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Abstract
Purpose We assessed the effects of TAK-491 (a newly
designed potent and selective ARB) alone and in combina-
tion with pioglitazone (PIO) on myocardial infarct size (IS).
Methods Rats received TAK-491 (0.3, 1, 3, or 10mgkg−1d−1),
PIO (1.0 or 2.5 mgkg−1d−1), or PIO 2.5 mgkg−1d−1 with
TAK-491 (1 or 3 mgkg−1d−1) for 4 days. On day 5 rats
underwent 30-minute coronary artery occlusion and 4-hour
reperfusion. Area at risk (AR) was assessed by blue dye and
IS by TTC. Left ventricular (LV) dimensions and function
was assessed by echocardiography 35 days after infarction.
Results TAK (1.0–10 mgkg−1d−1), PIO (1.0 to
2.5 mgkg−1d−1), PIO2.5+TAK1.0, and PIO2.5+TAK3.0
significantly reduced IS. IS was the smallest in the TAK
10.0, followed by PIO+TAK 3.0. The protective effects of
TAK and PIO were additive, as IS was smaller in the
PIO2.5+TAK1.0 than in PIO 2.5 alone (p=0.008) or
TAK1.0 alone (p=0.002); and in PIO2.5+TAK3.0 than in
PIO alone (p<0.001) or TAK3.0 alone (p<0.001). TAK,
PIO and their combination tended to attenuate LV remodel-
ing and improved LV function 35 days after infarction;

however, the differences among individual groups were not
statistically significant. Both TAK-491 and PIO increased
calcium-dependent nitric oxide synthase activity, whereas
only PIO increased COX2 expression and activity. Both
PIO and TAK-491 increased Akt, ERK 1/2 and eNOS
phosphorylation and inhibited BAX activation.
Conclusions TAK-491 and PIO independently limited myo-
cardial IS in a dose-dependent fashion; and the effects were
additive. The mechanism of protection and the role of TAK-
491 in this clinical setting should be further investigated.
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Angiotensin II receptor blockers (ARBs) are commonly
used to treat hypertension [1], diabetes mellitus [2] and
heart failure [3], and are commonly prescribed to patients
with left ventricular dysfunction after an acute myocardial
infarction who are intolerant or unresponsive to
angiotensin-converting enzyme inhibitors (ACE-I) to pre-
vent adverse remodeling [4]. However, the role of ARBs in
attenuating ischemia-reperfusion (IR) injury is less clear.
Several studies have concluded that the ARB losartan was
ineffective in limiting infarct size (IS) in the rabbit [5, 6]
and rat [7–10]. These studies used isolated heart models [5,
6] or administered losartan intravenously before reperfusion
[7] or at 10–30 min before ischemia [9]. To our knowledge,
in only three studies the drug was administered orally prior
to ischemia and two found that losartan was ineffective in
limiting IS [8, 10]. One study reported that 6 week
pretreatment with losartan (40 mgkg−1d−1, added to the
drinking water) reduced IS in rats exposed to 17-minute
ischemia and 2-hour reperfusion [11]. On the other hand,
several studies have reported that parenteral administration
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of the ARB candesartan reduces IS in dogs [12], pigs [13]
and rats [14]. However, one study suggested that cande-
sartan does not affect IS and even increases myocardial
apoptosis in rats subjected to acute IR [15]. Intravenous
valsartan limits IS in rats and dogs [16]. Oral olmesartan
(another ARB), started 1 week before infarction and
continued for 6 weeks was more effective than the ACE-I
ramipril in attenuating remodeling and inflammation in the
rat [17]. However, this study did not separate the effects of
pretreatment on IR injury from the favorable post-infarction
therapeutic effects on remodeling. Regarding other ARBs,
pretreatment with oral L-158809 for 10 weeks failed to
reduce IS in normocholesterolemic and hypercholesterol-
emic rabbits, whereas enalapril tended to reduce IS [18].

Several studies suggested that the protective effects of
ARBs against IR injury are dependent on activation of
angiotensin II type 2 (AT2) receptors, while the AT1
receptors are blocked [13]. Thus, reduced selectivity for
AT1 receptors may explain the differences between differ-
ent ARBs. We found no study that was conducted to assess
the effects of pretreatment with oral selective ARB on
myocardial IS.

Oral pioglitazone (PIO) is a peroxisome proliferator-
activated receptor-gamma agonist that is used to treat
diabetes mellitus. Pio protects against IR injury and limits
IS in rats [19, 20] and mice [21]. Numerous patients with
diabetes mellitus are receiving combination therapy with
hypoglycemic agents and ARBs. Therefore, we asked
whether pretreatment with oral TAK-491, a new selective
AT1 receptor blocker, limits IS in the rat and whether it has
additive or synergistic effects with PIO.

Methods

Animal care

Experiments were conducted on male Sprague-Dawley rats.
All animals received humane care in compliance 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).

Materials

TAK-491 and PIO were provided by Takeda Pharmaceuti-
cal Company Limited, Osaka, Japan. Enzyme-linked
immunosorbent assay kit for cyclooxygenase (COX)
activity and nitric oxide synthase (NOS) activity kit were
purchased from Cayman Chemicals (Ann Arbor, MI). Anti-
Akt, anti-Thr-308 P-Akt and anti-Ser-473 P-Akt antibodies
were purchased from R&D Systems (Minneapolis, MN);

anti-endothelial NOS (eNOS), anti-Ser-1177 P-eNOS, anti-
inducible NOS (iNOS), anti-extracellular signal regulated
kinases (ERK) 1/2 and anti-P-ERK 1/2 from Cell Signaling
(Beverly, MA); anti-BAX and anti-6A7 Bax antibodies
from Abcam Inc (Cambridge, MA); anti-COX-2 antibodies
from Cayman Chemicals (Ann Arbor, MI); anti-P-p38
mitogen-activated protein kinase (MAPK) and monoclonal
anti-β-actin antibodies from Sigma-Aldrich (St. Louis,
MO).

Drugs and pretreatment

Rats received 4-day pretreatment with TAK-491 (0.3, 1, 3,
or 10 mgkg−1d−1), PIO (1.0 or 2.5 mgkg−1d−1), or PIO
2.5 mgkg−1d−1 with TAK-491 (1 or 3 mgkg−1d−1). Medi-
cations were given once a day by oral gavage. Control rats
received water by oral gavage. On the 5th day rats
underwent 30-minute coronary artery occlusion followed
by 4 h reperfusion (IS protocol).

For enzyme activity and protein levels, rats received 4-
day pretreatment with water alone, TAK 3.0 mgkg−1d−1,
PIO 2.5 mgkg−1d−1, or TAK 3.0 mgkg−1d−1 + PIO
2.5 mgkg−1d−1 as described above. Hearts were explanted
without being subjected to IR or after 30-minute ischemia
and 4-hour reperfusion, as in the IS protocol (n=4 in each
group).

Surgical protocol

The rat model of myocardial IR injury has been described
in detail [19, 20]. On day 5 rats were anesthetized with
ketamine and xylazine, intubated and ventilated (FIO2=
30%). The left carotid artery was cannulated. The chest was
opened and the left coronary artery was encircled with a
suture and ligated for 30 min. Isoflurane (1–2.5% titrated to
effect) was added after the beginning of ischemia to
maintain anesthesia. Then, the snare was released and
myocardial reperfusion was verified as a change in the
color of the myocardium. The chest was closed and the rats
were allowed to recover from anesthesia. Four hours after
reperfusion the rats were re-anesthetized, the coronary
artery was occluded again, 1.5 ml of Evan’s blue dye 3%
was injected into the right ventricle and the rats were
euthanized under deep anesthesia. The pre-specified exclu-
sion criteria were a lack of signs of ischemia during ligaton
of the coronary artery, lack of signs of reperfusion after the
snare was released, prolonged ventricular arrhythmia with
hypotension, and an area at risk (AR)≤ 10% of the LV
weight.

Heart rate and mean blood pressure were noted at
baseline (10 min after the completion of surgery), just
before coronary artery occlusion; at 25 min of ischemia;
and at 20 min of reperfusion.
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Determination of AR and IS

Hearts were excised and the left ventricle was sliced
transversely into six sections. The slices were incubated
for 10 min at 37°C in 1% buffered (pH=7.4) 2,3,5-
triphenyl-tetrazolium-chloride (TTC), fixed in a 10%
formaldehyde solution and photographed in order to
identify the ischemic AR (not colored by the blue dye),
the IS (unstained by TTC), and the non-ischemic zones
(colored by blue dye). The area of AR and IS in each slice
were determined by planimetry, converted into percentages
of the whole for each slice, and multiplied by the weight of
the slice and the results summed to obtain the weight of the
myocardial AR and IS [19–21].

Echocardiography

Rats were treated as above and underwent 30 min coronary
artery ligation followed by reperfusion. Thirty-five days
later, rats were anesthetized in an induction chamber using
2.5% isoflurane, and underwent echocardiographic exami-
nation using Vevo 770 ultrasound machine equipped with a
25 MHz transducer-710B (Visualsonics-Toronto,Canada).
Standard M-mode images were taken in the short axis and
long axis position at the level of the papillary muscles for
each animal. Ejection fraction was measured by a single-
plane area length using 2D parasternal long axis images
[22].

NOS activity

Myocardial samples from the LVof rats not subjected to IR
and ARs of rats subjected to 30 min ischemia and 44 h
reperfusion were homogenized and centrifuged at
100,000 Xg for 60 min. The supernatant, containing the
soluble enzyme inducible NOS (iNOS), and the pellet,
containing the membrane-bound endothelial NOS (eNOS)
and neuronal NOS (nNOS) [calcium dependent NOS
(cNOS)] were separated. The pellet was resuspended in
homogenization buffer. NOS activity was determined by
measuring the conversion of L-[14C]-arginine to L-[14C]-
citrulline by using a commercial kit. For assessing cNOS
activity CaCl2 was added to the samples. To assess calcium
independent (ciNOS) activity, CaCl2 was omitted from the
solution. NOS activity was defined as counts per minute
(cpm) [19].

COX activity

Myocardial samples were rinsed with 0.05 M Tris buffer
(PH 7.4) to remove any red blood cells and clots. Samples
were homogenized in 5–10 ml of cold buffer (0.1 M Tris-
HCL, pH 7.8 containing 1 mM ethylenediaminetetraacetic

acid) per gram of tissue, centrifuged at 10,000Xg for
15 min at 4°C, and the supernatant was collected and stored
on ice. The COX activity assay kit measures the peroxidase
activity of COX, assayed colorimetrically by monitoring
the appearance of oxidized N,N,N′,N′-tetramethyl-p-
phenylenediamaine (TMPD) at 590 nm. Each myocardial
sample was tested in triplicate (the first without an inhibitor;
the second with DuP-697, a specific COX2 inhibitor; and the
third with Sc560, a specific COX1 inhibitor. COX1 activity
was calculated as the difference between total COX activity
in the sample without an inhibitor and the sample with
Sc560, and COX2 activity as the difference between total
COX activity in the sample without an inhibitor and the
sample with DuP-697 [19, 21].

Immunoblotting

The control group comprised rat hearts that were treated
with water by means of oral gavage for 4 days and were not
subjected to the IR protocol. Myocardial samples from the
previously ischemic risk zone of the left ventricular wall
were homogenized in in lysis buffer (in mMol): 25 Tris·HCl
(pH 7.4), 0.5 EDTA, 0.5 EGTA, 1 phenylmethylsulfonyl
fluoride, 1 dithiothreitol, 25 NaF, 1 Na3VO4, 1% Triton X-
100, 2% SDS and 1% protease inhibitor cocktail. The lysate
was centrifuged at 10,000Xg for 15 min at 4°C. The
resulting supernatants were collected. Protein (50 µg) was
fractionated by SDS-PAGE (4–20% polyacrylamide gels)
and transferred to PVDF membranes (Millipore, Bedford,
MA). The membranes were incubated overnight at 4°C
with primary antibodies. Bound antibodies were detected
using the chemiluminescent substrate (NEN Life Science
Products, Boston, MA). The protein signals were quantified
with an image-scanning densitometer, and the strength of
each protein signal was normalized to the corresponding β-
actin signal. Data are expressed as percent of the expression
in the control group.

Apoptosis in the border zone was determioned by
TUNEL staining, as previously described [23].

Immunoprecipitations

Samples were homogenized in 0.5-ml of lysis buffer
(10 mM HEPES (pH 7.4), 20 mM KCl, 5 mM MgCl2,
0.2 mM ethylenediaminetetraacetic acid) at 4°C and
centrifuged at 14,000xg in a precooled centrifuge for
15 min. The supernatant fraction was transferred to a fresh
centrifuge tube. We added 40 nM of 6A7 Bax antibody,
specific for conformationally changed Bax protein [24, 25]
and performed immunoprecipitation overnight on a rotator.
Immunoprecipitates were collected by incubating the
samples with protein G-Sepharose for 2 h, flowered by
pulse centrifugation (5 s in the microcentrifuge at
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14,000 rpm). The supernatant was discharged, the beads
were washed two times with wash buffer A (10 mM
HEPES (pH 7.4), 150 mM NaCl, 2% CHAPS), three times
with wash buffer B (10 mM HEPES (pH 7.4), 150 mM
NaCl, 0.2% CHAPS), then an additional three times with
wash buffer C (100 mM Tris-HCl (pH 8), 100 mM NaCl).
Immunoprecipitates were released from the beads in SDS
loading buffer and analyzed by means of Western blotting
with the Bax 2D2 antibody.

Statistical analysis

Data are presented as mean ± standard error of the mean.
The significance level (α) was 0.05. Body weight, left
ventricular weight, the size of the AR and IS, enzyme
activity, echocardiographic parameters and protein expres-
sion were compared using analysis of variance (ANOVA)
with Sidak corrections for multiple comparisons. The
differences in heart rate (HR) and mean blood pressure
(MBP) were compared using two way repeated measures
(treatment X time) ANOVA with Holm-Sidak multiple
comparison procedures. Values of P<0.05 were considered
statistically significant.

Results

TAK-491 and PIO decreased IS

Ninty-six rats began the protocol, two rats in the TAK
10 mgkg−1d−1 group died during reperfusion. Therefore, a
total of 94 rats were included. Body weight and the size of
AR were comparable among groups (Table 1). IS,
expressed as a percentage of the LV (Table 1), or
percentage of the AR (Fig. 1) was significantly smaller in
the TAK 1.0 mgkg−1d−1 (40.9±1.7% of the AR), TAK
3.0 mgkg−1d−1 (30.7±1.7%), TAK 10.0 mgkg−1d−1 (8.2±
0.6%), PIO 1.0 mgkg−1d−1 alone (43.2±1.2%), PIO
2.5 mgkg−1d−1 alone (40.1±1.0%), PIO 2.5 mgkg−1d−1 +

TAK 1.0 mgkg−1d−1 (32.1±0.7%) and PIO 2.5 mgkg−1d−1

+TAK 3.0 mgkg−1d−1 (21.1±1.5%) than in the control
group (50.2±1.7% of the AR). TAK 0.3 mgkg−1d−1 had no
significant effect. IS was the smallest in the TAK
10.0 mgkg−1d−1 (p<0.001 versus each of the other groups),
followed by PIO+TAK 3.0 mgkg−1d−1. The differences in
IS between PIO + TAK 1.0 mgkg−1d−1 and PIO
2.5 mgkg−1d−1 alone (p=0.008) or TAK 1.0 mgkg−1d−1

alone (p=0.002) were statistically significant, as were the
differences in IS between PIO+TAK 3.0 mgkg−1d−1 and
PIO alone (p<0.001) or TAK 3.0 mgkg−1d−1 alone (p<
0.001). These findings suggested an additive effect.

Heart rate (HR) and mean blood pressure (MBP) are
presented in Figs. 2 and 3, respectively. Overall the results
indicated small but statistically significant differences
among groups in both HR and MBP, though they indicated
a lack of clinical significance. HR was slower in the TAK
10.0 mgkg−1d−1 group than in the other groups.

Echocardiographic assessment of LV dimensions and
function 35 days after infarction shows that both TAK
3.0 mgkg−1d−1 and PIO 2.5 mgkg−1d−1 tended to attenuate
LV dilatation and improve LV function (Fig. 4). The effect of
TAK+PIO tended to be better than TAK or PIO alone;
however, the differences did not reach statistical significance.

Enzyme activity

cNOS activity increased after IR in all 4 treatment groups.
cNOS significantly increased in the TAK 3.0, PIO and
especially in the TAK+PIO group compared to the control
group both in hearts not subjected and those who were
subjected to IR (Fig. 5a).

ciNOS activity was increased in hearts not subjected to
IR by PIO. IR increased ciNOS activity in all 4 groups;
however, this increase was attenuated by TAK 3.0, PIO and
their combination (Fig. 5b).

COX-1 activity was not affected by treatment or IR
(Fig. 5c). PIO caused a small, yet significant, increase in
COX-2 activity in rats not subjected to IR. IR increased

Group Body weight (g) AR (% of LV) IS (% of LV)

Control N=14 247±1 30.7±0.8 15.4±0.7**,***

TAK 0.3N=10 245±1 31.1±0.8 15.1±0.6**,***

TAK 1.0N=10 244±1 30.8±0.8 12.6±0.7*,**,***

TAK 3.0N=10 246±1 30.1±0.6 9.2±0.5*,**,***

TAK 10.0N=10 246±1 29.8±0.7 2.4±0.1*,***

PIO 1.0N=10 248±1 31.3±0.8 13.5±0.5**,***

PIO 2.5N=10 247±1 30.6±0.6 12.3±0.4*,**,***

PIO 2.5+ TAK 1.0N=10 248±1 31.0±0.8 10.0±0.4*,**,***

PIO 2.5+ TAK 3.0N=10 248±1 30.3±0.8 6.4±0.4*,**

P value 0.092 0.911 <0.001

Table 1 Body weight, AR
and IS

AR ischemic area at risk; IS
infarct size; LV left ventricle.
* p<0.01 versus control;
** p<0.01 ersus TAK 10.0;
*** p<0.01 versus PIO 2.5+
TAK 3.0.
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COX-2 activity in all four groups. TAK had no significant
effect on the IR induced increase in COX-2 activity,
whereas PIO alone or in combination with TAK augmented
this increase (Fig. 5d).

Immunoblotting

IR did not affect total Akt levels. Pretreatment with TAK, PIO
and their combination did not affect total Akt levels at 4-hour
reperfusion (Fig. 6a&b). IR induced a significant increase in
Thr-308 P-Akt, which was further augmented in rats
pretreated with PIO, but especially TAK (Fig. 6a&c). The
difference in Thr-308 P-Akt levels between the TAK alone
and PIO alone was significant (p<0.001). There was no
difference between the TAK alone and the TAK+PIO group;
however, the difference between PIO alone and TAK+PIO
was statistically significant (p<0.001). IR also increased
myocardial Ser-473 P-Akt levels. Pretreatment with PIO and
TAK caused a singificant increase in Ser-473 P-Akt levels
compared with the control group, without a significant
difference between TAK and PIO. However, Ser-473 P-Akt
levels were significantly higher in the TAK+PIO group than
in the TAK alone, PIO alone or the control group
(Fig. 6a&d).

IR did not affect total ERK 1/2 levels. Pretreatment with
TAK, PIO and their combination did not affect total ERK 1/
2 levels at 4-hour reperfusion (Fig. 7a&b). Thr-202/ Thr-
204-P-ERK 1/2 levels increased after IR and further
increased after pretreatment with PIO, and especially with
TAK alone or in combination (Fig. 7a&c). The difference
between TAK and PIO was statistically significant (p<
0.001). Pretreatment with TAK+PIO resulted in higher

Fig. 2 Mean heart rate (in beats per minute [bpm]) at baseline, before
coronary artery occlusion, 25 min of ischemia and after 20 min of
reperfusion. Overall, there was a significant treatment effect (p<
0.001) and time effect (p<0.001). There was a statistically significant
interaction between treatment and time (p=0.038). The difference
among the treatment groups is solely due to significantly slower heart
rate in the TAK 10.0 mgkg−1d−1 group than in all other groups. We
found no significant differences at any time point among other groups

Fig. 1 The effect of TAK and PIO on IS (% of the area at risk). Rats
received 4-day pretreatment with TAK (0.3, 1.0, 3.0 or
10.0 mgkg−1d−1), PIO (1.0 or 2.5 mgkg−1d−1), or PIO 2.5 mgkg−1d−1

+ TAK (1.0 or 3.0 mgkg−1d−1). Both TAK and PIO dose dependently
limited IS. The effect of PIO+TAK combination was additive

Fig. 3 Mean blood pressure (MBP) (mmHg) at baseline, before
coronary artery occlusion, after 25 min of ischemia and after 20 min
of reperfusion. Overall, there was a significant treatment (p=0.005)
and time (p<0.001) effects. However, the interaction between
treatment and time was not signigicant (p=0.053). Differences among
the treatment groups were solely due to a significant difference in MBP
between the TAK 10.0 mgkg−1d−1 and TAK 0.3 mgkg−1d−1 groups at
baseline (142±1 vs. 135±3 mmHg); and between TAK 10.0 mgkg−1d−1

(91±2 mmHg) and TAK 1.0 mgkg−1d−1 (86±1 mmHg) or PIO
2.5 mgkg−1d−1 + TAK 3.0 mgkg−1d−1 (86±2 mmHg) groups at
reperfusion. No other differences among groups were significant
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levels of P-ERK 1/2 than treatment with PIO alone (p<
0.001) or TAK alone (p=0.06).

IR did not affect total eNOS levels. Pretreatment with TAK,
PIO and their combination did not affect total eNOS levels
after 4 h of reperfusion (Fig. 8a). Myocardial Ser-1177 P-
eNOS levels were significantly increased by IR. Pretreatment
with PIO significantly augmented this increase (Fig. 8b).
Pretreatment with TAK resulted in higher levels of P-eNOS
compared with those of the control (p<0.001) or the PIO (p=
0.005) groups. Pretreatment with TAK+PIO significantly
heightened levels of P-eNOS compared with pretreatment
with PIO alone (p<0.001) or TAK alone (p<0.001).

IR enhanced myocardial iNOS levels. Pretreatment with
PIO (p<0.001), but not TAK (p=0.818) further increased
iNOS levels. Myocardial iNOS levels in the TAK+PIO
group were significantly higher than in the control group
(p<0.001), the TAK alone group (p<0.001), but not the
PIO alone group (p=0.059) (Fig. 8c).

COX2 levels increased after IR. PIO (p<0.001), but not
TAK (p=0.998) augmented the increase (Fig. 8d). COX2

levels in the TAK+PIO group were significantly higher than
in the control group (p<0.001) and the TAK only group
(p<0.001), but were similar to those seen in the PIO alone
group (p=1.00).

IR increased myocardial levels of P-p38 MAPK.
However, TAK, PIO and their combination had no
significant effect on P-p38 levels (Fig. 9a&b).

TAK, PIO and their combination attenuated activation
of Bax by IR (Fig. 9c). IR increased apoptosis (Fig. 9d).
Both TAK and PIO attenuated apoptosis. The effect of
TAK+PIO combination was significantly greater than PIO
alone and tended to be stronger than TAK alone,
suggesting additive effect.

Discussion

The major findings of the current study are that pretreatment
with TAK-491, a novel highly selective AT1 receptor blocker,
and low-dose PIO limited IS in the rat, without significant

Fig. 4 Echocardiographic assessment of LV dimensions and function
35 days after infarction. LVIDd- LV internal diameter in diastole;
LVIDs- LV internal diameter in systole; FS- fractional shortening;

LVVd- LV volume in diastole; LVVs- LV volume in systole; LVEF-
LV ejection fraction. * p<0.01 vs. control IR. # p<0.04 vs. TAK+PIO
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hemodynamic effects. Moreover, the combination of TAK-
491 and PIO had additive effects on myocardial protection.
The protective effects seem to be long lasting, as both TAK
and PIO tended to attenuate LV remodeling and to preserve
LV systolic function, as assessed by echocardiography 35 days
after infarction. Both TAK and PIO augmented Akt, ERK 1/2,
eNOS phosphorylation and cNOS activity following IR. PIO,
but not TAK increased COX2 levels and activity. PIO, but not
TAK increased iNOS levels; however, ciNOS activity
following IR was significantly lower in the PIO group than
in the control group. TAK alone also attenuated the increase in
ciNOS activity following IR. P-p38 levels were increased by
IR in the control group. Both TAK and PIO attenuated the
increase in Bax activation, but did not affect P-p38 levels after
IR. Both TAK and PIO and their combination attenuated
apoptosis.

Studies using animal models are usually limited to one
drug intervention. However, in the clinical setting, patients
usually receive several drugs in combination. The combi-
nation of ARB with pioglitazone is commonly used in the

clinical setting, as both drugs are indicated for diabetic
patients. The uniqueness of the present study is that oral
ARB can protect the heart and that there is an additive
effect with PIO. Another novel aspect is that pretreatment
before infarction, without continuation of therapy after
infarction, tends to improve cardiac remodeling and
preserve function.

It has been suggested that the myocardial protective
effects of ARBs against IR injury is mediated by activation
of AT2 receptors by angiotensin II, while the deleterious
effects of AT1 receptors are blocked by the ARBs [13, 14].
Blocking the AT2 receptors with PD123319 abrogates the
IS limiting effects of candesartan [12–14]. However,
PD123319 does not block the antiapoptotic effects of
candesartan [14]. Valsartan [16] and candesartan [12, 14]
increase AT2 receptor protein levels in the myocardial
ischemic zone. It was suggested that activation of the AT2
receptors leads to release of bradykinin with downstream
activation of protein kinase C (PKC), NOS and eicosanoid
release [12, 13, 26]. Indeed, in the present study, TAK

Fig. 5 Myocardial cNOS (a); ciNOS (b); COX1 (c) and COX2 (d)
activity. Rats received 4-day pretreatment with oral water (control), TAK-
491 3.0 mgkg−1d−1 (TAK); PIO 2.5 mgkg−1d−1 (PIO); or TAK+PIO. IR-

ischemia-reperfusion; NIR- no ischemia reperfusion. * p<0.01 vs.
control NIR; # p<0.01 vs. TAK+PIO NIR; † p<0.01 vs. control IR; ‡
p<0.01 vs. TAK+PIO IR
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augmented eNOS phosphorylation at Ser-1177 and cNOS
activity, both at baseline and especially after IR. On the
other hand, TAK attenuated the increase in ciNOS activity
following IR. Pretreatment with the bradykinin B2-receptor
antagonist HOE140 attenuates the IS-limiting effects of
candesartan [12, 13].

Akt phosphorylation kt is part of the Reperfusion Injury
Salvage Kinase signaling (RISK) which confers protection
against IR injury [27]. In the present study, we observed
that PIO, and especially TAK, increased Akt phosphoryla-
tion after IR injury. Previous studies have shown that ARBs
increase Akt phosphorylation in the hearts [28], leading to
eNOS phosphorylation.

Previously we showed that 3-day pretreatment with
PIO does not significantly increase myocardial Akt
phosphorylation in the rat. However, we formerly studied

P-Akt levels in hearts that were not exposed to IR injury
[19], whereas in the present study we assessed P-Akt
levels after 30 min of ischemia and 4 h of reperfusion.

ERK 1/2 phosphorylation

ERK 1/2 is also part of the RISK signaling and confers
protection against IR injury [27]. In the present study we
found that TAK, and to a lesser extent PIO, augmented
ERK 1/2 phosphorylation after IR injury. The combination
of TAK+PIO resulted in significantly higher levels of P-
ERK 1/2, suggesting an additive effect.

Previous studies suggested that ARBs attenuate mechanical
strain-induced increases in ERK 1/2 phosphorylation in
mesangial cells [29] and in human aortic smooth muscle cells
[30]. Valsartan attenuates ERK 1/2 activation in skin

Fig. 6 a. Samples of immunoblots (a) and densitometric analyses of
myocardial levels of total Akt (b), Thr-308 P-Akt (c) and Ser-473 P-
Akt (d). Rats were treated with vehicle and hearts were explanted
without being subjected to IR (Sham), or were pretreated with water

(control), PIO 2.5 mgkg−1d−1 (PIO); TAK-491 3.0 mgkg−1d−1 (TAK);
or TAK+PIO and were subjected to IR. * p<0.01 vs. Cont; # p<0.01
vs. TAK+PIO
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fibroblats by blocking angiotensin II-induced transactivation
of epidermal growth factor receptors [31]. Losartan prevents
upregulation of ERK 1/2 in endothelial cells [32]. Thus, the
effect of TAK-491 on the heart after IR injury differs from the
previously reported effects of ARBs on ERK 1/2 activation in
other models. This observation may represent unique proper-
tiens of TAK-491 or may be related to different class effect of
ARBs on the heart exposed to IR injury.

eNOS activation eNOS is involved in the delayed form of
ischemic preconditioning [33] and is essential for the IS-
limiting effects of statins [34], but not of PIO [21]. Losartan
increases eNOS phosphorylation in the rat heart [10]. In
human aortic endothelial cells, valsartan induced eNOS
phosphorylation is dependent on PI3K, but not on protein
kinase A (PKA), protein kinase C (PKC) or adenosine
monophosphate-activated protein kinase (AMPK) [35].
ARBs prevent NOS uncoupling and the production of
superoxide, increasing NO availability [36]. The nonspecific
NOS inhibitor (N(G)-monomethyl-L-arginine (L-NMMA)
and the protein kinase C (PKC) inhibitor (chelerythrine)

abrogate the protective effects of candesartan against IR injury
in dogs [12].

In our study both TAK and PIO increased eNOS phosphor-
ylation and cNOS activity. There was an additive effect of PIO
and TAK, as P-eNOS levels and cNOS activity were
significantly higher in the TAK+PIO group than in the TAK
alone and PIO alone groups. We have previously shown that
PIO increases myocardial Ser-633 and Ser-1177 P-eNOS
levels in the wild type and iNOS−/− mice [21], but not in the
rat [19]. However, in both previous studies myocardial levels
were assessed after 3-day pretreatment without exposing the
hearts to ischemia. PIO significantly reduces IS in eNOS−/−

mice and in wild type mice treated with L-NAME, suggesting
that the protective effect of PIO is not eNOS dependent [21].

iNOS

Upregulation of iNOS is essential for mediating the IS-
limiting effects by the delayed form of ischemic precondi-
tioning [33] and statins [34]. On the other hand, we have

Fig. 7 Samples of immunoblots (a) and densitometric analyses of
myocardial levels of total ERK 1/2 (b) and P-ERK 1/2 (c). Rats were
treated with vehicle and hearts were explanted without being subjected
to IR (Sham), or were pretreated with water (control), PIO

2.5 mgkg−1d−1 (PIO); TAK-491 3.0 mgkg−1d−1 (TAK); or TAK+PIO
and were subjected to IR. * p<0.01 vs. Cont; # p<0.01 vs. TAK+PIO;
& p=0.06 vs. TAK+PIO
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Fig. 8 a. Samples of immunoblots and densitometric analyses of
myocardial levels of total eNOS (a), Ser-1177 P-eNOS (b), iNOS (c)
and COX2 (d). Rats were treated with vehicle and hearts were
explanted without being subjected to IR (Sham), or were pretreated

with water (control), PIO 2.5 mgkg−1d−1 (PIO); TAK-491
3.0 mgkg−1d−1 (TAK); or TAK+PIO and were subjected to IR. * p<
0.01 vs. Cont; # p<0.01 vs. TAK+PIO
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previously shown that the IS-limiting effect of PIO is
iNOS-independent [21]. In the present study PIO, but not
TAK, increased iNOS protein levels in hearts exposed to IR
injury. Of interest, myocardial ciNOS activity was attenauted
by both TAK and PIO, suggesting that the PIO-induced
iNOS is inactive after IR injury.

Losartan inhibits upregulation of iNOS in the cardio-
myopathy hamster heart while it increases eNOS phos-
phorylation [28]. Therefore, it seems that inhibition of
iNOS may be a class effect of ARBs.

COX2

The IS-limiting effects of the delayed form of ischemic
preconditioning [37], statins [38] and PIO [19] is dependent
on COX2 upregulation. Previously, we have shown that
pretreatment with PIO upregulates COX2 expression and
enhances COX2 activity [19]. In the present study we
confirm that PIO upregulated COX2 expression and
activity. In contrast, TAK did not affect COX2 expression
and activity. In the present study we did not assess whether
COX2 inhibition abrogates the protective effect of TAK , as
it does to the protective effects of statins and PIO; however,

the fact that COX1 and COX2 activity have not been
affected by TAK suggests that the protective effect of TAK
is COX-independent.

p38 mitogen-activated protein kinases (MAPK)

P38 is member of the “death kinases” that increases
apoptosis. We are showing that IR injury increased p38
phosphorylation. PIO and TAK had no effect on P-p38
levels after IR. Kumar et al have also shown that
losartan does not affect P-p38 levels in isolated rat
hearts exposed to ischemia-reperfusion [39], whereas
AT2 inhibition by PD123,319 leads to an increase in P-p38
levels [39]. It has been shown that the ARB L-1258,
809 attenuated cardiac p38 activation in spontaneously
hypertensive heart failure rats [40]. Thus, different effects
of ARBs on p38 activation are seen in different experimental
models.

Bax

Bax activation is involved in cell death by means of
apoptosis. PIO and TAK attenuated Bax activation, con-

Fig. 9 A sample of immunoblot (a) and densitometric analysis (b) of
myocardial levels of P-p38. A sample of immunoprecipitations with
monoclonal anti-Bax 6A7 antibodies followed by immunoblotting
with polyclonal anti-Bax antibodies (c). Rats were treated with vehicle
and hearts were explanted without being subjected to IR (Sham), or

were pretreated with water (control), PIO 2.5 mgkg−1d−1 (PIO); TAK-
491 3.0 mgkg−1d−1 (TAK); or TAK+PIO and were subjected to IR.
* p<0.01 vs. control; # p<0.01 vs. TAK+PIO. d. TUNEL staining for
apoptosis in the border zone. * p<0.001 vs. control IR; # p<0.001 vs.
TAK+PIO; $ p=0.010 vs. TAK+PIO
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firming inhibition of apoptosis. Candesartan inhibits apo-
ptosis in hearts exposed to IR injury [14]. Losartan prevents
Bax activation in cardiomyocytes exposed to stretch [41].
Thus, previous studies support our findings that ARBs
prevent activation of the proapoptotic pathways; however,
in our study only activation of Bax was attenuated, whereas
p38 phosphorylation was unaffected.

PIO and myocardial protection

We have previously shown that 3-day pretreatment with
oral PIO at a dose of 10 mgkg−1d−1 [19, 21] and
5 mgkg−1d−1 [20] limits IS in rats and mice. In the present
study 4-day pretreatment with oral PIO 2.5 mgkg−1d−1 and
even 1.0 mgkg−1d−1 significantly reduced IS in the rat. We
have previously shown that the protective effects of PIO
are dependent on cytosolic phospholipase A2 (cPLA2) and
COX-2 activation [19, 21] with subsequent increased
production of prostaglandin I2 [19, 21] and 15-epi-lipoxin
A4 [42]. In contrast to the protective effects of statins that are
eNOS- and iNOS-dependent [34], the IS-limiting effects of
PIO are iNOS-independent and only partially dependent on
eNOS [21].

Limitations In the present study we wanted to use medium-
term treatment duration. In our previous studies we usually
used 3 day pretreatment [19–21, 38]. In a recent study, we
extended the treatment with pioglitazone to 14 days and the
protective effect was preserved [43]. The present study
intended to find the optimal doses and possible additive
effects of the two drugs. In future studies we will further
explore different treatment periods. In general, the doses of
drugs used in rat and mouse models are much higher than
the doses used in the clinical setting. It has to be
remembered that the affinity of the drugs to their ligands
is different in humans and animals. Absorption, pharmaco-
kinetics and pharmacodynamics are also different between
humans and small animals. In our previous studies we
treated rats and mice with PIO 10 mg/kg/d [19, 21] and
5 mg/kg/d [20, 43]. In the present study we decreased the
dose of PIO to 2.5 mg/d and we still show a protective
effect. In humans the limiting factor for the dose of ARB is
blood pressure. Here we did not observe major effects of
the drugs on blood pressure or heart rate. Indeed, the results
should not be directly extrapolated to humans and clinical
studies are needed to examine the potential protective
effects of TAK-491 alone and in combination with PIO (or
other drugs) on myocardial (and brain or other organs)
protection in patients. In the present study we are showing
additive effects when the drugs are combined. Our intention
was to show therapeutic effects with relatively low doses
that may be more relevant to the clinical setting and not to
use the highest doses.

We used 30 min of coronary artery occlusion. Thirty
minute coronary artery occlusion is considered standard.
Most studies in infarct size in rats and mice are using 30 min
of occlusion (some are using up to 40 min). It should be
remembered that even the protective effects of ischemic
preconditioning are lost when the duration of ischemia is
extended [44]. Thus, the protective effects of these drugs
with different ischemic times should also be explored.

In conclusion, TAK-491, a selective AT1 receptor blocker
and PIO, a PPAR-γ agonist used to treat diabetes mellitus,
protect against IR injury and limit myocardial IS. However,
it seems that the signaling pathways of both drugs are
somewhat different. Although both TAK and PIO augment-
ed Akt, ERK 1/2 and eNOS phosphorylation, as well as
cNOS activity following IR; only PIO, but not TAK
increased COX2 levels and activity. Both TAK and PIO
attenuated the increases in Bax activation, but did not affect
P-p38 levels after IR. The effect of TAK+PIO combination
was additive. Further studies are needed to assess the
signaling pathways involving the protective effects of ARBs
against IR injury and the potential favorable effects of
combining ARBs with other drugs which are known to have
protective effects, such as statins and thiazolidinediones,
including PIO.
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