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Therapeutic Effect of Fimasartan in a Rat Model of Myocardial
Infarction Evaluated by Cardiac Positron Emission Tomography

with [**FIFPTP
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Min Chul Kim', Doo Sun Sim', Ju Han Kim', Dong-Yeon Kim®, Jae Sung Lee®, Youngkeun Ahn’,

and Myung Ho Jeong'

"Division of Cardiology, Chonnam National University Hospital, Gwangju, *Institute for Biomedical Science, Chonnam National University
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We evaluated the efficacy of fimasartan on perfusion defects and infarction size in an
animal model of myocardial infarction (MI), with echocardiography and positron emis-
sion tomography (PET) using a ¥F_labeled phosphonium cation (5-[**F]-fluoropentyl-
triphenylphosphonium salt, ['"*FIFPTP) as a mitochondrial voltage sensor for my-
ocardial imaging. We induced MI in 33 rats by ligation of the left coronary artery, and
checked their cardiac PET image using ['*FIFPTP for evaluation of myocardial per-
fusion. Rats were grouped into 3 groups according to their administered drugs: no drug
(n=11), fimasartan 3 mg/kg (n=10), and fimasartan 10 mg/kg (n=12). Each designated
drug was administered for 4 weeks, and follow-up PET and histologic examinations
were done. In the PET analysis, a perfusion defect size was markedly improved in fima-
sartan 10 mg/kg group (35.9+7.0% to 28.4+6.9%, p<0.001), whereas treatment with fi-
masartan 3 mg/kg induced only an insignificant reduction of perfusion defect size
(35.9+7.9% to 33.9+7.3%, p=0.095). Using 2, 3, 5-triphenyltetrazolium chloride stain-
ing, infarction size was the largest in the control group (36.5+8.3%), and was insignif-
icantly lower in the fimasartan 3 mg/kg group (31.5+6.5%, p for the difference between
the control group=0.146) and was significantly lower in the fimasartan 10 mg/kg group
(26.3+7.6%, p for the difference between the control group=0.011). PET imaging using
a ®F-labeled mitochondrial voltage sensor, ["*F|FPTP, is useful in evaluation and mon-
itoring of myocardial perfusion states, and treatment with fimasartan decreases the
infarction size in animal MI model.
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INTRODUCTION

Not all affected myocardial tissue is irreversibly dam-
aged during acute myocardial infarction (MI). Dysfunctio-
nal myocardial tissue occurring during acute MI consists
of necrotic, hibernating, or stunned myocardial cells, and
the viable (hibernating or stunned) tissue can be salvaged
by revascularization.' On the other hand, totally infarcted
myocardial tissue, with prolonged and fixed perfusion de-
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fect cannot be easily restored and therefore, is not always
indicated for revascularization. Therefore, the extent of
viable myocardium is important for recovery of cardiac
function and prognosis.

To detect myocardial activity and evaluate the viability
of myocardium, various imaging modalities, such as echo-
cardiography, cardiac magnetic resonance imaging (MRI),
single photon emission computed tomography (SPECT),
and positron emission tomography (PET) have been used,
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but each modality has its limitations: echocardiography is
highly dependent on the echocardiographic windows and
cutting plane, MRI cannot easily distinguish between epi-
cardial fat layers and the myocardium and have limitations
in evaluating myocardial perfusion, SPECT has low spa-
tial resolution, and an unintended spread of the SPECT
tracers to adjacent organs may compromise accurate dia-
gnosis.”

PET is known to provide more accurate and highly quali-
fied images due to its higher spatial resolution, and may
enable quantitative measurements of myocardial tracer
uptake.’ In particular, our group previously proposed the
value of '*F-labeled phosphonium cations as myocardial
imaging agents that accumulate in cardiomyocytes as a re-
sult of the higher mitochondrial membrane potential
(MMP), and our group reported that [**FIFPTP provided
excellent image quality when compared with ["*N]NHj in
normal and MI rats.>*® '®F-labeled phosphonium cations
accurately evaluated the size of MI early after tracer in-
jection, and yielded excellent image quality in a rat model
of coronary occlusion.’

As the renin-angiotensin-aldosterone system (RAAS)
plays an important role in tissue fibrosis, cardiac remodel-
ing, fluid and sodium accumulation, and inflammation, the
blockade of RAAS has been a standard therapy in both
heart failure and ML° Fimasartan, a selective type 1 angio-
tensin II (AT1) receptor blocker, has shown good toler-
ability and blood pressure-lowering effect for hyper-
tension™® and has shown efficacy in rat doxorubicin-in-
duced cardiotoxicity models.” However, to date, its efficacy
in MI has not been well demonstrated, only conflicting re-
sults exist,'”"! and no study has examined its efficacy in
cardiac PET using '°F-labeled phosphonium cations yet.

We aimed both to verify anti-adverse remodeling effect
of fimasartan, and also to evaluate the efficacy of cardiac
PET using a '*F-labeled phosphonium cation, (5-["*F]fluo-
ropentyl)triphenylphosphonium salt (["*F]FPTP), in meas-
uring area of perfusion defect in rat MI model after the MI
event and after medical treatment.

MATERIALS AND METHODS

1. MI induction and imaging studies

All procedures were performed in accordance with 1964
Helsinki Declaration and its later amendments or com-
parable ethical standards. Induction of MI and breeding
were conducted at the animal laboratory of Chonnam

MI induction

| 1 week |

Medical treatment |

4 weeks

National University Hospital, Gwangju, South Korea. The
study protocol was approved by the Institutional Review
Board at Chonnam National University Hospital. The
study protocol is illustrated in Fig. 1. Eight-week old male
Sprague-Dawley rats (n=33) with body weights between
240-290 g were used for the experiment. Anesthesia was
performed with ketamine 100 mg/kg and xylazine 10
mg/kg. After endotracheal intubation, thoracotomy and
pericardiotomy, left coronary artery (LCA) was ligated
with 5-0 silk. Rats were observed for 7 days after MI in-
duction, and then echocardiography and PET were checked.

2. Echocardiography

A conventional echocardiography system with a linear
array transducer (Vivid S5, GE Healthcare, Wauwatosa,
WI, USA) was used for echocardiography. Echocardiogra-
phy was checked while in the supine position after shaving
off the chest hair of the subjects. We acquired short-axis im-
ages of the left ventricle (LLV) by transthoracic echocardiog-
raphy, and a M-mode LV study was done to measure the
parameters of the LV, including LV ejection fraction (LVEF),
LV end-diastolic diameter (LVEDD), and LV end-systolic
diameter (LVESD).

3. PET image acquisition

After conducting the MI induction and checking the
baseline echocardiography, cardiac PET images using ['°F]
FPTP were acquired by microPET scanner (Inveon. Siemens
Medical Solutions, Malvern, PA, USA). ['*FIFPTP was pre-
pared following a previously described method.* The total
reaction time of ['**F]FPTP was less than 60 minutes, the
overall decay-corrected radiochemical yield was about
15-20%, and the radiochemical purity was >98%. 10 mi-
nute, static PET images were acquired at 10 minutes and
30 minutes after intravenous injection of [*FIFPTP. A
dedicated microPET was used for in vivo imaging of rats
that were anesthetized with isoflurane, placed in a cradle,
and equipped with masks for anesthetic gas supply. Ac-
quired images were reconstructed using a 3D-ordered sub-
set expectation maximization (3D-OSEM) algorithm with
four iterations. Reconstructed pixel sizes were 0.78 mm in
the transverse and axial directions. The dimensions of the
reconstructed images were 128x128 pixels in each of the
159 transverse slices. Data were normalized and corrected
for randomness, dead time, and decay. Myocardial perfu-
sion defect was clearly defined with good heart-to-liver and
heart-to-lung contrast.

Baseline
cardiac PET
and echocardiography
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Follow-up
cardiac PET
and echocardiography

FIG. 1. Study protocol. MI: myocardial
infarction, PET: positron emission to-

mography.




4. Medical treatment and follow-up studies

After MI induction and checking baseline echocardiog-
raphy and PET, medical treatment was provided to rats.
Rats were grouped into 3 groups according to their pre-
scribed drugs: no drug (n=11), fimasartan 3 mg/kg (n=10),
fimasartan 10 mg/kg (n=12). Drug dose was set by referring
previous reports.”'! Each designated drug was dissolved
in 10 mL of water and was administered via transoral route
using a zonde. Drug administration was done every day at
11:00 AM, for 4 weeks. After the treatment period, follow-
up echocardiography and cardiac PET were checked, in the
same way as the baseline studies. Then the rats were sacri-
ficed by injecting 1 mL (40 mEq/20 mL) of potassium chlor-
ide solution into the abdominal aorta, and their hearts were
extracted using 2, 3, 5-triphenyltetrazolium chloride (TTC)
staining. The extracted heart tissue was divided into three
2 mm-thick slices vertically from the cardiac apex to the li-
gation site. The sliced heart tissue was transferred into a
50 mL tube with 5-10 mL warmed 1% TTC solution and kept
in the water bath with gentle shaking for around 5-10 min.
It was reviewed by a pathologist and the infarction size was
measured on digital photographs, by outlining the LV area
and TTC negative infarction area, and the size of infarction
was reported as a percentage of total LV area. Results of
the TTC stain were compared with the size of perfusion de-
fect in polar maps of cardiac PET (Fig. 2).

1 week after Ml induction
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5. Image analysis and statistical analysis

PMOD version 3.310 (PMOD Technologies Ltd., Zurich,
Switzerland) was used for image analysis which is SUV cal-
culation, image display and cardiac polar map analysis
(60% threshold). We used Statistical Package for the Social
Sciences (SPSS) 22.0 for Microsoft Windows (SPSS, Inc.,
Chicago, IL, USA) for all statistical analyses. All numerical
variables were presented as mean valuexstandard devia-
tion (SD) and were compared by a paired t-test. Further-
more, a Pearson’s correlation analysis was used to figure
out the correlation between perfusion defect size in PET
and infarction size in TTC stain. A p value <0.05 was consid-
ered statistically significant.

RESULTS

1. Baseline and follow-up echocardiographic results
Baseline (1 week after MI induction) and follow-up (after
treatment for 4 weeks) echocardiographic results are
shown in Table 1. At the baseline, no significant differences
in echocardiographic parameters between groups were
observed. The control group experienced significant LV di-
latation (LVEDD changes: 0.87+0.09 cm to 1.01+0.09 cm,
p=0.002) and significant LVEF impairment (44.82+5.25%
to 37.29+8.02%, p=0.001). On the other hand, treatment
with fimasartan resulted in better outcomes: insignificant
LV dilation (LVEDD changes: 0.91+0.10 cm to 0.96+0.14

After 4 weeks of fimasartan

mP>omM-A>r

FIG. 2. Representative PET images in
polar map 1 week after myocardial in-
farction induction (left) and after 4 weeks
of fimasartan treatment (right). Short
axis section of the extracted heart is il-
lustrated in right lower side.
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TABLE 1. Baseline and follow-up echocardiographic Findings

Baseline (1 week after MI induction) Control (n=11) Fimasartan 3 mg/kg (n=10) Fimasartan 10 mg/kg (n=12) p value
LVEDD (cm) 0.87+0.09 0.91+0.10 0.90+0.13 0.134
LVESD (cm) 0.70+0.09 0.75+0.10 0.73+£0.11 0.107
LVEF (%) 44.82+5.25 42.35+4.91 43.75+2.93 0.240

Follow-up (after treatment for 4 weeks) Control (n=11) Fimasartan 3 mg/kg (n=10) Fimasartan 10 mg/kg (n=12) p value
LVEDD (cm) 1.01+0.09 0.96+0.14 0.95+0.09 0.101
LVESD (cm) 0.85+0.10 0.77+0.13 0.75+0.08 0.067
LVEF (%) 37.29+8.02 44.02+6.33 47.58+3.80 <0.001

MI: myocardial infarction, LVEDD: left ventricular end-diastolic
ventricular ejection fraction.

diameter, LVESD: left ventricular end-systolic diameter, LVEF: left
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FIG. 3. (A) ALVEF [(LVEF in follow-up echocardiography - LVEF

in baseline echocardiography)/LVEF in baseline echocardiography]

in 3 groups. (B) Mean perfusion defect size in baseline and follow-up cardiac PET. (C) Mean infarction size in TTC stain. Asterisks
between groups mean statistically significant difference between them (p<0.05).

cm, p=0.649) and insignificant LVEF improvement (42.35+
4.91 % to 44.02+6.33%, p=0.07) were observed in fimasar-
tan 3 mg/kg group, and treatment with fimasartan 10
mg/kg showed marginal dilation of LV (0.90+0.13 c¢m to
0.95+0.09 cm, p=0.625) and no significant change in LVEF
(43.75+2.93 % to 47.58+3.80%, p=0.089).

2. Changes of LVEF from baseline to follow-up

ALVEF, which is defined as [(LVEF in follow-up echo-
cardiography - LVEF in baseline echocardiography)/ LVEF
in baseline echocardiographyl, is illustrated in Fig. 3A. It
was significantly different between the control and the
fimasartan 3 mg/kg group (—17.4+10.1% vs. 4.3+13.6%,
p=0.001), and so it was between the control and the fima-
sartan 10 mg/kg group (—17.4+10.1% vs. 8.1+7.3%, p<0.001).

3. Baseline and follow-up cardiac PET results

Baseline (1 week after MI induction) and follow-up (after
treatment for 4 weeks) cardiac PET results are compared
in polar maps (representative images in Fig. 2) and are il-
lustrated in Fig. 3B. Also, the values are presented in Table 2.
At the baseline, no significant differences were observed
between the perfusion defect size between the fimasartan
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TABLE 2. Baseline and follow-up PET Findings after MI induction
and after treatment

. Fimasartan Fimasartan
Perfusion defect (%) 3 mg/kg (n=10) 10 me/kg (n=12) p value
Baseline (1 week after 35.9+7.9 35.9+7.0 0.985
MI induction)
Follow-up (after treat- 33.9+7.3 28.4+6.9 0.108

ment for 4 weeks)

PET: positron emission tomography, MI: myocardial infarction.

3 mg/kg group and the fimasartan 10 mg/kg group (35.9+
7.9% vs. 35.9+7.0%, p=0.985). The perfusion defect size was
markedly decreased in the fimasartan 10 mg/kg group
(35.9£7.0% to 28.4+6.9%, p<0.001), whereas treatment with
fimasartan 3 mg/kg induced only insignificant reduction of
perfusion defect size (35.9+7.9% to 33.9+7.3%, p=0.095)
from baseline to follow-up.

4. TTC staining results
In TTC staining, the infarction size was the largest in the
control group (36.5+8.3%), and it was insignificantly lower



Infarction size (%)

Perfusion defect size (%)

FIG. 4. Relation between infarction size in TTC stain (%) and perfu-
sion defect size in PET (%). Partial correlation coefficient ()=0.89.

in fimasartan 3 mg/kg group (31.5+6.5%, p for difference
between the control group=0.146) and was significantly
lower in the fimasartan 10 mg/kg group (26.3+7.6%, p for
the difference between the control group=0.011) (Fig. 3C).
The partial correlation coefficient (r) for perfusion defect
size in follow-up cardiac PET and infarction sized in TTC
staining was 0.89, showing strong correlation between
them (Fig. 4).

DISCUSSION

This study demonstrated usefulness of cardiac PET us-
ing ["*FIFPTP as a myocardial imaging agent to precisely
predict perfusion defect size and to monitor changes of my-
ocardial perfusion state after treatment. And it also dem-
onstrated that treatment with fimasartan in rat MI model
can both preserve LV function and reduce infarction size
in echocardiographic, PET, and histologic findings.

Despite the advantages of PET in image quality, its use
has been limited by several factors, such as short half-life
of previously developed PET tracers, such as *Rb (1.27 mi-
nutes), [?OJH20 (2.03 minutes), and [*N]NHjs (9.97 mi-
nutes), and temporal / spatial limitations since a cyclotron
or a generator is required nearby.">'® On the contrary,
18F_labeled tracers have longer half-lives (109.8 minutes),
allowing convenient clinical uses. Furthermore *F-labeled
phosphonium cations can be absorbed more selectively by
cardiomyocytes than by other cells, due to their higher
MMP, resulting in good myocardium-to-background (such
as lung or liver) ratios and consequent sharp definition and
good image quality.* Also, since MMP is lost in the early
phase of cell death by myocardial ischemia or infarction,'*
use of "*F-labeled tracers can be useful for detecting any cell
death in MI. After introduction of the first **F-labeled phos-
phonium cation, *F-fluorobenzyltriphenylphosphonium,
several '®F-labeled phosphonium cations were inves-
tigated, including ["*FIFPTP. Its lipophilicity and delo-
calized positive charge allow the cation to cross lipid bilayer
by passive diffusion, and to accumulate in cells in a MMP-
dependent manner. Its utility and stability as a novel volt-
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age sensor, and superiority to [°NINH; for cardiac PET
have been previously described.>*’

The present study suggests the utility of [°FIFPTP in an
animal MI model, showing improvement of perfusion de-
fect size in serial cardiac PET images after treatment with
fimasartan. Just as in the previous report, perfusion defect
size in follow-up cardiac PET and size of infarction in TTC
staining showed good correlation.” Although these find-
ings cannot be simply correlated, the fimasartan treat-
ment groups had better cardiac systolic function and mini-
mized LV dilatation in serial echocardiography, and expe-
rienced more reduction of perfusion defect size in serial car-
diac PET (only in fimasartan 10 mg/kg group), all of which
are indicative of the favorable effects of fimasartan, that
can be monitored by serial cardiac PET images.

Use of an angiotensin converting enzyme inhibitor or an
angiotensin receptor blocker is encouraged in both heart
failure and MI patients according to current guidelines be-
cause of their beneficial effects against several of the harm-
ful effects of RAAS, including tissue fibrosis, cell apoptosis,
cardiac remodeling, fluid and sodium accumulation, and
inflammation.®'"" Our group recently reported the bene-
ficial effects of RAAS inhibition on cardiac function, struc-
ture, and clinical event-free survival in a large number of
latecomer patients with MI in the Korea Acute Myocardial
Infarction Registry, whose myocardial salvage and recov-
ery by percutaneous coronary intervention are not ex-
pected to be highly effective: RAAS inhibition is even more
important in this subset of the population.'® Fimasartan
has been proven to have potent antihypertensive effects
and already has been used as an AT1 receptor blocker for
several years,'”" but its cardioprotective effect for MI or
other types of heart failure has not yet clearly been defined.
Fimasartan preconditioning showed the potential to re-
duce mitochondrial damage in rat ischemia/reperfusion
model, but it did not result in a reduction of perfusion de-
fects in SPECT nor a reduction of infarction size in another
porcine model study.'®"* Of all potential factors that could
have caused these differences between these studies in-
cluding the present study, we hypothesize that there is sig-
nificant dose-dependent relation in the myocardial pro-
tection effect of fimasartan. For the treatment of heart fail-
ure, including ischemic heart failure, up-titration to the
maximum tolerated evidence-based doses of RAAS in-
hibitors and beta-blockers is recommended.’ In the porcine
model study cited above, the authors used relatively low
doses of RAAS inhibitors (perindopril 2 mg, valsartan 40
mg, fimasartan 30 mg daily in 20-25 kg pigs), which did not
result in significant therapeutic effects.'® However, pre-
conditioning with relatively higher doses of fimasartan (3
mg/kg/day) before the induction of myocardial ischemia/re-
perfusion or hypoxia/reperfusion seemed to improve car-
diac performance, reduce apoptotic cell death and the col-
lapse of membrane potential, as well as suppress mitochon-
drial calcium ion overload during reoxygenation.'' Those
findings correlate well with previous reports, which sug-
gested a correlation between hemodynamic recovery and
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infarction size reduction by angiotensin receptor blockers
and the prevention of collapse of MMP.* Our results repro-
duced those previously reported beneficial effects of fima-
sartan treatment by imaging studies in a dose-dependent
manner, suggesting fimasartan as an effective treatment
option after an occurrence of MI, especially in higher doses.

The present study has some limitations. First, although
our results suggest that the current preclinical findings
may be applied in clinical situations because of the stable
uptake and excellent pharmacokinetics of ['*FIFPTP, the
present study was only an experimental study in rodent
models. Second, the present study was limited to acute MI
with permanent LCA ligation. This model was well suited
to determine myocardial defects but is not identical to the
clinical situation in which hemodynamically relevant
stenosis is unmasked by a stress-induced increase of my-
ocardial blood flow. Further studies are needed to validate
[**F]FPTP PET for the detection of small myocardial ische-
mia and scars of infarctions. Third, each designated drug
was administered for 4 weeks and follow-up studies were
checked. Therefore, we did not have data for a longer fol-
low-up period. Fourth, as we did not perform any assess-
ment of myocardial mechanics, our results are confined to
show general myocardial function and perfusion status,
while mechanical function of myocardial cells was not
assessed.

In conclusion, [**F] FPTP, a new ¥R Jabeled phospho-
nium cation is a useful cardiac PET imaging agent in MI
settings as it provides precise information about perfusion
defects at the baseline period and after medical treatment,
and because of its clinical convenience due to its long
half-life. Treatment with a new angiotensin II receptor
blocker, fimasartan, preserves LV function and reduces in-
farction size in the rat MI model, suggesting its utility as
an effective treatment option in patients with MI. Further
investigations regarding this new imaging technique and
this new drug have to be conducted, and their utility and
efficacy remain to be proven, in larger animal models.
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