, *P<0.05 vs saline-treated wild type mice; *P<0.05 vs doxorubicin-treated wild type mice,
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phospho-ATM levels, p53 accumulation (Fig. 2(C)), and apoptotic
cell death of myocytes as assessed by Bax/Bcl2 ratio and the
number of TUNEL-positive cells (Figs. 2(C) and (D)). These data
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collectively suggest that doxorubicin treatment induces p53
accumulation via oxidative DNA damage-ATM pathway in cardiac
myocytes.
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membrane. Molecular weight of Racl is 22 kDa.
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3.2, Doxorubicin cardiotoxicity is mediated by p53-dependent
cardiomyocyte apoptosis

We next examined the role of p53-dependent cardiomyocyte
apoptosis in doxorubicin-induced cardiotoxicity in vivo. After chronic
doxorubicin treatment, contractile function was impaired and
apoptotic cardiomyocyte death was increased compared with vehicle
treatment group in wild type mice (Fig. 3(A)). The deleterious effects
of doxorubicin were attenuated in p53 heterozygous knockout mice,
suggesting that p53 accumulation plays a causal role in doxorubicin
cardiotoxicity (Fig. 3(B)). p53-induced cardiomyocyte apoptosis,
myocardial ischemia, and mTOR inhibition have been implicated in
the pathogenesis of various forms of heart failure {1,2,7,8]. However,
doxorubicin cardiotoxicity was attenuated by cardiac-specific over-
expression of anti-apoptotic protein Bcl-2 (Fig. 3(C)), whereas myo-
cardial vessel density or myocyte size was not altered by chronic
doxorubicin treatment (data not shown). Thus, doxorubicin cardio-
toxicity is mediated by p53-dependent cardiomyocyte apoptosis.

3.3, Pitavastatin attenuates doxorubicin cardiotoxicity through its
antioxidant effect involving Racl inhibition

Because oxidative stress is a critical inducer of p53 accumulation in
the heart by doxorubicin and statins have been shown to have
antioxidant effects, we examined whether pitavastatin exerts protective
effects on doxorubicin cardiotoxicity. Pretreatment with pitavastatin
attenuated doxorubicin-induced oxidative stress, ATM phosphoryla-
tion, p53 accumulation, and cardiomyocyte death (Figs. 4(A) and (B)).
Statins are known to exert their lipid lowering-independent effects by
inhibiting the synthesis of isoprenoids that are critical for posttransla-
tional modification of a variety of proteins [9]. We therefore tested
whether pitavastatin attenuates doxorubicin cardiotoxicity through the
inhibition of mevalonate-dependent posttranslational protein modifi-
cations. Pretreatment with mevalonate, FPP, or GGPP reversed the
beneficial effects of pitavastatin on doxorubicin-induced oxidative
stress and p53 accumulation (Fig. 4(C)). Likewise, GTi but not FTI
reduced doxorubicin-induced oxidative stress and p53 accumulation
(Fig. 4(D)), suggesting that the inhibition of protein geranylgeranylation
mediates the cardioprotective effects of pitavastatin. Because Racl is a
major regulator of NADPH oxidase activity and activated by geranylger-
anylation but not by farnesylation [14}, we next examined the possible
involvement of Rac1 in pitavastatin-mediated protective effects against
doxorubicin, Indeed, treatment with a Rac1 inhibitor also attenuated
doxorubicin-induced oxidative stress and p53 accumulation to the
extent comparable with those of pitavastatin and GTI (Fig. 4(D)). Finally,
treatment with pitavastatin significantly attenuated chronic doxorubi-
cin treatment-induced cardiomyocyte apoptosis and contractile dys-
function in vivo (Fig. 4(E)), which is consistent with a recent report by
others [23]. In cultured myocytes, doxorunbicin augmented NADPH
oxidase activity, which was attenuated both by a NADPH oxidase
assembly inhibitor (apocynin) and a Rac1 inhibitor (Fig. 4(F)). Further-
more, pitavastatin attenuated Rac1 activity as assessed by subcellular
localization (Fig. 4(G)). These results collectively suggest that pitavas-
tatin attenuates doxorubicin cardiotoxicity through its antioxidant
effect involving Rac1 inhibition.

4, Discussion

4.1. Doxorubicin induces p53 accumulation in cardiac myocytes through
oxidative DNA damage-ATM pathway

Several lines of evidence suggest that oxidative stress and p53
accumulation are involved in doxorubicin-induced cardiotoxicity
[1,2]. Consistent with this notion, doxorubicin treatment induced
oxidative stress and p53 accumulation both in vitro and in vivo, and
reduction of oxidative stress by NAC treatment reduced doxorubicin-
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induced p53 accumulation in vitro. Because DNA damage is induced
by doxorubicin and is a potent inducer of p53 in other cell types [21],
we examined whether DNA damage mediates doxorubicin-induced
p53 accumulation in cardiac myocytes. Indeed, doxorubicin treatrent
induced DNA damage and ATM activation, and an ATM kinase
inhibitor wortmannin reduced p53 accumulation induced by doxo-
rubicin. These findings are consistent with the notion that ATM
activated by DNA damage phosphorylates and stabilizes p53 protein,
and suggest that doxorubicin induces p53 accumulation via oxidative
DNA damage-ATM pathway, However, it should be noted that p53
accumulation is not completely inhibited by treatment with NAC or
wortmannin. It was also reported that the cardioprotective effects of
antioxidants are not very remarkable in human clinical trials [24].
Thus, oxidative stress-independent mechanisms may aiso play a role
in doxorubicin-induced p53 accumulation.

4.2, Chronic doxorubicin cardiotoxicity is mediated by p53-dependent
cardiomyocyte apoptosis

Previous studies have shown that doxorubicin treatment induces
p53 accumulation in the heart, and reduction of p53 activity attenuates
deleterious effects of doxorubicin [5,6], suggesting that p53 plays a
causal role in doxorubicin cardiotoxicity. Because doxorubicin-induced
myocyte apoptosis was reduced by the inhibition of p53 activity, p53-
dependent cardiomyocyte apoptosis has been thought to play a crucial
role in doxorubicin cardiotoxicity. However, we have recently shown
that p53 inhibits the action of hypexia-inducible factor-1 (Hif-1) and
Hif-1-dependent coronary angiogenesis in the heart under chronic
pressure overload, leading to contractile dysfunction [7]. More recently,
it was shown that p53-induced inhibition of mTOR activity mediates
acute doxorubicin cardiotoxicity independently of cardiomyocyte
apoptosis [8]. These results suggest that p53-dependent but apopto-
sis-independent mechanisms may be involved in the pathogenesis of
doxorubicin cardiotoxicity. We therefore re-evaluated the role of car-
diomyocyte apoptosis in doxorubicin cardiotoxicity using transgenic
mice in which cardiomyocyte apoptosis is inhibited by the over-
expression of Bcl-2 in the heart, and found that inhibition of myocardial
apoptosis significantly improved contractile dysfunction induced by
chronic doxorubicin treatment. We also found that doxorubicin
treatment did not result in myocardial hypoxia or reduction in myocyte
size. Thus, we conclude that chronic doxorubicin cardiotoxicity is
mediated by p53-dependent cardiomyocyte apoptosis. These data
collectively suggest that, although both acute and chronic doxorubicin
cardiotoxicity are mediated by p53, the downstream effectors of p53 in
these two situations may be partly distinct, This notion is supported by a
transcriptome analysis of acute and chronic doxorubicin cardiotoxicity,
in which a different set of genes were up- or down-regulated in the heart
after acute and chronic doxorubicin treatment, respectively [25]. It
should also be noted that in tumor cell lines, DNA damage induces both
p53-dependent and p53-independent apoptosis [26]. Whether DNA
damage-dependent p53-independent apoptosis plays a role in doxoru-
bicin cardiotoxicity remains to be elucidated.

4.3. Pitavastatin attenuates doxorubicin cardiotoxicity by inhibiting Rac1
activity

HMG-CoA reductase inhibitors or statins are widely prescribed drugs
that inhibit the rate-limiting enzyme for cholesterol synthesis in the
liver and lower serum cholesterol levels. However, these drugs also
exert cholesterol lowering-independent or pleiotropic effects, many of
which are thought to be mediated by their ability to inhibit the synthesis
of isoprenoid intermediates required for posttranslational protein
modifications. Specifically, isoprenylation of small G proteins such as
Ras, Rho or Rac are critical for their proper membrane localization and
function, and statin-mediated inhibition of these small G proteins may
play arole in the pleiotropic effects of statins. Indeed, our in vitro studies
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using isoprenoid intermediates and pharmacological inhibitors strongly
suggest that inhibition of Rac1 activation by pitavastatin plays a crucial
role in the protective effects of pitavastatin on doxorubicin cardiotoxi-
city. Because Racl is a requisite component of NADPH oxidase, our
findings collectively suggest that pitavastatin attenuates doxorubicin
cardiotoxicity through its antioxidant effect involving Rac1 inhibition. It
was previously shown that oxidative stress is implicated in cardiac
hypertrophy and that statins attenuate myocardial hypertrophy
through Rac1 inhibition {12], suggesting that similar mechanisms may
be involved in the pathogenesis of cardiac hypertrophy and doxorubicin
cardiotoxicity.

In summary, we have shown that doxorubicin cardiotoxicity is
mediated by oxidative DNA damage-ATM-p53-apoptosis pathway in
vitro and in vivo, and attenuated by pitavastatin through its anti-
oxidant effect involving Racl inhibition. Further clinical studies are
mandatory to determine whether statins are really cardioprotective in
the setting of anticancer therapy using doxorubicin or related chemo-
therapeutic agents.
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Transplantation of cardiac progenitor cells
ameliorates cardiac dysfunction
after myocardial infarction in mice
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Cardiac progenitor cells are a potential source of cell therapy for heart failure. Although recent studies have
shown that transplantation of cardiac stem/progenitor cells improves function of infarcted hearts, the pre-
cise mechanisms of the improvement in function remain poorly understood. The present study demonstrates
that transplantation of sheets of clonally expanded stem cell antigen 1-positive (Sca-1-positive) cells (CPCs)
ameliorates cardiac dysfunction after myocardial infarction in mice. CPC efficiently differentiated into cardio-
myocytes and secreted various cytokines, including soluble VCAM-1 (sVCAM-1). Secreted sVCAM-1 induced
migration of endothelial cells and CPCs and prevented cardiomyocyte death from oxidative stress through
activation of Akt, ERK, and p38 MAPK. Treatment with antibodies specific for very late antigen-4 (VLA-4),
a receptor of sVCAM-1, abolished the effects of CPC-derived conditioned medium on cardiomyocytes and
CPCs in vitro and inhibited angiogenesis, CPC migration, and survival in vivo, which led to attenuation of
improved cardiac function following transplantation of CPC sheets. These results suggest that CPC trans-
plantation improves cardiac function after myocardial infarction through cardiomyocyte differentiation and

paracrine mechanisms mediated via the sVCAM-1/VLA-4 signaling pathway.

Introduction

Accumulating evidence has suggested that myocardial regen-
eration is a promising therapy for various heart diseases (1).
Recently, several groups, including our own, have reported that
adult hearts conrain cardiac stem/progenitor cells that can dif-
ferentiace into functional cardiomyocytes in vitro and in vivo
(2-6). Transplantation of cardiac stem/progenitor cells has been
shown to improve cardiac function via newly formed cardiomyo-
cytes and blood vessels (2, 7). On the other hand, it has been
reported that when noncardiac stem cells are transplanted, para-
crine factors play a major role in the improvement of cardiac
function (8,9). Several preclinical reports and clinical trials have
demonstrated that intracoronary or intramyocardial injection
of bone marrow-derived cells artenuates cardiac dysfunction
following acute and chronic myocardial infaretion (MI) (10-12).
However, it is not known whether cardiac stem/progenicor cells
are superior to other noncardiac stem/progenitor cells. Fur-
thermore, it remains unclear ro what extent paracrine effeces or
transdifferentiation of cardiac stem/progenitor cells contribures
to beneficial effects on cardiac function,
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Transplanted cells are the source of paracrine facrors or newly
formed cardiomyocytes, and the survival of grafted cellsis a critical
issue. The majority of the grafted cells have been reported to dis-
appear within 1 week after transplantation when directly injected
into ischemic hearts (9, 13), suggesting thar alternative strategies
to facilitate survival of grafted cells are required. We developed
temperature-responsive culcure dishes thar were covalently grafted
with the temperature-responsive polymer poly(N-isopropylacryl-
amide) (PIPAAm) (14). Lowering the temperature induces a rapid
surface transition from hydrophobic (cell adhesive) to hydrophil-
ic (non-cell adhesive), which results in the release of contiguous
viable cell sheets with full preservation of cell-to-cell connections
and adhesion proteins without using any enzymatic digestion
(15). To dare, cell sheer transplancations of skeletal myoblasts
(16), mesenchymal stem cells derived from adipose tissue (17),
and menstrual blood (18) have been reported to improve cardiac
function in animal MI models. However, the precise mechanisms
of the improvement, which include mutual interactions berween
host dssue and transplanced cells, remain poorly understood.

The present study demonstrares thar transplanted cell sheets
of clonally expanded stem cell antigen 1-positive (Sca-1-positive)
cells (CPCs) differentiated into cardiomyocytes and vascular cells
and prevented cardiac remodeling after MI. CPCs secreted soluble
VCAM-1 (sVCAM-1), which facilitared engraftment and migrarion
of CPCs from cell sheets into host myocardium and improved car-
diac function after MI via angiogenic and cardioprotective effects
mediated by paracrine mechanisms.

Results
Establishment and chavacter of CPCs, Since primary isolated Sca-1-
positive cells, which were derived from adult murine hearts, con-
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sisted of several cell populations, including cardiac stem/progeni-
tor cells, hemartopoietic cells, and endothelial cells (vef. 4 and our
unpublished observations), clonal cells were initially established
from cardiac Sca-1-positive cells. A toral of 10* primary isolated
Sca-1-positive cells derived from adult murine hearts were plat-
ed onto 10-cm culture dishes, After repeared limited dilutions,
clonal cell lines were esrablished. The efficiency of cloning was
approximately 0.1%. The clonal cells were expanded for more than
500 popularion doublings (Figure 1A). Flow cytometric analysis
revealed that almost 100% of cells expressed Sca-1, CD29, and
CD44, approximarely 20% of cells expressed CD34, and no cells
expressed CD31, CD4S§, and c-kir throughout cthe culture pas-
sages (Table 1 and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI37456DS 1), sug-
gesting that the clonal cells were not homogenous. Under culeure
conditions of 80% confluency, the clonal cells expressed cardiac
transcription factors, such as Nkx2.5 and GATA4 (Figure 1LB), but
not cardiac contractile proteins. These cell phenotypes remained
unchanged throughour the culture passages. Gene profiles and
cell-surface matker analyses revealed that CPCs were similar to pri-
mary isolated Sca-1-positive cells in analyses previously reported
(4). Therefore, CPCs possessed features almost identical to those
of intrinsic cardiac stem/progenitor cells. When CPCs were cul-
tured under confluenc conditions for 4 weeks, expression levels
of Nkx2.5 and GATA4 were upregulated and expressions of myo-
cyte enhancer factor 2C (MEF2C), atrial natriuretic peptide (ANP),
f-myosin heavy chain (B-MHC), and sarcomeric a-actinin were
detected at mRNA and protein levels (Figure 1, B and C). These
restulrs suggested chat CPCs differentiated into immature cardio-
myocytes in vitro. However, the cells did nor exhibit spontaneous
beating. To examine the cardiac differentiation potency of CPCs
invivo, 2.0 x 10° CPCs labeled with red fluorescent protein (RFP)
were injected directly into the infarcted myocardium within § min-
utes after left coronary artery ligation. At 4 weeks after transplan-
tation, several GATA4-expressing REP* cells were vecognized in the
border arcas and some RFP* cells expressed sarcomeric a-actinin
in a fine striated pattern, which suggested that CPCs differenti-
ated into mature cardiomyocytes in vivo (Figure 1, D and E). How-
ever, transplanted CPC-derived RFP expression in the infarcted
heart was very weak 1 week after transplantation compared with
immediately after cransplantation (Supplemental Figure 2). These
restilts suggest that direct intramyocardial injection is not an ideal
method for efficient engrafement.

Cell sheet transplantation. To elucidate che functional benefits of
CPC rransplanration in the infarcred heart compared with effects
of noncardiac stem/progenitor cells, cell sheet transplantation
methods were utilized. RFP* CPCs or adipose tissue-derived
mesenchymal cells (ATMCs) isolated from GFP mice were cultured
on temperature-responsive culture dishes at 37°C. The monolay-
ered cell sheet was collected by decreasing the temperature at which
it was cultured to 20°C. Final cell counts and areas of monolayered
cell sheets prior to transplantarion were 2.0 + 0.2 x 108 cells and
80.1+ 3.3 mm?in CPCsand 1.9+ 0.1 x 108 cells and 79.3 £ 2.0 mm?
in ATMCs, respectively (# = §). The mice were randomly assigned
into 3 groups: mice transplanted with monolayered CPCs (CPC
group), mice transplanted wirth monelayered ATMCs (ATMC
group), and mice that were not cransplanted (MI group). Within
S minutes after left coronary artery ligation, monolayered CPC or
ATMC sheets were transplanted over the infarcted area and cardiac
function was examined by echocardiography every week. Echocar-
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diographic analysis revealed that LV diastolic dimension (LVDd)
and LV systolic dimension (LVDs) were significantly decreased at
4 weeks and fractional shortening (FS) was markedly improved 3
weeks after rransplantation in the CPC group compared with the
MTIand ATMC groups. These results suggested that transplanca-
tion of CPC sheets inhibited cardiac remodeling and improved
cardiac function following Ml (Figure 2A). Furthermore, LV end-
diastolic pressure (LVEDP} and +dp/dt, as determined by cach-
erer, were markedly improved in the CPC group compared with
the remaining 2 groups at 4 weeks (Figure 2B). In contrast, in the
ATMC group, LVDs was significancly smaller and FS was bect-
ter | week after transplantation compared wich the MI and CPC
groups. However, these favorable effects were not observed 2 weeks
after transplancation, and cardiac remodeling and dysfunction
progressed in a manner similar to that in the Ml group (Figure
2A). The fibrotic area, which was evaluared by Masson trichrome
staining 4 weeks after cransplantation, was significantly smaller
in the CPC group compared with the other 2 groups (Figure 3A).
At L week after cransplantation, more vWE-positive blood vessels
were observed in the border area of the ATMC group than in the
MI and CPC groups (Figure 3B). At 4 weeks, a greater number of
vessels were detected in the CPC group than in the MI and ATMC
groups (Figure 3C). Furthermore, when lectin perfusion assay
was performed at 4 weeks, more lectin-positive blood vessels were
derected in the border area of the CPC group compared with the
remaining 2 groups (Supplemental Figure 4). In contrast, there
were few inflammatory cells in the border area of each group ar 4
weeks (Supplemental Figure 5).

Cell survival and differentiation. lmmunohistochemical analysis
showed that many transplanted CPCs were present in che middle
of the LV wall, including the normal and injured areas (normal
area, 28.3 + 9.7 cells/mm?; injured area, 235.9 £ 75.1 cells/mm?),
atter 4 weeks (Figure 4, A-C). This suggested that CPCs migrated
from the epicardial cell sheet into the ventricular myocardium
following transplantation. Conversely, GFP* ATMCs were not
observed in the myocardium (data not shown). Western blor
analysis, using Abs against fluorescent proteins, revealed thar
approximately 20% of transplanted CPCs remained 4 weeks
after rransplantation, whereas only approximately 0.8% of trans-
planted ATMCs remained (Supplemental Figure 3). Furthermore,
approximately 30% of RFP* cells expressed sarcomeric a-actinin
in a fine striated partern, and some REP* cells also formed blood
vessel structures (Figure 4, D-F). Because cardiomyocytes have
the ability to fuse with surrounding noncardiomyocytes (19), the
possibility that CPCs acquired cardiomyogenic features following
fusion with existing cardiomyocytes was examined. When RFP*
CPC sheers were transplanted into hearts of GFP mice immedi-
ately following MI, approximately half of the o-actinin-cxpressing
cells expressed GFP in injured areas 4 weeks after transplantaton
(Supplemental Figure 6, A, B, and E). In the normal areas, all of the
a-actinin-expressing RFP* cells expressed GFP (Supplemental Fig-
ure 6, C-E). To further ensure the accurrence of cell fusion, sheets
of nonlabeled CPCs derived from male mice were cransplanced
into the infarcred hearts of female mice. At 4 weeks after trans-
plantation, cells exhibiting a fine striated pattern possessed 3 X
chromosomes and a Y chromosome in the nucleus (Supplemen-
ral Figure 7). These findings suggested that CPCs differentiaced
into cardiomyocytes via cell fusion-dependent and -independent
mechanisms. Because approximately 20% of transplanted CPCs
remained at 4 weeks (Supplemental Figure 3), approximately
Volume 119 Number8
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Figure 1

Character of CPCs. (A) CPCs were expanded more than 500 population doublings (P.D.) over a 1-year period. (B and C) Cardiac mRNA and
protein expressions in CPCs. (B) Left panels show RT-PCR. Noncontiguous lanes from the same gel were spliced together into a composite
band. The thin white line indicates the spliced point. Right panels show Western blot. {C) Immunofluorescent images of CPCs 4 weeks after
starting culture under confluent conditions. Scale bars: 100 um. (D and E) Confocal microscopic images of the infarcted heart 4 weeks after
direct injection of RFP+ CPCs. (D) GATA4-expressing RFP+ cells (arrowheads) were recognized in the infarcted region. (E) Some RFP+ cells
(arrowheads) expressed sarcomeric a-actinin in the infarcted area. Scale bars: 5 um.

4.0 x 10° our of approximately 2.0 x 10 rransplanted CPCs were  ure 4, C and E), approximately 1.2 x 105 CPCs were estimated to
choughr to survive and undergo engraftment. As approximartely  differentiare into cardiomyocytes. Since approximately half of the
30% of survived CPCs expressed cardiac contractile proteins (Fig-  cardiac protein-expressing cells resulted from cell fusion with
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Table 1
The percentage of cell-surface antigens

saarch artiole

of VCAM-1/sVCAM-1 and VEGF berween CPCs
and ATMCs (Figure SA). VCAM-1 expression was
almost identical among the 3 groups at [ week,

Sca-1 cD29 cD3t cD34 cb44 D45 c-kit Haowever, at 4 weeks after transplantation, expres-
PD.10 99.8 90.9 0.1 15.6 100 0.5 04 sion levels remained high in the CPC group com-
P.D.100 95.5 99,7 0.3 428 100 0.2 0.3 pared with the other 2 groups (Figure SB). Time
P.D.200 99.8 100 0.1 45.5 100 0.1 0.1 course of VCAM-1 expression was consistent with
.D.300 99.8 99.9 0.2 15.5 99.9 04 0.2 improved cardiac funcrion (Figure 2A). Conversely,
P.D.400 100 100 03 27.5 100 0.3 04 VEGF expression was signiticantly upregulaced ar 1
P.D.500 99.9 99.9 0.1 15.4 100 0.5 0.5

existing cardiomyocytes (Supplemental Figure 6E), CPC sheet
cransplantation was estimated to creare approximacely 0.6 x 103
new cardiomyocyres in the entire heart. The number of cardiomyo-
cytes in an adult murine heart has been estimated to be 3 x 106
(20). Therefore, approximately 5% of cardiomyocytes were regener-
ated and might have contribured ro improved cardiac function by
CPC sheet transplantation.

Secretion of growth factors. Recent reports have suggested thar cell
cransplantation improves cardiac funcrion after M1 through the
release of humoral Facrors (8, 9). Analyses of conditioned medium
(CM} from CPCs and ATMCs using a cytokine Ab array revealed
thar sVCAM-1 was more abundant in CPCs, while VEGF was dom-
inantly expressed in ATMCs (Table 2). Western blot analysis of
whole-cell lysates and ELISA of CM confirmed altered expressions

week in the ATMC group compared with the other
groups. However, at 4 weeks, expression levels were
similar among the 3 groups (Figure 5B), This was
consistent wich observations that transplanted
ATMC sheets improved cardiac function at { week bur not at 4
weeks (Pigure 2A). The concentrations of sVCAM-1 and VEGF in
peripheral blood remained unchanged in all groups 1 and 4 weeks
after transplantation (Supplemental Figure 8).

CPC-derived sVCAM-1-mediated angiogenests and cardioprotective
effects. CPC-derived CM and sVCAM- 1 induced greater endothelial
cell migration and tube formation compared with control medi-
um (Figure §, C and D). sVCAM-I-depleted CM, which was
obtained from CPCs transfected with VCAM-1-specific microRNA
(miRNA) plasmid vecror (Supplemental Figure 9, A and B),
induced significantly less endothelial cell migration (Figure 5C)
and tube farmation (Figure SD) compared with CPC-derived CM.
This suggested that angiogenic activity of CPC-derived CM was
mediated atleastin part by sVCAM-1. Subsequencly, the protective
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Figure 2 26 k ¢ 2
Effects of CPC sheel transplantation on car- 24 L , , ,
diac function after MI. (A) Echocardiographic - 1wk 2wk 3wk dwk Wi MIFATMC  MI+CPC
analysis. CPC sheet transplantation inhibited
dilatation of LVDd and LVDs and improved FS 0.3 r FS
3 weeks later. ATMC transplantation inhibited ' : 5002
ditatation of LVDs and FS reduction at 1 week, ol . B 790
but not afterward. tP < 0.05 versus Ml or Ml plus 08¢ : S 8000
CPCs (n = 10 per group). P < 0.01 versus Ml or E 5000
Mt plus ATMCs (n = 10 per group). SP < 0.05 ver- 0.2¢ ¢ LE 4000
sus Ml or Ml plus ATMCs (n = 10 per group). (B) g 3000
Catheterizalion analysis at 4 weeks after trans- 622 r < 2000
plantation. CPC sheet transplantation improved 1000
LVEDP and +dp/dt compared with that in the Mi 0.1 = 4 4 - L ! 0 —
or Mi plus ATMC groups {n = 5). Data are shown 1wk 2wk 2wk 4wk M MIFATMC  MIFCPC
as mean = SEM. B—M1) $—8 NIHATMC OO MICFC
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